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Abstract

Voltage-gated Na* channels (VGSCs) are complexes consisting of Na*-conducting a-
subunits and auxiliary B-subunits (31-B4). Na* influx depolarises excitable tissue and
VGSC mutations are common in epilepsy and arrhythmia. VGSCs are aberrantly
expressed in cancer. B1 is upregulated in invasive breast cancer and enhances
metastasis in vivo. The mechanism underlying B1-induced metastatic cell behaviour is
not clear, highlighting the need for better understanding. B-subunits modulate a-subunits
and induce cell adhesion. Sequential cleavage of B1 by a-/B-secretase and y-secretase
releases an intracellular domain (ICD). The impact of secretase cleavage on 31 function
is unknown. The hypothesis of this study was that secretase cleavage regulates 31
function in breast cancer cells. To assess this, secretase inhibitors were used alongside
expression of 31 constructs; B1-ICD and secretase-resistant (SR) 1 in MDA-MB-231
cells. The impact of secretase cleavage on 1 localisation, f1-induced Na* current, 1-
induced cell adhesion and $1-induced cell morphology changes was assessed. 31 was
expressed throughout secretory and endocytic pathways and was unaffected by y-
secretase inhibition. SRB1 showed a similar pattern. y-secretase inhibition increased 31-
mediated cell adhesion, suggesting increased surface 1 expression, although plasma
membrane 1 was undetectable. 1-induced cell morphology changes were secretase-
independent, as SRB1, but not B1-ICD, induced B1-like cell elongation. $1-induced
increase of Na* current density was secretase-independent, as it was unchanged by y-
secretase inhibitors or expressing SRB1. Interestingly, B1-ICD enhanced Na* current
density, but a B1 construct lacking the ICD sequence did not, demonstrating that 1-ICD
is necessary and sufficient to increase Na* current density. In conclusion, this study has
further elucidated the function of 1 in breast cancer cells and suggests that secretase
cleavage of B1 does not regulate a-subunit function or 31 spatial expression, but may
regulate B1-mediated cell adhesion. Further work should focus on understanding the

functional differences between 31, 31-ICD and SRB1.
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Chapter 1: Introduction

This introduction will give a detailed outline of voltage-gated Na* channels and their
involvement in disease, before covering secretase enzymes, secretase substrates and

secretase cleavage in disease, then lastly outlining the hypothesis and aims of the study.

1.1 General introduction to voltage-gated Na* channels

The involvement of Na* conductance in squid axonal membrane depolarisation was
observed seventy years ago, when Hodgkin and Katz hypothesised a transient increase
in inward Na* permeability would explain the reversable increase in membrane potential
seen during an action potential and the disparity in extracellular and intracellular ionic
concentrations (Hodgkin & Katz, 1949). By using Na‘*-free extracellular solution, they
observed the action potential was abolished, but returned after replacing with fresh
extracellular solution. Conversely, increasing Na® concentration both increased the
magnitude and the rate of onset of the action potential. Continued work in the squid giant
axon further established the involvement of Na* conductance in axonal depolarisation as
well as the involvement of an outward K* current, responsible for repolarisation of the
membrane potential (Hodgkin & Huxley, 1952b, a, c; Hodgkin et al., 1952). The existence
of channels specific for Na* entry was later postulated following the observation that
toxins capable of inhibiting action potentials inhibited Na* conductance specifically and
not K* conductance (Narahashi et al., 1964; Nakamura et al., 1965; Hille, 1968). These
toxins, namely tetrodotoxin (TTX) and saxitoxin (STX), subsequently lead to uncovering
the molecular identity of voltage-gated Na* channels (VGSCs), after the discovery that
radiolabelled TTX and STX bound a membrane protein of ~270 kDa in various excitable
tissues (Agnew et al., 1978; Barchi et al., 1980). Expression of this novel 270 kDa protein
in planar phospholipid bilayers or Xenopus oocytes was shown to be sufficient to

reproduce a native-like Na* current (Ina) (Talvenheimo et al., 1982; Tamkun et al., 1984,
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Hartshorne et al., 1985; Goldin et al., 1986). It soon emerged there were at least two
proteins in rat brain capable of conducting a voltage-sensitive Ina (Noda et al., 1986).
This channel family has expanded to encompass nine different conducting a-subunits
(Nayl1.1-1.9) (Goldin, 2001). The topology of the electric eel a-subunit was deduced from
cDNA and it revealed four homologous domains (DI-1V) consisting of six transmembrane
segments (S1-S6) (Noda et al., 1984). However, the field of VGSC research expand
greatly, when purification of channels from neuroblastoma cells using a scorpion toxin
revealed two auxiliary subunits of 30-40 kDa (B1 and p2) bound to the larger 270 kDa a-
subunit (Beneski & Catterall, 1980). Continued work focused on understanding the a-f3
interaction and uncovering subunit stoichiometry, which was predicted to be 1 a: 1 B1: 1
B2 (Figure 1.1) (Hartshorne & Catterall, 1981; Hartshorne et al., 1982; Hartshorne &
Catterall, 1984). The early observation was made that a bound to B2 pooled
intracellularly, leading to the first hypothesis of B function: that 2 was required for
channel localisation at the membrane (Schmidt et al., 1985). The molecular identities of
B1 and B2 were revealed in the 1990s, with their structure consisting of a single-pass
transmembrane domain, a large extracellular domain and relatively short intracellular
domain (Isom et al., 1992; Isom et al., 1995). Two further B-subunits, 3 (Morgan et al.,

2000) and B4 (Yu et al., 2003), were subsequently discovered.

Initially, B-subunits were implicated in membrane trafficking of a-subunit and increased
Ina, from experiments performed with 1 and B2 (Isom et al., 1992; Isom et al., 1995;
McCormick et al., 1999). However, non-conducting roles for 3-subunits were eventually
discovered, as the extracellular immunoglobulin loop permits B-subunits to function as
cell adhesion molecules (CAMs) (Srinivasan et al., 1998; Malhotra et al., 2000; Ratcliffe
et al., 2001; McEwen & Isom, 2004) and regulate various aspects of heurodevelopment

(Davis et al., 2004; Brackenbury et al., 2008; Maschietto et al., 2013).
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J
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Figure 1.1 Structure of a voltage gated sodium channel (VGSC) complex

(A) VGSC consisting of one a-subunit, one 1 subunit and one B2 subunit (Hartshorne
et al., 1982). a-subunits consist of four homologous domains (DI-1V) each comprising of
six transmembrane segments (S1-6) (Noda et al., 1984). S4 of each domain contributes
to voltage sensing, the extracellular loops between S5-S6 of each domain assemble into
the pore structure, and the DIII-DIV linker functions as the inactivation gate (Yu &
Catterall, 2003). (B) The membrane conformation of a VGSC (Yan et al., 2017).
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The exciting discovery that B-subunits are also substrates of secretases, the enzymes
famed for their role in Alzheimer’s disease and regulating intracellular signalling, further
expanded the potential conducting and non-conducting function of B-subunits and added
a new layer of possible VGSC regulation that has yet to be explored (Kim et al., 2005;

Wong et al., 2005).

VGSCs are implicated in many disorders, discussed in greater detail in chapter 1.4.
Mutations in a-subunits are found in disorders such as epilepsy (Catterall et al., 2010),
cardiac arrhythmia (Zaklyazminskaya & Dzemeshkevich, 2016) and chronic pain
(Fischer & Waxman, 2010). B-subunits are similarly involved in excitability-linked
disorders, such as epilepsy (Wallace et al., 1998; Patino et al., 2009) and nociception
(Lopez-Santiago et al., 2011). B-subunits have also been implicated in
neurodegenerative disorders, such as 2 in multiple sclerosis and Alzheimer’s disease
(O'Malley et al., 2009; Hu et al., 2017). Surprisingly, expression of all VGSC subunits
(except Nay1.8) is dysregulated in various cancers (Brackenbury, 2012). In vivo evidence
using mouse xenograft models has directly implicated 1 and Na,1.5 expression in
breast tumour formation (Nelson et al., 2014; Nelson et al., 2015b), and 34 in supressing
breast tumour formation (Bon et al., 2016). However, the mechanistic basis underlying

VGSC function in cancer is still unclear.

1.2 VGSC a-subunits

1.2.1 Expression

Nine human VGSC a-subunits exist, Nay1.1-1.5 (encoded for by SCN1A-5A) and Na,1.6-

1.9 (encoded for by SCN8A-11A), along with an enigmatic, voltage-insensitive, non-
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inactivating a-subunit known as Nay (encoded by SCN7A), which is activated instead by
an elevation of extracellular Na* (Goldin, 2001; Matsumoto et al., 2015). Nax is expressed
in circumventricular neurons and is involved in osmoregulation of cerebrospinal fluid,
with Nax-KO mice continually salt loading after dehydration (Watanabe et al., 2000;
Sakuta et al., 2016). Naxis expressed in a range of different cell types, including glia,
dorsal root ganglion neurons and cardiomyocytes, where its function is still uncertain
(Noda & Hiyama, 2015). SCN1A-3A and 9A are clustered together on human
chromosome 2, SCN5A and 10-11A on human chromosome 3, SCN4A on human
chromosome 17, and SCN8A on human chromosome 12 (Table 1.1) (Plummer & Meisler,
1999). a-subunits have distinct, albeit overlapping expression profiles. Na,1.1-1.3 and
1.6 are expressed in the CNS (Kayano et al., 1988; Lu et al., 1992; Schaller et al., 1995),
Nay1.4 in skeletal muscle (Wang et al., 1992), Na,1.5 in cardiac muscle (Gellens et al.,
1992), and Nay1.7-1.9 in the PNS (Akopian et al., 1996; Sangameswaran et al., 1997,
Dib-Hajj et al., 1998). Despite being known as the “cardiac sodium channel,” Na,1.5 has
also been detected in the brain and muscle (Wang et al., 2017). CNS a-subunits display
a degree of differential spatial expression themselves. Immunohistochemical analysis of
rat brains demonstrated Na,1.1 expression enriched in the brainstem, caudate and
substantia nigra, whereas Na,1.2 was enriched in the subcortical structures of the globus
pallidus, thalamus and hippocampus (Gong et al., 1999). Perhaps the most striking
difference between CNS a-subunits, however, is in their subcellular and temporal
expression. Na,1.1, Navl.3 and Navl.6 are expressed in the soma, with Na,1.1 and 1.3
also showing dendritic expression (Whitaker et al., 2001). Na,1.2, on the other hand, is
expressed axonally (Whitaker et al., 2001). Temporally, Na,1.1 and Navl1.2 expression
increases postnatally in rat brains, with Na,1.1 expression decreasing after the first
month to around 50 % in adults, whereas Na,1.2 expression is maintained into adulthood
(Gong et al., 1999). In rat retinal ganglion cells, Na,1.6 expression is delayed relative to

Nay1.2; Na,1.6 eventually displaces Na,1.2 at the axon initial segment (AlS) and nodes
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Table 1.1 The expression of voltage-gated Na* channels in humans

Subunit Human Chromosome Expression References
gene
Nay1.1 SCNI1A postnatal — CNS, soma 1,2,3
Na,1.2 SCN2A 2 postnatal — CNS, axon 1,2,3
Nay1.3 SCN3A embryonic — CNS, soma 1,34
Nay1.4 SCN4A 17 postnatal - skeletal muscle 1,56
= Nay1.5 SCN5A 3 postnatal — cardiac muscle 1,57,8
.§ embryonic — skeletal
£ muscle
Na,1.6 SCNS8A 12 postnatal — CNS, soma 1,39
Nay1.7 SCN9A 2 1,10, 11
Na,1.8 | SCN10A postnatal — PNS 1,12, 13
Na,1.9 | SCN11A 3 1,13, 14
B1 postnatal — widespread 15, 16
B1B embryonic (persists into 17, 18
SCN1B 19 adulthood) — CNS, PNS,
cardiac muscle, skeletal
muscle
§ B2 SCN2B postnatal — concentrated 16, 20
_% in CNS
= B3 SCN3B embryonic (persists into 16, 19, 20
11 adulthood) — concentrated
in CNS
B4 SCN4B embryonic (persists into 16, 20
adulthood) — widespread

references: 1 (Plummer & Meisler, 1999), 2 (Gong et al., 1999), 3 (Whitaker et al., 2001),
4 (Shah et al., 2001), 5 (Bailey et al., 2003), 6 (Wang et al., 1992), 7 (Haufe et al., 2005),
8 (Gellens et al., 1992), 9 (Van Wart & Matthews, 2006), 10 (Akopian et al., 1996), 11
(Felts et al., 1997), 12 (Akopian et al., 1999), 13 (Benn et al., 2001), 14 (Dib-Hajj et al.,
1998), 15 (Makita et al., 1994a), 16 (Candenas et al., 2006), 17 (Patino et al., 2011), 18
(Qin et al., 2003), 19 (Morgan et al., 2000), 20 (Lu et al., 2010)

Abbreviations: CNS: central nervous system, PNS: peripheral nervous system
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of Ranvier (Van Wart & Matthews, 2006). Electrical activity and myelination appear to
regulate the developmental switch of Na,1.2 with Na,1.6 (Kaplan et al., 2001). Selective
deletion of Nay1.6 in cortical excitatory neurons produces viable mice with an AlS-
enrichment of Nay1.2 and similar action potential-generating capabilities (Katz et al.,
2018). A chimeric protein consisting of Na,1.6 with Na,1.2 N- and C-termini demonstrates
Nay1l.2-like axonal distribution, suggesting regulatory elements in a-subunit termini
dictate localisation (Lee & Goldin, 2009). The importance of postnatal Nay1.6 is
demonstrated by the fact that Scn8a null mice show progressive muscular atrophy and
paralysis, and eventual juvenile lethality (Burgess et al., 1995). Nay1.3, on the other hand,
is expressed embryonically in rats and is downregulated following birth, with almost no
Nay1.3 detectable by adulthood (Shah et al., 2001). The requirement for electrical activity
in early circuit development and the temporal differences in a-subunit expression
suggest a potential role in neurodevelopment for VGSCs (Zhang & Poo, 2001). Na,1.6
has a direct involvement in neurodevelopment, as Ina carried by Nay1.6 is required for
cerebellar granule neuron neurite outgrowth, and this is dependent on 1 expression
(Brackenbury et al., 2010). VGSC a-subunits are also expressed in non-excitable cells.
In cancer cells, a-subunits regulate migration and invasion (Brackenbury, 2012). In
endothelial cells, Na,1.5 potentiates migration and VEGF-mediated angiogenesis
(Gosling et al., 1998; Andrikopoulos et al., 2011). Na,1.6 expression in Schwann cells is
required for synaptogenesis at neuromuscular junctions (Musarella et al., 2006). Nay1.5
expression in interstitial cells of Cajal generates slow wave activity in gastrointestinal (Gl)

smooth muscle, regulating GI motility (Strege et al., 2003; Strege et al., 2019).

1.2.2 Structure

a-subunits consist of ~2000 amino acids arranged into four homologous domains (DI-

IV), each consisting of six transmembrane segments (S1-6) (Noda et al., 1984). The
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shape of a VGSC was referred to as “bell-shaped,” following the first low-resolution cryo-
EM image (Sato et al., 2001). This is because the domains of the a-subunit assemble
around a central pore, so all four domains are in contact, with a flared cytoplasmic side.
Atomic resolution was eventually managed, first of a bacterial VGSC (Payandeh et al.,
2011), followed by two eukaryotes structures (Shen et al., 2017; Yan et al., 2017).
Although classically thought of as monomers, recent work has demonstrated Nayl1.1,

Navl.2 and Nav1.5 homodimerisation (Clatot et al., 2017).

1.2.3 Activation and inactivation

a-subunits owe their voltage-sensitivity to S4 of each domain. S4 consists of repeated
motifs of positively charged residues, typically arginine, that respond to a depolarisation
in membrane potential (V) by sliding in an extracellular direction a distance of 6-8 A
through a narrow groove formed by S1-3 (the gating pore), rotating 30° and tilting
sideways (Yang et al., 1996; Chanda & Bezanilla, 2002; Yarov-Yarovoy et al., 2012).
Charge neutralising mutations of specific S4 arginine residues to glutamate, in DI and
DIl of Nay1.2, cause a depolarising shift in the voltage of activation (Kontis et al., 1997).
The idea of a moving “gating particle” has long been hypothesised, as the outward
movement of positively charged S4 segments produces an observable gating current
(Armstrong & Bezanilla, 1973). The pore region of the protein was identified following
mutational studies of charged residues of Na,1.2 until the binding site of TTX and STX
was identified (Terlau et al., 1991). The short a-helices (P-loops) between S5-6 of each
domain assemble to form the ion selectivity filter (Heinemann et al., 1992; Payandeh et
al., 2011). How S4 movement and pore opening is coupled is still unclear. In voltage-
gated K* (Ky) channels, the proximal S4-5 linker moves along with S4 and might link S4
movement with downstream pore opening (Kalstrup & Blunck, 2018). In Na,l1.5,

substituting certain asparagine residues in S6 of DIlIl and DIV prevents pore opening
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while still allowing S4 movement, suggesting these asparagine residues are involved in
coupling S4 movement to pore opening (Sheets et al., 2015). Recent cryo-EM modelling
of resting Nay, channels demonstrates the resting S4 position constricts the activation
gate, due to interactions between S6 and the S4-S5 linker, which is overcome following

activation and S4 movement (Wisedchaisri et al., 2019).

Following depolarisation, VGSC activation is rapid, with a transient Ina peaking then
returning to baseline as the channel enters the inactivated state (Figure 1.2) (Kuhn &
Greeff, 1999). Advancements in understanding the structural basis of inactivation were
made after deletion of the DIII-IV linker region abolished fast inactivation (Stuhmer et al.,
1989). Following this, just three amino acids within the DIII-IV linker were found to be
responsible for inactivation; glutamine substitution of isoleucine-1488, phenylalanine-
1489 and methionine-1490 completely removed fast inactivation (West et al., 1992). The
DII-1V linker is a flexible structure, proline and glycine residues flanking the IFM motif
provide the hinge mechanism that allow the inactivation gate to block the pore
(Kellenberger et al., 1997), as supported by recent cryoEM modelling of Na,1.7 (Shen et
al.,, 2019). Incomplete inactivation leads to a small subset of VGSCs conducting a
persistent Ina (~5 % magnitude of the transient Ina), which has an important role in
neuronal spike generation by maintaining the neuron in a more excitable state than if it
were at rest (Muller et al., 2018). This increase in neuronal excitability has implicated the
persistent Ina in epilepsy (Stafstrom, 2007). The mechanism of inactivation is itself
voltage-dependent (Ahern, 2013). Movement of DIV:S4 is required for inactivation and
recovery from inactivation, the refractory period between inactivated and closed states,
during which the channel cannot be activated (Capes et al., 2013). Charge neutralisation
of DIV:S4 significantly hyperpolarises and delays inactivation as well as slowing recovery

from inactivation (Capes et al., 2013). However, S1-S3 of DIV also have an integral role
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Figure 1.2 Activation and inactivation of an a-subunit

(A) An a-subunit in the resting/closed state is activated upon stimulation, leading to the

opening of the activation gate (AG). Channels are rapidly inactivated by the inactivation
gate (IG). Upon membrane repolarisation the channel enters a refractory period.
Eventually the channel cycles back to the closed state after the inactivation gate relaxes.
(B) Stimulation of the channel results in rapid activation and subsequent inactivation.
The channel enters a refractory state as it recovers from inactivation before it can be
activated again. (C) Voltage-activation relationship. Channel activation is measured by
conductance and occurs at membrane potentials above resting (Vm). (D) Voltage-
inactivation relationship. Inactivation is measured by channel availability, i.e. the inverse
of inactivation.
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in inactivation, demonstrated by the range of mutations found in DIV:S1-S3 that impact
inactivation through impeding S4 movement (Nakajima et al., 2019).Aberrant gating
underlies many channelopathies. For instance, loss of channel function mutations
causing depolarised activation and hyperpolarised inactivation are seen in epilepsy and
paramyotonia, respectively (Struyk et al., 2000; Lossin et al., 2003). Likewise, gain of
channel function mutations causing hyperpolarised activation, depolarised inactivation,
increased persistent Ina and accelerated recovery from inactivation are present in
erythromelalgia, paroxysmal extreme pain disorder, sudden infantile death syndrome
and long QT syndrome, respectively (Ackerman et al., 2001; Rivolta et al., 2001,

Cummins et al., 2004; Estacion et al., 2008).

1.2.4 Drugs and toxins

The use of VGSC-targeting toxins and drugs has helped delineate the mechanism of
VGSC activation and inactivation due to the complex range of effects they can exert.
Five neurotoxin binding sites have been identified on a-subunits (Stevens et al., 2011).
Binding site 1 refers to the P-loops and includes TTX and STX, which directly block Na*
conduction (Terlau et al., 1991). Some toxins that act at other sites have a more specific
effect on channel activation and inactivation. Such toxins do not bind at the important S4
voltage sensor or the DIII-IV inactivation gate directly however, but at other sites on the
a-subunit, highlighting the structural sensitivity of the protein (Stevens et al., 2011). For
instance, sites 3 and 4 are found on the extracellular S1-2 and S3-4 loops. Sea anemone
and scorpion a-toxins target site 3 (DIV: S3-4 loop) and inhibit channel inactivation
(Rogers et al., 1996). Scorpion B-toxins, acting on site 4 (DIl: S1-2 and S3-4 loops),
hyperpolarise the voltage of activation, reduce Na* conductance and trap the channel in
an inactivated state (Cestele et al., 2006). Lipophilic toxins that act at site 2 (e.g.

veratridine and batrachotoxin) and 5 (e.g. brevetoxins and ciguatoxins) bind to S6 of
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activated a-subunits, by different mechanisms, and maintain the channel in an open state,
hyperpolarise activation and delay fast inactivation (Trainer et al., 1994; Tikhonov &
Zhorov, 2005; Du et al., 2011). Antiarrhythmics, anticonvulsants and local anaesthetics
also work via inhibiting VGSCs (Tikhonov & Zhorov, 2017). The binding site of
antiarrhythmics and local anaesthetics is found on the intracellular side of the conducting
pore (Hille, 1977). The accessibility problem of an intracellular binding site for drugs is
overcome in two separate ways. Lipophilic drugs are able to access the interior of the
pore via intramembranous fenestrations, regardless of the channel state, whereas less
lipid soluble drugs are referred to as “use-dependent,” as they rely on activation and
opening of the channel to gain access to the pore (Lipkind & Fozzard, 2010; Nguyen et

al., 2019).

1.2.5 Post-translational modifications and interaction partners

a-subunit function is regulated by a multitude of post-transcriptional modifications, post-
translational modifications and interacting partners (Figure 1.3) (Onwuli & Beltran-
Alvarez, 2016). Alternative splicing of a-subunits produces a range of different splice
variants (Copley, 2004). Two of the most well documented variants are the IVS5N+5
Nay1.1 variant, which is implicated in febrile seizures (Schlachter et al., 2009), and the
neonatal Nay1.5 variant (nNay1.5), which is implicated in breast cancer (Brackenbury et
al., 2007). Analysis of different Na,1.7 splice variants found within inner hair cells of the
cochlear of developing mice demonstrate a spectrum of electrophysiological properties
required to produce the spontaneous action potentials necessary for cochlear maturation
(Zhou et al., 2019). Once translated, a-subunits are extensively glycosylated (Cohen &
Barchi, 1981). ST3 B-galactoside a-1,2-sialyltransferase 4 deficient mice present an
increased time to action potential peak and a decreased refractory time due to aberrant

glycosylation of Na,1.5 (Ednie et al., 2013). Glycosylation of DRG Na,1.9 is
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Figure 1.3 Post-translational modifications and interacting partners of VGSC a-
subunits

a-subunits are extensively glycosylated (y) and phosphorylated (P) (Onwuli & Beltran-
Alvarez, 2016). A neonatal splicing variant (D1:S3) replaces seven amino acids within
D1:S3 and the S3-S4 linker of DI (Onkal et al., 2008). The DI-DII linker contains a nuclear
localisation signal (NLS) (Onwuli et al., 2017), a calpain cleavage site (von Reyn et al.,
2009), phosphorylation sites and an arginine methylation site (R) (Baek et al., 2014). An
ankyrin binding site and another calpain cleavage site are found on the DII-1lI linker
(Mohler et al., 2004; von Reyn et al., 2009). The C-terminus contains phosphorylation
sites, FGF-binding site (Pablo et al., 2016), calmodulin-binding site (Gardill et al., 2019)
and a PY domain that is ubiquitinated by NEDD4 (Rougier et al., 2005).
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developmentally regulated, with Nay1.9 in neonatal rats showing extensive glycosylation
and a concomitant hyperpolarisation in inactivation, not present in adult rats (Tyrrell et
al., 2001). o-subunits are also extensively phosphorylated, with phosphorylation sites
concentrated in the intracellular N- and C-termini and the long DI-DII linker (Onwuli &
Beltran-Alvarez, 2016). Nay-phosphorylating kinases include PKA (Li et al., 1993), PKC
(Lietal., 1993), CK2 (Hien et al., 2014), GSK3 (James et al., 2015) and MAPK (Hudmon

et al., 2008).

The effect of phosphorylation on different isoforms varies due to the vast number of
phosphosites on each protein, 70 predicted on Na,1.2 but only 28 on Na,1.1 (Baek et al.,
2014). For example, PKA-mediated phosphorylation of Na,1.2 attenuates Ina (Li et al.,
1992), whereas PKA-mediated phosphorylation of Na,1.5 enhances Ina (Zhou et al.,
2002). Arginine methylation in the Nay1.2 DI-Il linker occurs in the absence of
phosphorylation and enhances Ina, Suggesting a possible phosphorylation-methylation
trade-off mechanism for Na,1.2 control (Baek et al., 2014). Ubiquitination of a-subunits
is thought to stimulate degradation and regulate VGSC membrane expression, as
Nedd4-mediated ubiquitination inhibits the Na* conductance of Na,1.2, Nav1.5, Nav1.6,
Navl.7 and Navl1l.8 (Fotia et al., 2004; Rougier et al., 2005; Gasser et al., 2010). a-
subunits are also cleaved by calpain in the DI-1l and DII-1ll linkers (von Reyn et al., 2009).
The functional impact of this proteolysis is unclear as the cleaved fragments are still
present at the membrane (von Reyn et al., 2009). However, a nuclear-localising signal
(NLS) has been discovered within the Na,1.5 DI-Il linker and the Na,1.5 DI-Il alone, when
expressed in cardiac-like H9c2 cells, localises to the nucleus and activates the SCN5A
promoter, suggesting a potential transcriptional regulatory role of a-subunit cleavage

products (Onwuli et al., 2017).
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Many interacting proteins regulate a-subunit function. Mutations in the calmodulin
binding sites in the DIII-IV linker and C-terminus prevent calmodulin binding and
demonstrate reduced Ina and impaired inactivation respectively (Tan et al., 2002; Nof et
al., 2019). Ankyrin G binding, following CK2 phosphorylation, is required for AIS
clustering of a-subunits (Hien et al., 2014). A scaffold protein complex, including
postsynaptic density-95 and zonula occludens-1, is required for Nayl.8-induced Ina
(Pryce et al., 2019). The interaction of Na,1.7 with collapsing-response mediator protein
2 enhances Ina in HEK293 cells (Dustrude et al., 2013; Kanellopoulos et al., 2018). The
GPIl-anchored Ig superfamily CAM contactin increases neuronal Ina from Nay1.2
(requiring B1 and ankyrin), Na,1.3, Na,1.8 and Na,1.9 (McEwen et al., 2004; Shah et al.,
2004; Rush et al., 2005). Binding of intracellular FGF13 and FGF14 to a-subunit C-

termini is required for correct AlS-localisation of VGSCs (Pablo et al., 2016).

1.3 VGSC B-subunits

1.3.1 Expression

In humans, four transmembrane B-subunits exist (31-B4, encoded by SCN1B-4B) along
with a soluble B1 splice variant, known as 1B (Table 1.1) (Qin et al., 2003). SCN1B is
located on human chromosome 19, whereas SCN2B-4B are clustered on chromosome
11 (Makita et al., 1994b; Morgan et al., 2000; Lu et al., 2010). Reverse transcription PCR
of human tissues showed SCN1B-4B mRNA expression in adult brains, but only SCN3B
and SCN4B mRNA are abundantly present in foetal brains (Candenas et al., 2006).
SCN2B and SCN3B demonstrate restricted expression to the brain, with little mRNA
detected in other tissues, such as skeletal muscle, testis and the thyroid gland

(Candenas et al.,, 2006). SCN1B and SCN4B, on the other hand, show widespread
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MRNA expression in adrenal glands, heart, kidney, lung, placenta, prostate, salivary
gland, skeletal muscle, testis, thymus, thyroid gland, trachea and uterus; SCN1B
expression was further detectable in bone marrow, liver, foetal liver and spleen (every
tissue examined in the study) (Candenas et al., 2006). In situ hybridisation analysis of
adult rat brains demonstrate a roughly complementary expression profile of SCN1B and
SCN3B mRNA, with SCN1B enriched in the granular and Purkinje cell layers of the
cerebellum, thalamus and layers 4/5 of the neocortex, whereas SCN3B mRNA is most
abundant in the olfactory system, basal ganglia and layers 2 and 3 of the neocortex
(Morgan et al., 2000). B-subunits are enriched at the AIS and nodes of Ranvier, similar
to a-subunits, in neurons (Chen et al., 2012; Buffington & Rasband, 2013). 1 is also
localised to the growth cone in developing neurons (Brackenbury et al., 2010). Not only
is B-subunit expression developmentally regulated, glycosylation may also be
developmentally regulated. B4 is present at the membrane in mice brains from postnatal
day 0O, but is only glycosylated from day 7 (Zhou et al., 2012). Furthermore,
deglycosylated (34 induces neurite outgrowth in Neuro2a cells more effectively than the
adult, glycosylated form, suggesting a possible role in neurodevelopment for the

differentially glycosylated states of f4 (Zhou et al., 2012).

1.3.2 Structure

Transmembrane B-subunits are single-pass transmembrane glycoproteins, consisting of
~210 amino acids, with an extracellular V-type immunoglobulin (Ig) loop and a short
intracellular C-terminus (Isom et al., 1992; Isom et al., 1995). 1B is a soluble, secreted
splice variant of B1, comprising the 1 extracellular domain and a truncated C-terminus
without a transmembrane domain, formed following intron retention (Qin et al., 2003;
Patino et al., 2011). 1B mRNA is expressed in embryonic rat brain (enriched in DRG
neurons), complimentary to the postnatal expression of 31, and adult adrenal gland and
heart (Kazen-Gillespie et al., 2000). B1B, like B1, is able to enhance Ina magnitude and
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modulate gating kinetics (Kazen-Gillespie et al., 2000). In humans, 1B demonstrates
some similarities to rat 1B, such as the ability to enhance Ina magnitude, embryonic
expression and RNA expression in the brain, but also some differences, such as little
expression in the heart, postnatal expression, strong skeletal muscle expression and no
effect on VGSC gating (Qin et al., 2003). Unlike a-subunit orthologs which are present
even in prokaryotes, B-subunits only exist in vertebrates (Winters & Isom, 2016).
Drosophila melanogaster express a VGSC auxiliary subunit, known as TipE, although
this double pass transmembrane protein is hot considered homologous to vertebrate [3-
subunits, but is more similar to the vertebrate auxiliary subunits of large-conductance
Ca?*-activated potassium (BKca) channels (Li et al., 2011). However, rat 1 and B2 are
still able to modulate the bacterial a-subunit (Molinarolo et al., 2018). Vertebrate f3-
subunits, however, show sequence homology to other proteins with V-type lg domains,
such as myelin PO (McCormick et al., 1998). The structure of all human B-subunit ECDs
have been determined (Gilchrist et al., 2013; Namadurai et al., 2014; Das et al., 2016;
Yan et al., 2017). Between human B-subunits, B1 and 3 share common ancestry, and
B2 and B4 share common ancestry, with 1 and B3 sharing 57 % sequence identity and
B2 and B4 sharing 35 % sequence identity (Winters & Isom, 2016). 33 trimerises in the
plasma membrane, dependent on the extracellular Ig loop, raising the possibility of
multiple B-subunits binding multiple a-subunits and forming large multimeric signalling
complexes (Namadurai et al., 2014). Furthermore, homology modelling predicts 31-3
dimers are more energetically favourable than $1-B1 dimers, suggesting the possibility

of heteromeric 3-subunit complexes (Liu et al., 2014).

1.3.3 Post-translational modifications and interaction partners

B-subunits are subject to a variety of post-translational modifications (Figure 1.4).
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Figure 1.4 Post-translational modifications and interaction partners of 31

B1 interacts with a-subunits via the extracellular (ECD) and intracellular (ICD) domains
(McCormick et al., 1999; Meadows et al., 2001). B1 also interacts transcellularly with
itself, B2, contactin, neurofascin (NF)-155/186 and tenascin-C/R via the immunoglobulin
(Ig) loop (Srinivasan et al., 1998; Xiao et al., 1999; Malhotra et al., 2000; Kazarinova-
Noyes et al., 2001; Ratcliffe et al., 2001; McEwen & Isom, 2004). 31 also interacts in cis
with contactin (Brackenbury et al., 2008; Brackenbury et al., 2010). 31 is glycosylated
within the ECD and contains a predicted palmitoylation site on the membrane-
intracellular boundary (McEwen & Isom, 2004; Patino et al., 2009). 31 interacts with fyn-
kinase and receptor protein tyrosine phosphatase-f (RPTP-B) intracellularly (Ratcliffe et
al., 2000; Brackenbury et al., 2008). Tyrl81 is phosphorylated and binds ankyrin
(Malhotra et al., 2002). B1 is cleaved sequentially by secretases, starting with a- or 3-
secretase within the ECD, allowing for y-secretase cleavage at the membrane-
intracellular interface (Kim et al., 2005; Wong et al., 2005).
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B-subunits are glycoproteins; reducing glycosylation abolishes 1-mediated modulation
of Nay1.2, Na,1.5 and Nay1.7, but does not affect modulation of the heavily glycosylated
Nav1.4, suggesting interplay between the glycosylation states of a- and B-subunit is
important for VGSC function (Johnson et al., 2004). Glycosylation of B2 is required for
surface trafficking of Na,1.5 (Cortada et al., 2019). Phosphorylation of an intracellular
tyrosine (Tyrl81) of 1 has received much attention. Heterologous studies in Chinese
hamster lung cells demonstrate phosphorylation of B1-Tyrl81 mediates ankyrin-G
binding and, along with contactin, is required for increasing Ina carried by Nayl1l.2
(Malhotra et al., 2002; McEwen et al., 2004). Tyrl81 phosphorylation also regulates 31
subcellular localisation in ventricular myocytes, from transverse tubules to intercalated
disks (Malhotra et al., 2004). Phosphorylated 31 interacts exclusively with Na,1.5,
whereas non-phosphorylated 1 interacts with Na,1.1, Na,1.3 and Na,1.6 (Maier et al.,
2004; Malhotra et al., 2004). B1-Tyrl81 is part of a tyrosine-leucine-alanine-isoleucine
(YLAI) motif, found also in 33, that is a predicted clathrin-associated protein interaction
site, indicating a possible mechanism for rapid VGSC sorting from the membrane
(Morgan et al., 2000). Receptor protein tyrosine phosphatase 3 (RPTP), which interacts
with the B1-intracellular domain, 1-extracellular domain and a-subunits, modulates Ina
amplitude and gating kinetics (Ratcliffe et al., 2000). A putative palmitoylation site on
Cys162 of 1, on the transmembrane-intracellular domain boundary, may explain 1
enrichment in lipid rafts of primary mouse neurons (McEwen et al., 2004; Wong et al.,
2005). B-subunits are also substrates of secretase enzymes, although the full impact of
secretase cleavage on B-subunit function has yet to be uncovered (Kim et al., 2005;
Wong et al., 2005). The current knowledge regarding secretase cleavage of (3-subunits

is reviewed later (chapter 1.5.4).
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1.3.4 a-subunit interaction and modulation

B2 and B4 bind a-subunits covalently (Hartshorne et al., 1982; Yu et al., 2003), whereas
B1 and B3 associate with a-subunits non-covalently (Hartshorne et al., 1982; Morgan et
al., 2000). The a-B covalent interaction is mediated by Cys55 and Cys58 of f2 and 4,
respectively (Chen et al., 2012; Buffington & Rasband, 2013). The crystal structure of
the B2-extracellular domain and bacterial Nay channel revealed Cys910 of the Nay1.2 DI
P-loop as the site of 32 Ig loop binding (Das et al., 2016). Both 32 and B4, but not 1 and
B3, attenuate the inhibitory effect of the spider toxin, ProTx-Il, on Na,1.2, suggesting 32/4
interact with the same site on Nay1.2 as ProTx-Il (Gilchrist et al., 2013; Das et al., 2016).
Although still uncertain, ProTx-Il is thought to bind to the DI,II,IV voltage-sensor domains
of Nay1.2 (Bosmans et al., 2008). If so, the transmembrane domains of 2 and 34 may
dock at the same site. A recent cryo-EM structure of 32 in complex with Na,1.7
demonstrated that Cys55 of the 32 Ig loop interacts with the extracellular side of DIl of
Nay1.7 (Shen et al., 2019). B1 interacts with a-subunits through extra- and intracellular
interaction sites (Makita et al., 1996; McCormick et al., 1999; Meadows et al., 2001,
Spampanato et al., 2004). A cryo-EM structure of electric eel Nay1.4-1 was recently
resolved, the first structure of an a-f complex, showing the 31 transmembrane region
interacted with the DIII voltage sensor and the 1 N-terminus to adjacent extracellular
loops on Nay1.4 (Yan et al., 2017). An epilepsy-associated point mutation (D1866Y) in
the C-terminus of Nay1.1 weakens the Na,1.1-B1 interaction (Spampanato et al., 2004).
Furthermore, expression of the Na,1.1 K1846-R1886 peptide is sufficient to interact with
B1, suggesting the B1 intracellular binding site is found in the C-terminus of Nayl1.1
(Spampanato et al., 2004). However, a- binding may not be that straightforward, as a-
subunits are not always bound to B-subunits (Lombet & Lazdunski, 1984). Furthermore,
not all B-subunits can interact with all a-subunits, for example 32 does not bind Na,1.7

(Sokolov et al., 2018).
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The canonical function of B-subunits is to regulate a-subunits. Over thirty years ago, a
pool of inactive a-subunits, consisting of ~70 % of the a-subunits in developing rat brain,
were discovered to be retained intracellularly and unbound to 2 (Schmidt et al., 1985).
Leading on from this, a-subunits were observed to go through multiple glycosylation
steps, within the endoplasmic reticulum and Golgi apparatus, increasing the molecular
weight from 203 kDa to 249 kDa (Schmidt & Catterall, 1986). Only once the 249 kDa a-
subunit had been formed could it bind B2 (1 h after a-subunit translation), but only ~30 %
of 249 kDa a-subunit bound 32, the rest formed the intracellular pool (Schmidt & Catterall,
1986, 1987). a-B2 binding initiated a final 11 kDa modification to a-subunit, expected to
be the final glycosylation step (Schmidt & Catterall, 1986). a-B2 complexes were found
preferentially at the plasma membrane (4 h after a-subunit translation) and had a longer
half-life than a-subunits alone, suggesting that 2 induces VGSC expression at the
plasma membrane and stabilises a-subunit membrane expression (Schmidt & Catterall,
1986, 1987). From this work, Schmidt & Catterall proposed an intracellular pool of mature
a-subunit exists for rapid membrane trafficking, when needed, following 2 binding.
Since then, 1-3 expression has indeed been shown to induce membrane expression of
a-subunits (Meadows et al., 2001; Ishikawa et al., 2013; Dulsat et al., 2017). B3 increases
Na,1.8 membrane expression via masking of an ER-retention signal in the first
intracellular loop of Na,1.8 (Zhang et al., 2008). Both 31 and B3 regulate glycosylation
of surface Na,1.7 (Laedermann et al., 2013). Laedermann et al., also proposed 1 and
B3 bind Na,1.7 following ER export, as they influence early glycosylation steps, unlike
B2 and B4, which bind Na,1.7 post-Golgi export and do not affect early glycosylation.
Furthermore, all B-subunits, including 1B, can increase Ina, presumably through an
increase in a-subunit membrane expression (Isom et al., 1992; Isom et al., 1995; Fahmi

et al., 2001; Qin et al., 2003; Bon et al., 2016).
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The influence of B-subunits on a-subunit function extends further than just increasing Ina
magnitude, however, as 3-subunits also modulate the gating kinetics of a-subunits. For
instance, 1 and B3 accelerate a-subunit recovery from inactivation (Merrick et al., 2010;
Laedermann et al., 2013). 81 and B2, but not 1B, accelerate channel inactivation and
current decay (Isom et al., 1992; Isom et al., 1995; Morgan et al., 2000). However, these
studies in heterologous cells fail to explore the mechanism of how (-subunits exert their
effect on a-subunits and whether it is appropriate to extrapolate these observed changes
elicited by one or two subunits to all B-subunits. Concerns over the compatibility of
different heterologous studies is exemplified by the changes seen in the voltage
threshold for half activation/inactivation. Before the identities of individual subunits were
known, a B-subunit (likely 1 or B2) was shown to hyperpolarise voltage of inactivation
of a neuronal a-subunit in Xenopus oocytes (Krafte et al., 1990). In support of this, 31
and B2 both hyperpolarised the voltage of inactivation of Na,1.2 in Xenopus oocytes
(Isom et al., 1992; Isom et al., 1995). In contrast, coexpression of 1 or 3 with Na,1.5
depolarises voltage of inactivation in Xenopus oocytes (Zhu et al., 2017). Furthermore,
coexpression of Na,1.7 with each B-subunit individually in HEK293 cells shows 1 and
B3 depolarise voltage of inactivation, and 2 and 34 have no effect (Laedermann et al.,
2013). Similarly, for voltage of activation, B3 depolarises activation of Na,1.3 but
hyperpolarises activation of Na,1.7 in HEK293 cells (Cusdin et al., 2010; Laedermann et
al., 2013). B4 hyperpolarises activation of Na,1.6 and Na,1.8 in HEK293 cells, whereas
no other B-subunit has an effect (apart from 1 slightly hyperpolarising activation of
Na,1.8) (Zhao et al., 2011). These conflicting results would suggest there is much
complexity in the B-subunit mediated modulation of a-subunit gating. Complexity may
arise from which a-B complex is being examined and the model system being used.
Many other proteins can influence VGSC activity too, such as the large increases in Ina
induced by the CAMs contactin (Kazarinova-Noyes et al., 2001) and NF186 (McEwen et
al., 2004). in vivo evaluation of B-subunit knockout mice models reveals another possible
facet of a-subunit regulation. Scnlb KO mice show reduced Na,1.1 and increased Na,1.3
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expression in hippocampal CA3 neurons and increased Nay1.3 and Na,1.5 expression
in ventricular myocytes (Chen et al., 2004, Lopez-Santiago et al., 2007; Lin et al., 2015).
Changes in mRNA expression raise the possibilities that B-subunits influence
transcription of a-subunits and/or changes in VGSC subunit expression are
compensated for in vivo. The possibility of B-subunit affecting a-subunit transcription is
supported by the observation that $2-1CD is enriched within the nucleus and induces an
increase in SCN1A mRNA expression when expressed in SH-SY5Y cells (Kim et al.,

2007).

B-subunits also have several other electrophysiological effects. B4 possesses a C-
terminal motif of hydrophobic residues capable of binding an open a-subunit prior to
inactivation (Grieco et al., 2005). This open channel block impedes inactivation, allowing
for rapid reactivation of a-subunits as the membrane repolarises, known as “resurgent
currents” (Grieco et al., 2005). Resurgent currents bypass refractoriness and maintain
the neuron in an excitable state as the membrane repolarises. These resurgent currents,
carried primarily by Nay1.6, are observable in cerebellar Purkinje neurons, in which fast
spiking is possible (Grieco et al., 2005). Resurgent currents regulate excitability of
sensory neurons and contribute to peripheral neuropathies (Barbosa et al., 2015; Xiao
et al., 2019). An intriguing feature of a-subunits is their mechanosensitivity (Tabarean et
al., 1999). B1 is capable of stabilising Na,1.7 from mechanical stress, a potentially vital
characteristic for a VGSC found in sensory neurons that experience mechanical stress
with body movement (Korner et al., 2018). Crosstalk between different ion channel
families has emerged as a possibility, as 1 is capable of modulating K* channels. 31,
via a tryptophan in its transmembrane domain, interacts with K,1.3-VSD and depolarises
voltage of activation (Kubota et al., 2017). 1 further modulates activation and

inactivation kinetics of K,1.2 and K,1.6 in Xenopus oocytes and regulates neuronal and
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cardiac excitability via modulation of K, channels (Deschenes & Tomaselli, 2002;

Deschenes et al., 2008; Marionneau et al., 2012; Nguyen et al., 2012).

1.3.5 Non-conducting function

B-subunits possess further non-conducting roles. $-subunits function as CAMs via the Ig
loop in the extracellular domain (Srinivasan et al., 1998; Malhotra et al., 2000; Ratcliffe
et al., 2001; McEwen & Isom, 2004). B1 and B2, but not B3, can engage homophilically
and recruit ankyrin to points of contact (Malhotra et al., 2000; McEwen et al., 2009). 1
and B2 also interact with extracellular matrix molecules tenascin-C and tenascin-R
(Srinivasan et al., 1998; Xiao et al., 1999). Full-length tenascin-R has a cell repulsive
effect when interacting with 1 or B2, however specific domains have an adhesive effect
and can even increase Ina in Xenopus oocytes co-expressing Nay1.2, 1 and 32 (Xiao et
al., 1999). pB1 interacts with a range of CAMs, including B2, neurofascin-155,
neurofascin-186, nrCAM and contactin (McEwen & Isom, 2004; McEwen et al., 2004).
Furthermore, interaction of 31 with neurofascin-186 and contactin results in enlarged
Nay1.2 currents (McEwen & Isom, 2004; McEwen et al., 2004). Trans-homophilic 1
interactions are involved in establishing correct perinexi distance between ventricular
myocytes; blocking B1 adhesion results in dilated perinexi and disrupted cardiac action
potential propagation between myocytes (Veeraraghavan et al.,, 2018). B1-induced
adhesion also regulates neurite outgrowth and contributes to neurodevelopment.
Cerebellar granule neurons (CGNs), dissociated from wild-type mice and grown on a
monolayer of B1-expressing Chinese hamster lung (CHL) cells, extend longer neurites
than CGNs dissociated from Scnlb KO mice (Davis et al., 2004). Further work using the
same CGN neurite outgrowth experimental model demonstrated $1-mediated neurite
outgrowth is dependent on Na,1.6 activity, Fyn kinase signalling, contactin and y-

secretase cleavage (Brackenbury et al., 2008; Brackenbury et al., 2010; Brackenbury &
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Isom, 2011). Similarly, CGN neurite extension can be stimulated by CHL cells expressing
a soluble truncated form of the 1 N-terminus and can be blocked using anti-B31
antibodies, suggesting trans-homophilic B1 interactions can stimulate neurite outgrowth
(Davis et al., 2004). Interestingly, CGNs plated on a monolayer of f2-expressing CHL
cells showed a shorter neurite length than CGNs grown on parental CHL cells (Davis et
al., 2004). Immunohistochemistry of mouse cerebellum identified 31 expression in
Bergmann glia, the glial cells responsible for providing the scaffold for CGN migration
during development, suggesting a possible in vivo role for 31 in cerebellum development
(Davis et al., 2004). In agreement with this, there is impaired axon pathfinding and
fasciculation in the cerebellum of Scnlb KO mice (Brackenbury et al., 2008). Although
the specific involvement of adhesion was not examined, B2 enhances dendrite outgrowth
and arborisation in developing rat hippocampal neurons and B4 induces neurite

outgrowth in primary hippocampal neurons (Oyama et al., 2006; Maschietto et al., 2013).

1.4 Theinvolvement of VGSCs in disease

1.4.1 Epilepsy

Many VGSC mutations have been identified in excitability-linked disorders, such as
epilepsy (Figure 1.5, Table 1.2) (Baum et al., 2014, Catterall, 2014; Bouza & Isom, 2017).
Generalised epilepsy with febrile seizures plus (GEFS+) is a disorder characterised by
febrile seizures in childhood followed by afebrile seizures into adulthood. SCN1A,
SCN2A and SCN1B mutations have been identified in GEFS+ (Lossin et al., 2002). The
first identified GEFS+ mutation, C121W, was found in SCN1B (Wallace et al., 1998).
C121W abolished B1-induced fast inactivation of Na,1.2 when co-expressed in Xenopus
oocytes, and hyperpolarised inactivation and accelerated recovery from inactivation of
Nay1.3 in CHO cells (Wallace et al., 1998; Meadows et al., 2002). In vivo, heterozygous
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Figure 1.5 VGSC mutations implicated in excitability-linked disorders

Mutations in B-subunits (A), Na,1.1 (B), Na,1.5 (C) and Na,1.7 (D). GEFS+: generalised
epilepsy with febrile seizures plus. DS: Dravet syndrome. SIDS: suddent infantile death
syndrome. LQTS: long QT syndrome. BrS: Brugada syndrome. PEPD: paroxysmal
extreme pain disorder. CIP: chronic insensitivity to pain.
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Table 1.2 Effects of voltage-gated Na* sodium channel mutations implicated in

excitability-linked disorders

Disorder | Subunit Mutation Effect of mutation Effect on
VGSC activity
GEFS+ | Na/l.1 11656M Depolarised activation®
R1657C HOF
B1 C121W No association with a2
DS Na,1.1 L986F Afunctional*
T226M Depolarisation block® LOF
B1 R125C Afunctional*
B1B G257R Afunctional®
EIEE1l Nay1.2 R102X Afunctional® LOF
LQTS Na,1.5 AKPQ Increased InaP’
A1330P Depolarised inactivation/
accelerated RFI®
Y1795C Increased Ina’ GOF
M1766L Increased Ina™®
B1B P213T Increased InaP*!
B4 L179F Increased Ina*?
BrS Na,1.5 R811H Decreased Ina'3
S1218l Afunctional*?
E1053K Decreased Ina'* LOF
B1 E87Q Afunctional®®
B1B W179X Afunctional®
B2 D211G Afunctional’
SIDS Na,1.5 A997S Increased InaP*®
R1826H
B3 V36M Increased InaP*® GOF
V54G Delayed inactivation?®
B4 S206L Increased InaP*®
CIP Na,1.7 S459X Afunctional®*
T767X LOF
W897X
EM Na,1.7 1848T Hyperpolarised activation?
L858H GOF
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A1632T Impaired inactivation??
Al1632G Hyperpolarised activation®*
PEPD Nay1.7 Al1632E Hyperpolarised activation/ GOF
depolarised inactivation?®
PM Na,1.4 R669H Hyperpolarised inactivation?® LOF
R669C/G/W | Na* leak through gating
GOF
pore?’

References: 1 (Lossin et al., 2003), 2 (Baroni et al., 2013), 3 (Berecki et al., 2019), 4
(Patino et al., 2009), 5 (Patino et al., 2011), 6 (Kamiya et al., 2004), 7 (Bennett et al.,
1995), 8 (Rivolta et al., 2001), 9 (Rivolta et al., 2001), 10 (Matsumura et al., 2017), 11
(Riuro et al., 2014), 12 (Medeiros-Domingo et al., 2007), 13 (Calloe et al., 2013), 14
(Mohler et al., 2004), 15 (Watanabe et al., 2008), 16 (Watanabe et al., 2009), 17 (Riuro
et al., 2013), 18 (Ackerman et al., 2001), 19 (Tan et al., 2010), 20 (Valdivia et al.,
2010), 21 (Cox et al., 2006), 22 (Cummins et al., 2004), 23 (Eberhardt et al., 2014),
24 (Yang et al., 2016), 25 (Estacion et al., 2008), 26 (Struyk et al., 2000), 27 (Sokolov
et al., 2008)

Abbreviations: GEFS+: generalised epilepsy with febrile seizures plus, DS: Dravet
Syndrome, EIEE11: early infantile epileptic encephalopathy 11, LQTS: Long QT
syndrome, BrS: Brugada Syndrome, SIDS: sudden infantile death syndrome, CIP:
chronic insensitivity to pain, EM: erythromelalgia, PEPD: paroxysmal extreme pain
disorder, PM: paramyotonia, Ina: Na* current, InaP: persistent Na*® current, RFI:
recovery from inactivation, VGSC: voltage-gated Na* channel, G/LOF: gain/loss of
function
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C121W mice show aberrantly glycosylated 1, no a-subunit coupling, lack of AIS and
Node of Ranvier enrichment, enhanced hippocampal pyramidal neuron excitability and
present with hypothermia-induced seizures (Wimmer et al., 2010; Kruger et al., 2016).
Interestingly, C121W impairs Ig loop formation and B1-induced adhesive properties,
suggesting the impairment of Bl-induced adhesion may also contribute to disease
pathology (Wimmer et al., 2010; Kruger et al., 2016). Na,1.1 mutations in GEFS+ can
result in both gain-of-function and loss-of-function when examined in vitro, suggesting a
dependence on the neuron-type (Lossin et al., 2002; Lossin et al., 2003). Despite the
milder phenotype, sudden unexplained death in epilepsy (SUDEP) has been observed
in a patient carrying an SCN1B GEFS+ mutation (Myers et al., 2019). Dravet syndrome
(formerly severe myoclonic epilepsy in infancy) is a form of epilepsy characterised by
childhood febrile seizures and adulthood afebrile seizures, similar to GEFS+, except
more severe, uncontrolled seizure activity results in cognitive impairment and ataxia,
unlike GEFS+ (Catterall, 2014). The majority of Dravet syndrome mutations are found
within SCN1A (Meisler & Kearney, 2005). Intriguingly, early analysis of a Dravet
syndrome mutation, L986F, demonstrated complete loss of Na,1.1 function (Lossin et al.,
2003). A mouse model heterozygous for a Dravet syndrome mutation demonstrated
hypoactivity in GABAergic interneurons of hippocampal interneurons, leading to
widespread excitability, ataxia and death by postnatal day 15 (Yu et al., 2006; Ogiwara
et al., 2007). Additionally, selective hippocampal SCN1A deletion mimics Dravet
syndrome-like symptoms, underlining the importance of hippocampal Na,1.1 in Dravet
syndrome (Stein et al., 2019). A Dravet syndrome mutation in Na,1.1, T226M, was
recently investigated and demonstrated gain of function properties in CHO cells (Berecki
et al., 2019). However, T226M also enhanced the susceptibility of interneurons to
develop depolarisation block, suggesting T226M may still impart interneuron
hypoexcitability like other Na,1.1 Dravet syndrome mutations (Berecki et al., 2019).
Similarly, the autosomal recessive R125C Dravet syndrome mutation in 1 produces an
afunctional protein unable to traffic VGSCs to the cell surface (Patino et al., 2009). A
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similar mutation introducing a Cys residue, R89C, has been identified in a patient with
Dravet syndrome-like symptoms, emphasising the importance of correct Ig loop folding
(Darras et al., 2019). Scnlb-null mice are used as a model for Dravet syndrome and
demonstrate action potentials of greater magnitude, spontaneous seizures and SUDEP
by postnatal day 20 (Patino et al., 2009; O'Malley et al., 2019). An epilepsy-related
mutation unique to 1B, G257R, also produces a functional null protein that is retained

intracellularly (Patino et al., 2011).

Mutations in Na,1.2 are seen in two childhood epilepsy syndromes; benign familial
neonatal-infantile seizures 3 (BFNIS) characterised by seizures in the first 12 months of
life with little neurological impairment in later life and early infantile epileptic
encephalopathy 11 (EIEE11), a more severe disorder characterised by infantile,
uncontrolled seizures resulting in permanent neurological impairment (Heron et al.,
2002; Kamiya et al., 2004; Ogiwara et al., 2009). Na,1.2 mutations observed in BFNIS
are typically missense mutations, whereas the autosomal-dominant, nonsense mutation
identified in EIEE11, R102X, produces a non-functional protein truncated before the first
transmembrane domain that is thought to have a dominant-negative effect on wild-type

Nay1.2 (Kamiya et al., 2004; Shi et al., 2012).

1.4.2 Cardiac arrhythmia

Nay1.5 plays a key role in cardiac action potential propagation and thus aberrant function
is involved in cardiac arrhythmia; however, mutations in B-subunits are also implicated
(Remme & Bezzina, 2010; Bouza & Isom, 2017). Na,1.5 is highly expressed in ventricle
walls, His bundles and Purkinje fibres, and weakly expressed within atria, as Na,1.5 is
not involved in atrial action potential propagation (Remme et al., 2009). Gain of function

mutations in Nay1.5 are associated with Long QT syndrome 3 (LQT3), characterised by
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delayed repolarisation, prolonged action potentials and early after-depolarisations,
potentially leading to arrhythmia and death. Identified LQT3 mutations in Nay,1.5 include
AKPQ (deletion of Lys1505, Pro1506, GIn1507) that disrupts fast inactivation increasing
persistent Ina (Bennett et al., 1995), A1330P that depolarises voltage of inactivation and
enhances recovery from inactivation (Wedekind et al., 2001) and Y1795C that increases
Ina magnitude (Rivolta et al., 2001). Nay1.5 loss of function mutations are associated with
Brugada syndrome, characterised by slowed action potentials and cardiac conduction,
potentially leading to arrhythmia and sudden death. Interestingly, Tyr1795, an amino acid
implicated in LQT3 when mutated to cysteine, is also associated with Brugada syndrome
when mutated to histidine, resulting in a hyperpolarised voltage of inactivation (Rivolta
et al., 2001). Other Brugada syndrome Na,1.5 mutations include R811H that decreases
Ina, S1218I that shows complete loss of function, and E1053K that abolishes Nay1.5
binding to Ankyrin-G, resulting in a decrease of Na,1.5 surface expression (Mohler et al.,
2004; Calloe et al., 2013). Interestingly, the frequency of a common SCN5A
polymorphism, H558R, found in 10-20 % of the population, is reduced in arrhythmic and
Brugada syndrome patients (Ackerman et al., 2004; Maekawa et al., 2005; Matsumura
et al., 2017). Co-expression of Na,1.5-H558R with Na,1.5-M1766L, a mutation
implicated in LQT3 that enhances Ina, restored normal Ina, suggesting H558R impacts on
trafficking (Ye et al., 2003). Genetic analysis of right atrial sections obtained from patients
undergoing heart surgery showed SCN5A expression levels were significantly higher
and SCN5A promoter methylation significantly decreased in patients with the H558R
mutation (Matsumura et al.,, 2017). Considering H558R is found within the DI-II
intracellular linker, a region of Na,1.5 known to contain a nuclear-localising signal and
capable of interacting with the SCN5A promoter when expressed alone, potentially

Na,1.5 is involved in nuclear signalling that is enhanced by H558R (Onwuli et al., 2017).
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B-subunits are also implicated in LQT syndrome and Brugada syndrome. In LQT
syndrome, a proline to threonine mutation (P213T) in 1B increases persistent Ina and
accelerates recovery from inactivation (Riuro et al., 2014). A mutation in p4, L179F,
enhances Na,l1.5 persistent Ina 3-fold compared to WT-B4 (Medeiros-Domingo et al.,
2007). In Brugada syndrome, multiple mutations have been identified in SCN1B that
decrease Ina, B1B is implicated, with the W179X mutation, as well as B1-E87Q
(Watanabe et al., 2008). The impact of the mutations on channel function was not
investigated, but 31 slows decay of the persistent Iy, of Nay1.5 and disruption of this may
cause arrhythmia (Maltsev et al., 2009; Mishra et al., 2011). Mutations in f2 and B3 have
been identified that disrupt Nay1.5 trafficking to the cell surface (Ishikawa et al., 2013;
Dulsat et al., 2017). For instance, 2-D211G reduces Nay1.5 Ina by almost 40 % when
co-expressed in CHO cells, compared to WT-B2 (Riuro et al., 2013). B4 has also been
implicated in arrhythmogenesis, f4-G8S is a mutation seen 3-fold more frequently in
atrial fibrillation patients than the control population (Xiong et al., 2019). Gly8 is a highly
conserved residue in 34 and its location within the signal peptide suggests it regulates
subcellular targeting of the protein (Xiong et al., 2019). G8S is also seen in ventricular
tachycardia patients, along with another mutation, A145S (Yang et al., 2019). Both
mutations decrease surface expression of (4, without affecting any Ina parameters,
suggesting a possible non-conducting contribution of 4 in cardiac arrhythmia (Yang et
al., 2019). The involvement of B-subunits in arrhythmia may extend further than their
regulation of Ina, as two early repolarisation syndrome mutations in 1B have been
identified that accelerate the recovery from inactivation of K.4.3, the channel responsible

for repolarisation of cardiomyocytes (Yao et al., 2018).
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1.4.3 Sudden infant death syndrome

Sudden infant death syndrome (SIDS) is the sudden unexplained death of an infant in
the first year of life. Gene variants associated with cardiac channelopathies, including
SCNb5A, are observed in ~10 % of SIDS cases (Schwartz et al., 1998; Ackerman et al.,
2001; Arnestad et al., 2007). Two mutations identified in SCN5A (A997S and R1826H)
increase persistent Ina (Ackerman et al., 2001). Likewise, mutations found in 33 (V36M)
and B4 (S206L) increase persistent Ina, further implicating persistent Ina in SIDS (Tan et
al., 2010). A second SCN3A mutation (V54G) was identified in SIDS, which decreases
Nay1.5 Ina and depolarises the voltage of inactivation when co-expressed in COS cells
(Valdivia et al., 2010). Interestingly, the two SCN3B mutations identified (V36M and
V54G) decrease Ina, suggesting the magnitude of depolarisation is not important but
potentially the duration as V36M enhances persistent Ina and V54G delays inactivation.
A Brugada syndrome-associated mutation in SCN1B, affecting B1B (R214Q), has been
observed in SIDS cases and causes decreased Ina and enhanced Ik in heterologous co-

expression studies (Hu et al., 2012; Olesen et al., 2012)

1.4.4 Pain disorders

Nay1.7/SCN9A mutations have been reported in patients with primary erythromelalgia
(Yang et al., 2004). Na,1.7, Nav1.8 and Nav1.9 are all expressed in DRGs and initially,
Nay1.8 was the focus of pain research, after it was discovered that mice lacking Scn10a
had an increased threshold to noxious mechanical and heat stimuli (Black et al., 1996;
Akopian et al., 1999). However, acute pain sensation has a vital physiological function,
and a pertinent study a few years later demonstrated Scn10a null mice had no change
in their chronic pain threshold compared to wildtype littermates (Laird et al., 2002). Two
years later, familial SCN9A mutations were identified in primary erythromelalgia by

linkage analysis of an affected Chinese family and shortly after, selective Scn9a deletion
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in Na,1.8+ DRGs produced mice with a reduced or abolished response to various acute
and inflammatory pain stimuli, implicating Na,1.7 as the VGSC responsible for chronic
pain sensation and unveiling Na,1.7 as a major therapeutic target (Nassar et al., 2004
Yang et al., 2004). Familial mutations in SCN9A were further identified in chronic
insensitivity to pain (CIP) and paroxysmal extreme pain disorder (PEPD) (Cox et al.,
2006; Fertleman et al., 2006). CIP is a rare, autosomal recessive condition rendering
patients insensitive to pain, caused by a loss of Nay1.7 function (Cox et al., 2006).
Identified CIP mutations, S459X, 1767X and W897X, produce truncated, non-conducting
a-subunits (Cox et al., 2006). More recently identified CIP mutations also correspond to
truncated, afunctional Nay1.7 subunits (Shorer et al., 2014; He et al., 2018; Marchi et al.,
2018). Erythromelalgia and PEPD, both caused by a gain of Nay1.7 function, are
conditions associated with episodes of extreme pain sensation of the extremities, in
erythromelalgia, and of the rectal, ocular and jaw areas in PEPD (van Genderen et al.,
1993; Fertleman et al., 2007; Fischer & Waxman, 2010). Na,1.7 has an important role in
neuronal excitability by amplifying small depolarising inputs and producing threshold
currents close to resting Vi (Cummins et al., 1998). The first study into the gating effects
of erythromelalgia mutations showed that Na,1.7 erythromelalgia mutations (1848T and
L858H), in HEK293 cells hyperpolarised voltage of activation and slowed deactivation
compared to WT-Nay1.7, suggesting increased Nay1.7 activity at lower Vi, underpins the
nociceptor hyperexcitability seen in erythromelalgia (Cummins et al., 2004). PEPD
mutations, on the other hand, are classically associated with a depolarised voltage of
inactivation, delaying channel inactivation (Dib-Hajj et al., 2008). Mutations of a single
Nay1.7 DIV S4-5 loop residue, Alal632, produces a spectrum of inherited conditions.
A1632E causes hyperpolarised activation and depolarised inactivation and causes a
condition with dual PEPD-erythromelalgia symptoms (Estacion et al., 2008). A1632T
causes erythromelalgia through impaired inactivation (Eberhardt et al., 2014), and
Al1632G causes erythromelalgia through hyperpolarised activation, depolarised
inactivation and an increased sensitivity to thermal stimuli (Yang et al., 2016).
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VGSC subunits other than Na,1.7 and Nav1.8 have been implicated in pain. Of a patient
cohort diagnosed with painful peripheral neuropathy, 34/393 had a Na,1.7 mutation,
15/393 had a Nay1.8 mutation and 11/393 had a mutation in Na,1.9 (Huang et al., 2014).
Nay1.9 is also expressed in DRGs (Black et al., 1996). Gain of function mutations in
Nay1.9 underpin an autosomal dominant episodic pain disorder that render DRGs
hyperexcitable (Zhang et al., 2013; Huang et al., 2014; Kabata et al., 2018). Furthermore,
mutations in Na,1.9 have also been identified that confer insensitivity to pain, implicating
Nay1.9 as a possible therapeutic target for chronic pain (Huang et al., 2017). Additionally,
following peripheral nerve injury, Na,1.6 is the predominant a-subunit involved in DRG

neuron excitation (Vysokov et al., 2019).

Mutations in B-subunits are also involved in pain disorders. Scnlb-null mice demonstrate
DRG hyperexcitability, due to a depolarising shift in the voltage of inactivation, implicating
B1 in modulating nociceptor excitability (Lopez-Santiago et al., 2011). Genetic analysis
of diabetic patients with painful neuropathy identified a D109N mutation in 2 in the
absence of SCN9A/SCN10A/SCN11A mutations, which depolarised the voltage of
inactivation of Na,1.7 in heterologous HEK293 cells and caused DRG hyperexcitability
(Alsaloum et al., 2019). Expression of mMRNA for 31-33 is upregulated in sensory neurons
of mice following nerve injury and B2 null mice show decreased sensitisation to non-
painful stimuli (allodynia) following nerve injury, suggesting B-subunits may be implicit in
neuropathic pain (Blackburn-Munro & Fleetwood-Walker, 1999; Pertin et al., 2005).
Furthermore, knockdown of Scn4b in mice carrying Na,1.8-T790A, the mutation found in
the Possum mouse model of pain, reduced DRG excitability and narrowed action

potentials, implicating B4-mediated open channel block in nociception (Xiao et al., 2019).
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1.4.5 Other excitability-linked disorders

The cerebellum is an expansive network of neurons requiring fine electrical balance and
various loss-of-function mutations have been identified in Nay1.6 that lead to cerebellar
ataxia (Kohrman et al., 1996; Smith & Goldin, 1999). An alanine to threonine mutation in
the DIII S4-S5 linker of Nav1.6 in the jolting mouse model of ataxia causes a depolarising
shift in the voltage of activation of cerebellar Purkinje neurons (Kohrman et al., 1996).
Mutations in SCN8A have also been identified in more complex neurological conditions
such as sleep disorders (Papale et al., 2010), depression (Wasserman et al., 2005),
anxiety (McKinney et al., 2008) and bipolar disorder (Wang et al., 2008). Mutations in
the CNS VGSCs (Nay1.1, 1.2, 1.3 and 1.6), as well as Na,1.7, intriguingly, have been
identified in autism (Weiss et al., 2003; Butler et al., 2017; Rubinstein et al., 2018; Lena
& Mantegazza, 2019; Spratt et al., 2019). Mutations in CNS VGSCs have also been

implicated in intellectual disabilities (Trudeau et al., 2006; Shin et al., 2019).

Nay1.4 is the predominant skeletal muscle VGSC (Wang et al., 1992). Gain of function
mutations in Nay1.4 underlie paramyotonia congenita, a disorder characterised by
muscle rigidity due to delayed muscle relaxation (Lerche et al., 1993). The first
paramyotonia Nay1.4 mutations identified, Gly1306 to glutamic acid, valine or alanine,
resulted in delayed channel inactivation when examined by patch clamp
electrophysiology (Lerche et al., 1993). Other movement disorders have, too, been
attributed to Na,1.4. ~10 % of hypokalaemia periodic paralysis (HypoPP) cases are
attributed to SCN4A (Sternberg et al., 2001). HypoPP is an autosomal dominant disorder
characterised by periods of muscle weakness and low extracellular K*. The R669H
mutation in Nay1.4 occurs within DII:S4 and hyperpolarises the voltage of inactivation
(Struyk et al., 2000). Mutations in SCN4A are also seen in hyperkaliaemic periodic
paralysis (HyperPP), which is a disorder characterised by episodes of muscle paralysis,

similar to HypoPP, except an elevated serum K* is present (Cummins et al., 1993).
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HyperPP is caused by a gain of channel function, such as a hyperpolarisation of the
activation voltage (Cummins et al., 1993). A mutation in Na,1.4 has also been identified
in normokalaemic periodic paralysis (Sokolov et al., 2008). This interesting mutation
(R669Q/G/W) in DII:S4, causes a Ina through the gating pore itself, following

depolarisation and S4 translocation (Sokolov et al., 2008).

1.4.6 Neurodegeneration

B-subunits have an emerging role in several neurodegenerative conditions (Bouza &
Isom, 2017). Amyotrophic lateral sclerosis (ALS) is a disorder characterised by
progressive degeneration of motor neurons. Cortical hyperexcitability is a feature of ALS
and the murine model of ALS, SOD1G93A, displays an increased cortical persistent Ina
(Vucic et al., 2008; Pieri et al., 2009). Symptomatic SOD1G93A mice also show elevated
B3 and decreased B1 expression within lamina IX of the spinal cord, and decreased
Nay1.6 expression throughout the spinal cord, compared to pre-symptomatic mice (Nutini
et al., 2011). This further implicated 3 and the persistent Iyain ALS, as B3 promotes

persistent Ina 0f Nay1.2 in vitro, whereas 31 has no effect (Qu et al., 2001).

Alzheimer’s disease also has a link with increased excitability. Patients with Alzheimer’s
disease represent 10 % of new onset epilepsy in patients over 65 years old and have a
6- to 10-fold greater risk of developing seizures compared with healthy age-matched
individuals (Pandis & Scarmeas, 2012). There is developing evidence implicating B2 in
hyperexcitability in Alzheimer’s disease, although this is discussed in more detail in

chapter 1.5.4 (Hu et al., 2017; Hu et al., 2019).

6-hydroxydopamine lesioning of mice is a common model for Parkinson’s disease. In the
hippocampi of lesioned rats, Nay1.1 expression is increased in reactive astrocytes and
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neuronal Na,1.3 expression increased (Wang et al., 2019). Phenytoin treatment
improves learning and memory, implicating VGSCs in the cognitive decline observed in

experimental models of Parkinson’s disease (Wang et al., 2019).

Emerging evidence suggests a link between B-subunits and Huntington’s disease and
multiple sclerosis (MS). Huntington’s disease is associated with progressive cell death
of striatal neurons caused by polyglutamine repeats in the cytoplasmic protein,
Huntingtin, although the pathogenic mechanism is yet to be elucidated (Landles & Bates,
2004). Profiling of a mouse model of Huntington’s disease shows a progressive decrease
in striatal B4 expression, beginning at a pre-symptomatic stage (Oyama et al., 2006;
Bigan et al., 2019). B4 was suggested to be involved in dendritic arborisation of striatal
neurons (Oyama et al., 2006). MS is a disorder involving demyelination and axonal
degeneration (Lassmann, 2018). Treatment of experimental autoimmune
encephalomyelitis (EAE) mice (an MS model) with the VGSC blocker, phenytoin,
reduces axonal degeneration, implicating VGSCs in MS pathology (Lo et al., 2002).
Furthermore, Overexpression of a mutant Na,1.2 that displays increased persistent Ina,
increases axonal degeneration and lethality in EAE mice (Schattling et al., 2016).
Deletion of Scn2b is also neuroprotective in EAE mice without any changes to immune

function, implicating 2 upregulation of surface VGSCs in MS (O'Malley et al., 2009).

1.4.7 Cancer

a- and B-subunit expression is commonly deregulated and functionally significant in
cancer (Figure 1.6) (Brackenbury, 2012; Roger et al., 2015; Haworth & Brackenbury,
2019). Na,1.2, Na,1.4, Na,1.5 and Nay,1.7 are upregulated in highly metastatic ovarian
cancer cells compared to weakly metastatic cells (Gao et al., 2010). Na,1.6 and Nav1.7
are upregulated in cervical cancer biopsies compared to normal cervical tissue
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Figure 1.6 The involvement of VGSCs in breast cancer cell behaviour

Nay,1.5 and 31 are both upregulated in breast cancer. Na,1.5 promotes migration and
invasion, and B1 induces cell adhesion, promotes process outgrowth and angiogenesis,
and reduces apoptosis (Malhotra et al., 2000; Yang et al., 2012; Nelson et al., 2014). 31
also enhances Ina in breast cancer cells (Chioni et al., 2009). B2 has putative nuclear
signalling abilities, suggesting 1 may too be involved (Kim et al., 2007). Na,1.5 has
been shown to regulate downstream expression of a range of genes involved in colon
cancer cell migration and invasion (House et al., 2010).

50



(Hernandez-Plata et al., 2012). Nay1.7 is upregulated in prostate cancer cell lines (Diss
et al., 2001; Diss et al., 2005). Na,1.5 protein is upregulated in colon cancer biopsies
compared to normal tissue (House et al., 2010). a-subunit expression is decreased in
higher grade gliomas, although the functional consequences of this loss of expression

are not clear (Schrey et al., 2002).,

Evidence from biopsies and cell lines suggests a-subunit may be hormonally regulated
(Fraser et al., 2014). In colon cancer biopsies, high Na,1.5 and oestrogen receptor 3
immunoreactivity correlates with worse prognosis compared to high oestrogen receptor
B levels alone (Peng et al., 2017). In breast tumour tissue, all samples lacking nNay1.5
immunoreactivity were positive for oestrogen receptor a (Yamaci et al.,, 2017).
Furthermore, in samples negative for oestrogen receptor a expression, nNa,1.5 was
present at the plasma membrane, whereas in samples positive for oestrogen receptor a,
nNay1.5 was present in the cytoplasm as well as the plasma membrane (Yamaci et al.,
2017). Overexpression of oestrogen receptor a in MDA-MB-231 breast cancer cells
reduces Na,1.5 mRNA expression, which is reversible upon receptor inhibition (Fraser
et al., 2014). Other models have further eluded to VGSC expression regulation by
hormones and growth factors (Fraser et al., 2014). Nuclear androgen receptor
complexes associate with the promoter region of SCN9A and result in an increase in
Nay1.7 mRNA expression in ND7 neuroblastoma cells (Berwick et al., 2010). In response
to (5a,17B)-17-hydroxy-androstan-3-one dihydrotestosterone treatment, 1 mRNA
expression is decreased in prostate cancer LNCaP cells but enhanced in prostate cancer
PC3 cells (Diss et al., 2008). In cultured bovine adrenal cells, insulin treatment enhanced
plasma membrane (31 and Na,1.7 expression (Nemoto et al., 2009; Yanagita et al., 2011).
In respect to growth factors, epidermal growth factor enhances Nay1.5 expression and
VGSC inhibition with tetrodotoxin decreases the migratory capacity in breast cancer

MDA-MB-231 cells (Gonzalez-Gonzalez et al., 2019). In prostate cancer cells, nerve
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growth factor treatment enhances Nayl.7 expression and in mice bladder DRGs,
vascular endothelial growth factor treatment upregulates VGSC expression and activity

(Brackenbury & Djamgoz, 2007; Malykhina et al., 2012).

Functionally, in vitro evidence has linked increased a-subunit activity in carcinoma cells
with migration and invasiveness (Fraser et al., 2003; Bennett et al., 2004; Gao et al.,
2010; Hernandez-Plata et al., 2012; Lopez-Charcas et al., 2018). Similarly, in cervical
cancer cells, Na,1.6 stimulates matrix metalloprotease-2-mediated degradation of the
extracellular matrix leading to invasion (Lopez-Charcas et al., 2018). Microarray analysis
of siRNA knockdown models showed that Na,1.5 activity regulates a transcriptional
network implicated in colorectal cancer invasiveness, including genes involved in cell
signalling and membrane remodelling (House et al., 2010). Lastly, an increase in
intracellular Na*, in cancer cells, is linked with a shift to glycolytic metabolic activity,
increased proliferation and increased invasion (Leslie et al., 2019). Further functions of
VGSCs in breast cancer have been proposed, but they will be highlighted in chapter

1.4.7.1.

B-subunit expression is also deregulated in cancer cells. 1 is upregulated in breast
cancer samples and is more highly expressed in highly metastatic compared to weakly
metastatic prostate cancer cell lines, discussed in more detail in chapter 1.4.7.1 (Diss et
al., 2008; Nelson et al., 2014). B2 also appears to be tumorigenic. 2 expression is
increased in metastatic prostate tumour (Jansson et al., 2014). Perineural invasion is
common in prostate cancer and weakly metastatic LNCaP prostate cancer cells
overexpressing B2 demonstrate an increased association with spinal cord axons and
increase migration, invasion and proliferation in vitro (Jansson et al., 2012; Jansson et

al., 2014). Despite the pro-metastatic behaviour of $2 in vitro, LNCaP-B2 cells inhibit
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tumour growth, relative to LNCaP cells, when implanted into mice, suggesting 32
expression might be stage-specific during cancer progression (Jansson et al., 2012).
Unlike B1 and B2, B3 and 4 are considered tumour suppressive. SCN3B expression is
strongly upregulated by p53 following DNA damage and B3 expression induces
apoptosis and suppresses colony formation in osteosarcoma and glioblastoma cell lines
(Adachi et al., 2004). B4 expression is downregulated in thyroid and high-grade breast
cancer and 34 expression is associated with favourable survival (Bon et al., 2016; Gong

et al., 2018).

1.4.7.1 Breast cancer

The most established link between VGSCs and cancer, thus far, is in breast cancer. In
women, breast cancer was the most frequently diagnosed cancer (1.7 million),
constituting 30 % of female cancer diagnoses, and leading cause of female cancer-
related deaths (521,900) worldwide in 2012 (Torre et al., 2017; Siegel et al., 2018).
Breast cancer has a relatively good survival rate relative to other cancers (90 %),
however this drops dramatically by breast cancer subtype and tumour stage (Siegel et

al., 2018).

Breast cancer is stratified by the expression profile of three receptors, oestrogen receptor,
progesterone receptor and human epidermal growth factor receptor 2 (Sorlie et al., 2001).
Around 75 % of breast cancers are oestrogen receptor-positive (with all progesterone
receptor-positive cases being oestrogen receptor-positive) and 10 % are positive for
human epidermal growth factor receptor 2 expression (Cortet et al., 2018). Around 10 -
15 % of breast cancers are negative for all receptors, this subtype is termed triple
negative breast cancer (TNBC) (Cadoo et al., 2013; Cortet et al., 2018). Over 75 % of

breast tumours with germline BRCA1 mutations have a TNBC phenotype (Schmadeka
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et al., 2014). TNBC has the worst prognosis, relative to other breast cancer subtypes,
with the lowest overall survival and 25 - 30 % of early diagnoses progressing to

metastasis (Sorlie et al., 2001; Morris et al., 2012; Jin et al., 2018).

So far, three VGSC subunits have been implicated in breast cancer. Nay1.5 protein, in
particular that of the neonatal splice variant of Na,1.5 (Yamaci et al., 2017), is
upregulated in breast tumours relative to normal breast tissue, where its expression
correlates with 31 (Nelson et al., 2015b). SCN5A mRNA is upregulated in invasive breast
tumour tissue relative to normal tissue and high SCN5A mRNA expression correlates
with decreased overall survival (Yang et al.,, 2012). Likewise, SCN1B expression is
upregulated in invasive breast tumours compared to normal tissue (Nelson et al., 2014).
B4, on the other hand, is downregulated in breast tumour tissue relative to normal tissue
and SCN4B downregulation correlates with decreased survival (Bon et al., 2016). The
following paragraphs of this chapter will focus on the proposed functions of Na,1.5/ 1/

B4 in breast cancer.

Nay1.5, particularly the neonatal splice variant, is upregulated in metastatic breast cancer
samples (Fraser et al., 2005; Yang et al., 2012). Na,1.5 increases breast cancer cell
migration and invasiveness in vitro (Yang et al., 2012). Likewise, treatment of breast
cancer cells with the Xenopsylla cheopis salivary protein, FS50, inhibits Na,1.5 activity
and reduces migration in vitro (Zhang et al., 2018a). Additionally, EGF treatment, which
stimulates epithelial-to-mesenchymal transition in breast cancer cells in vitro, functions
through upregulation of Nay1.5 (Gonzalez-Gonzalez et al., 2019). The TNBC cell line,
MDA-MB-231, has been used extensively in implicating VGSCs in breast cancer, raising
the possibility of targeting VGSCs in TNBC. VGSC expression is enriched within the

lamellipodia of MDA-MB-231 (Yang et al., 2012). In a xenograft tumour model, implanted
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MDA-MB-231 breast cancer cells in which Na,1.5 was downregulated with shRNA
developed smaller primary tumours and showed reduced metastasis (Nelson et al.,
2015b). Similarly, treatment of breast tumour-bearing mice with the VGSC-blocking
antiepileptic phenytoin decreased tumour growth and metastasis (Nelson et al., 2015a).
Mechanistically, Na,1.5 downregulation leads to a reduced mesenchymal morphology
and decreased CD44 expression, a known oncogene in breast cancer, which stimulates
distant metastasis (McFarlane et al., 2015; Nelson et al., 2015b). Additional mechanisms
have been proposed for VGSC-induced metastasis. For example, VGSC-induced
acidification of the perimembrane area, via enhanced H* efflux through Na*-H*
exchanger 1 (NHE1), stimulates cathepsin-B-mediated degradation of the extracellular

matrix, permitting invasion (Gillet et al., 2009; Brisson et al., 2011).

B1 is upregulated in breast cancer samples and is more robustly expressed in highly
metastatic compared to weakly metastatic prostate cancer cell lines (Diss et al., 2008;
Nelson et al., 2014). Overexpressing 1-GFP in MDA-MB-231 cells promotes primary
tumour growth and metastasis to multiple organs when grafted into mice, compared to
implanted MDA-MB-231 cells (Nelson et al., 2014). The B1-induced increase in primary
and secondary tumour growth was accompanied by a decrease in apoptotic cleaved
caspase-3 staining, no change in proliferative Ki67 staining and an increase in
endothelial CD31 staining, suggesting increased apoptotic resistance and
vascularisation underlie the tumorigenic influence of 1 (Nelson et al., 2014). In vitro,
MDA-MB-231-B1-GFP cells demonstrate increased cell-cell adhesion, Ina and process
outgrowth, the latter of which can be inhibited by blocking Ina (Chioni et al., 2009; Nelson
et al., 2014). Interestingly, MDA-MB-231-1-GFP cells show decreased motility and
proliferation compared to MDA-MB-231-GFP cells and knockdown of endogenous 31 in
the breast cancer cell line MCF-7 increases cell migration (Chioni et al., 2009). A similar

phenomenon is observed in cervical cancer cells, where 31 expression decreases cell
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migration (Sanchez-Sandoval & Gomora, 2019). Furthermore, treatment of mouse
melanoma B16F10 cells with the proposed anti-cancer polymethoxyflavone, casticin,
inhibits cell migration and invasion and causes a concomitant genomic upregulation of
SCN1B (Shih et al., 2017). B1 therefore appears to have a negative influence on
migration in vitro and potentially induces tumour growth and metastasis through an

increase in apoptotic resistance and transcellular adhesion.

Silencing of B4 in MDA-MB-231 cells increases primary tumour growth and metastasis
in mice, relative to MDA-MB-231 cells overexpressing B4 (Bon et al., 2016). Furthermore,
loss of B4 increased a-independent, RhoA-mediated cancer cell migration and invasion
(Bon et al., 2016). Likewise, siRNA knockdown of 4 in cervical cancer cells increases
cellular invasion (Sanchez-Sandoval & Gomora, 2019). B-subunits may contribute to
cancer via increasing membrane expression of a-subunits; however the situation may
be more complex. For example, the expression profile of B-subunits in cancer is not
consistent, 1 and B2 are generally considered oncogenic whereas 3 and 34 are tumour
suppressive (Adachi et al., 2004; Jansson et al., 2012; Nelson et al., 2014; Bon et al.,
2016). Furthermore, B-subunit expression is high in weakly metastatic breast carcinoma
MCEF-7 cells and low in metastatic breast carcinoma MDA-MB-231 cells (Chioni et al.,
2009). The involvement of 3-subunits in cancer is hence complex and poorly understood.
B-subunit expression in cancer could depend on various factors, such as the site and
stage of the tumour, the accompanying expression profile of other VGSC subunits, or

other non-conducting roles of B-subunit.

MDA-MB-231 (triple-negative) and MCF-7 (oestrogen receptor positive) are two
commonly used breast cancer cell lines. Both cell lines were isolated by pleural effusion,

however MCF-7 cells are less metastatic and have retained epithelial-like cell
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characteristics (Soule et al., 1973), whereas MDA-MB-231 cells are highly metastatic
and mesenchymal-like (Cailleau et al., 1974). Interestingly, these two cell lines have
complimentary VGSC subunit expression. MDA-MB-231 cells are characterised by high
a-subunit expression (producing a visible Na* current) and low -subunit expression,
whereas MCF7 cells display low a-subunit expression, an absent Na* current, and high
B-subunit expression (Fraser et al., 2005; Chioni et al., 2009). PCR analysis
demonstrated mRNA for Nay1.5 (neonatal splice variant), Na,1.6 (multiple splice
variants) and Nay1.7 (neonatal splice variant) in both MCF-7 and MDA-MB-231 cells,
with global a-subunit mMRNA levels 100-fold higher in MDA-MB-231 cells than MCF-7
cells (Fraser et al., 2005). However, as no Na* current or Na,1.5 immunoreactivity was
detectable in MCF-7 cells, it appears a-subunit protein is not present (Fraser et al., 2005).
In MDA-MB-231 cells, ~ 80 % of a-subunit mRNA is for Na,1.5, which is supported by
the electrophysiology data demonstrating ~ 85 % of the Na* current is carried by
tetrodotoxin-resistant a-subunits, with Nay1.5 mRNA being the only tetrodotoxin-resistant
channel mMRNA present in these cells (Fraser et al., 2005). In regard to B-subunits, [3-
subunit mMRNA is 30-fold greater in MCF-7 cells compared to MDA-MB-231 cells (Chioni
et al., 2009). Both cell lines predominantly express SCN1B mRNA, with trace amounts

of SCN2B and SCN4B mRNA (Chioni et al., 2009).

1.5 Theimpact of secretase cleavage on cellular homeostasis and disease

1.5.1 Introduction to secretase enzymes

Secretases are a family of enzymes that cleave over 70 single-pass transmembrane
proteins (Haapasalo & Kovacs, 2011; Pardossi-Piquard & Checler, 2012). Canonical

secretase cleavage occurs sequentially; an initial extracellular cleavage event by a- or

57



B-secretase releases a soluble extracellular domain (ECD) and leaves a C-terminal
fragment (CTF) within the membrane. The CTF is then cleaved intramembranously by
y-secretase, releasing an intracellular domain (ICD) and leaving a short transmembrane
peptide (Chow et al., 2010). Through cleavage of a vast array of transmembrane proteins,
secretases provide a vital link in conducting intracellular signalling pathways in response
to extracellular cues, as well as regulating membrane protein turnover (De Strooper et
al., 1998; Pardossi-Piquard & Checler, 2012). Many secretase-generated ICDs
translocate to the nucleus and regulate transcription, such as the ICDs from amyloid
precursor protein (APP) (Kimberly et al., 2001), Alcadein (Araki et al., 2004), CD44
(Okamoto et al., 2001) and Notch (Schroeter et al., 1998). ECDs can also be involved
in cell signalling, e.g. the APP-ECD (Murphy & LeVine, 2010). Secretases emerged as
a major therapeutic target after the discovery that secretase processing of APP produces
the B-amyloid neuritic plaques observed in Alzheimer’s disease, the leading cause of

dementia worldwide (Murphy & LeVine, 2010).

Secretase expression is enriched in the brain, but a widespread tissue distribution is also
observed by northern blotting (Lee et al., 1996; Vassar et al., 1999). The widespread
tissue distribution of secretases is reflected in the diverse range of roles and diseases in
which they are implicated. Secretases are vital in development, including early
embryonic patterning (Donoviel et al., 1999), nephrogenesis (Cheng et al., 2003),
angiogenesis (Boulton et al., 2008), cardiac morphogenesis (Nakajima et al., 2004) and
neurogenesis (Capell et al., 1997). Mice deficient in y-secretase are born with gross
cerebral and skeletal deformities and die shortly after (Shen et al., 1997). In adults,
secretases maintain neuronal progenitor cell proliferation and plasticity (Gadadhar et al.,
2011), maintain synaptic integrity (Inoue et al., 2009; Suzuki et al., 2012), regulate
cognition (Laird et al., 2005), and regulate haematopoiesis (Grabher et al., 2006),

amongst other roles (Jurisch-Yaksi et al., 2013). Aberrant secretase cleavage is
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implicated in autoimmunity (Tournoy et al., 2004), cardiomyopathy (Gianni et al., 2010),

Alzheimer’s disease (Scheuner et al., 1996) and cancer (Kondratyev et al., 2012).

This section will focus on the roles of secretases in cellular homeostasis and disease
and the burgeoning evidence of the role of secretase cleavage in regulating 3-subunit
function. a/B/y-secretases will remain the focus, however, recent work examining APP
has discovered non-canonical forms of secretase cleavage that can come before a/f3-
secretase; 0-secretase (Zhang et al., 2015) and n-secretase (Willem et al., 2015). In
addition, the promiscuous enzyme responsible for y-secretase cleaves at two other sites,
known as (-cleavage and e-cleavage, which occur four and seven residues downstream
of the y-secretase cleavage event in the C-terminal direction, respectively (Gu et al.,

2001; Zhao et al., 2004).

1.5.1.1 a-secretase

a-secretase refers to a family of enzymes capable of a-cleavage of APP (Esch et al.,
1990). The molecular identity of a-secretase was eventually revealed to be a disintegrin
and metalloprotease 10 (ADAM10), a member of the larger ADAM family, consisting of
over 30 enzymes (Lammich et al., 1999; Lichtenthaler, 2011). ADAMs consist of a short
cytoplasmic and transmembrane domain, with extracellular metalloproteinase, EGF-like
repeat, cysteine-rich and disintegrin-like domains (Giebeler & Zigrino, 2016). Initial
cleavage of an inhibitory prodomain is required for Zn?* binding to the metalloprotease
domain, producing the catalytically active protein (Loechel et al., 1999). The disintegrin-
like domain facilitates cell adhesion via interactions with integrin (Eto et al., 2000).
ADAM10 is enriched within the Golgi apparatus and at the plasma membrane, where it
is the major, constitutive proteolytic pathway for APP (Tomita et al., 1998; Lammich et

al., 1999). ADAM10 cleavage prevents B-amyloid deposition (Esch et al., 1990).
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Cleavage can occur as soon as APP undergoes O-glycosylation in the Golgi apparatus
(Tomita et al., 1998). a-cleavage is also the major proteolytic pathway for N-cadherin,
CD44, Neuregulin-1, Nectin-1 and Notch (Kohutek et al., 2009; Murthy et al., 2012;
Hartmann et al., 2015; Buchanan et al., 2017). ADAM10 activity is regulated by various
signalling pathways and can be stimulated artificially by the protein kinase C activator
phorbol 12-myristate 13-acetate (PMA), which stimulates translocation of ADAM10 to the

plasma membrane (Kohutek et al., 2009; Lichtenthaler, 2011).

1.5.1.2 B-secretase

B-secretase cleavage is facilitated by 3-site APP cleaving enzyme 1 and 2 (BACE1 and
BACEZ2) and competes with a-secretase for the initial extracellular cleavage event (Chow
et al., 2010). Much attention has been given to BACEL since it was revealed that
sequential B- and y-secretase cleavage produces the B-amyloid fragment of APP (Chow
et al., 2010). BACEL1 is an aspartyl protease, consisting of a short cytoplasmic tail, single
transmembrane domain and a large, glycosylated extracellular domain (Venugopal et al.,
2008). BACEL is catalytically active at the cell surface, in the endolysosomal pathway
and at the trans-Golgi network (Tomita et al., 1998; Huse et al., 2000; Chyung & Selkoe,
2003; Koh et al., 2005). The subcellular location of B-cleavage remains a contentious
issue, as the classical view assumes 3-cleavage occurs at the plasma membrane, and
plasma membrane BACEL is even visible by optical sectioning of the membrane using
total internal reflection fluorescence microscopy (Bauereiss et al., 2015; Bhattacharyya
et al., 2016). Furthermore, 3-secretase cleavage of APP is enhanced slightly following
inhibition of receptor-mediated endocytosis by expressing a dominant-negative dynamin
I mutant (Chyung & Selkoe, 2003). However,like other aspartyl proteases, BACE1l
substrate binding is optimal at pH 4-5, the pH found within the endolysosomal pathway

(Gruninger-Leitch et al., 2002). Additionally, lysosomal disruption with bafilomycin A
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reduces B-amyloid production in various cell types, suggesting a dependency on acidic

compartments for B-cleavage (Knops et al., 1995).

1.5.1.3 y-secretase

Unlike a- and [(-secretases, y-secretase is a multimeric complex. y-secretase is a
tetramer; consisting of the enzymatic, nine-transmembrane pass presenilin (PS1), which
is cleaved by autoproteolysis into two polypeptides (NTF and CTF) within the seventh
transmembrane domain (TMD?7) that remain in association (Capell et al., 1998). Two
aspartic acid residues in TMD6 and TMD?7 constitute the catalytic site (Wolfe et al., 1999).
Presenilin associates with nicastrin, a single-pass glycoprotein, PEN-2, a double-pass
transmembrane protein, and APH-1, a seven-pass transmembrane protein
(Smolarkiewicz et al., 2013). y-secretase inhibitors typically bind allosterically to
presenilin, due to the homology between the active sites of presenilin and signal
peptidase (Sato et al., 2008). For example, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT) sits in a hydrophobic cavity on the cytoplasmic side
of the protein, altering the conformation of TMD2 and TMD6 of presenilin, greatly
reducing structure flexibility (Bai et al., 2015). Presenilin expression is seen in the nuclear
envelope (Kimura et al., 2001), endoplasmic reticulum (Xia et al., 1998), mitochondria
(Area-Gomez et al., 2009), Golgi apparatus (Xia et al., 1998; Zhang et al., 1998),
endosomes (Vetrivel et al., 2004), lysosomes (Pasternak et al., 2003) and plasma
membrane (Chyung et al., 2005). Whether active y-secretase complexes are found in all
these locations is unclear, however APP cleavage by y-secretase has been identified at
the plasma membrane and in the Golgi apparatus (Xia et al., 1998; Chyung et al., 2005).
Furthermore, y-secretase cleavage of Notch occurs in endosomal compartments (Parks
et al., 2000). Intramembranous y-secretase cleavage results in ICD release, the soluble
peptide implicated in nuclear localisation and transcriptional regulation in over 30

substrates (Pardossi-Piquard & Checler, 2012).
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1.5.2 Secretase-mediated regulation of protein function and localisation

The extent of secretase cleavage on VGSC B-subunit function is still unclear, however
the impact of secretase cleavage on other substrates is very well documented. The role
of proteolysis in regulating the function of two major substrates, APP and Notch, and its

implication in disease will be discussed (Figure 1.7).

1.5.2.1 Amyloid precursor protein

APP is a single-pass transmembrane glycoprotein (~100 kDa) that is sequentially
cleaved, first by a- or B-secretase, then by y-secretase (Haapasalo & Kovacs, 2011).
Three proteolytic fragments are of particular interest, APP-ICD, produced following y-
secretase cleavage, B-amyloid, the short transmembrane fragment generated by 8- and
y-secretase cleavage, and APP-ECD (known as soluble APP (sAPP)), which is released
following the initial a- or B-secretase cleavage event. APP-ICD translocates to the
nucleus and regulates gene expression (Cao & Sudhof, 2001). sAPP is involved in
paracrine signalling. and has putative neuroprotective effects through suppression of
action potential firing via direct regulation of presynpatic GABAr (Reinhard et al., 2013;
Rice et al., 2019). sAPPa, produced by a-secretase, protects neurons from excitotoxicity
and induces neurite outgrowth in vitro (Mattson et al., 1993; Gakhar-Koppole et al., 2008).
sAPPa also protects neurons against B-amyloid-induced neuronal damage and tau
hyperphoshorylation (Tackenberg & Nitsch, 2019). sAPPB, however, lacks the
neuroprotective effects of SAPPa and is involved in synaptic pruning during development

(Nikolaev et al., 2009).

APP was discovered in 1987, following cloning and sequencing of the full-length protein

responsible for 3-amyloid, which had been identified as the aggregate involved in neuritic

62



Ke
J Notch @
APP Notch ligand
ECD

regulation

%® Lysosome

signalling

Figure 1.7 Secretase processing of amyloid precursor protein and Notch

1. APP is cleaved by a-secretase within the Golgi apparatus and at the plasma
membrane (Lammich et al., 1999; Tan & Gleeson, 2019). 2. B-secretase cleavage also
occurs within the Golgi apparatus and at the plasma membrane, particularly within lipid
rafts, as well as in the endolysosomal pathway (Tomita et al., 1998; Huse et al., 2000;
Chyung & Selkoe, 2003; Cordy et al., 2003; Tam & Pasternak, 2015). y-secretase
cleavage occurs at the plasma membrane and at internal membranes (Xia et al., 1998;
Chyung et al., 2005; Tam & Pasternak, 2015). 3. a-secretase cleavage releases APP-
extracellular domain (ECD (sAPPa)) that is involved in protecting neurons from
neurotoxicity (Mattson et al., 1993), decreasing intraneuronal tau hyperphosphorylation
(Tackenberg & Nitsch, 2019), and promoting neurite outgrowth (Gakhar-Koppole et al.,
2008). sAPPg, on the hand, has only been to developmental synaptic pruning (Nikolaev
et al., 2009). 4. APP-intracellular domain (ICD), produced preferentially from 3-cleavage,
is involved in gene regulation after complexing with Fe65 and Tip60 (Cao & Sudhof,
2001). A. Notch is cleaved by a-secretase, at the plasma membrane, following
transcellular interactions with Notch ligands (Mumm et al., 2000). B. Notch-ICD is
produced at the plasma membrane, or intracellularly, and regulates gene expression
following binding to CSL and Mastermind (MaM) (Vasquez-Del Carpio et al., 2011; Baron,
2012).
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plagues a few years earlier (Glenner & Wong, 1984; Kang et al., 1987; Alzheimer et al.,
1995). The function of APP is still uncertain, although it appears to be involved in
neurodevelopment and synaptogenesis, through its ECD (Roch et al., 1994; Young-
Pearse et al., 2007). Surprisingly, APP KO mice display only minor deficits in motor
control and long-term memory formation (Senechal et al., 2008). However triple
knockdown of APP and its homologues, APP-like proteins 1 and 2 (APLP1 and APLP2),

produces cortical deformities and is lethal shortly after birth (Herms et al., 2004).

APP is mainly intracellularly localised, with the majority of APP being trafficked from the
trans-Golgi network (TGN) to lysosomes, potentially via early and late endosomes
(Caporaso et al., 1994; Tam & Pasternak, 2015; Toh et al., 2017). It is processed by
secretases along the way, with B-amyloid generated in the TGN and lysosomes (Choy
et al.,, 2012; Tam et al., 2014). Furthermore, the low pH found in the endolysosomal
pathway favours B-secretase cleavage of APP and permits membrane-embedded -
amyloid shedding into the luminal space, a prerequisite for extracellular B-amyloid
deposition (Shi et al., 2019). a-secretase cleavage also occurs intracellularly and is the
predominant proteolytic pathway for APP, with ~ 4:1 ratio of a-secretase to 3-secretase
cleavage occurring in the TGN (Tan & Gleeson, 2019). However, APP, and its interaction
with BACEL, is present at the plasma membrane (Bauereiss et al., 2015). Dimerisation,
palmitoylation and lipid raft localisation favour 3-secretase cleavage, potentially requiring
initial endocytosis (Cordy et al., 2003; Ehehalt et al., 2003; Harris et al., 2009; Isbert et
al., 2012; Bhattacharyya et al., 2016). Internalised APP can remain in recycling
endosomes or be trafficked straight to the lysosome (Lorenzen et al., 2010). Treatment
with the plant sterol, stigmasterol, decreases [-amyloid production by preventing
endocytosis (Burg et al., 2013). y-secretase cleavage is active at the plasma membrane,
as well as internal membranes (Xia et al., 1998; Chyung et al., 2005). The majority of y-

secretase cleavage is thought to occur at the TGN (Vorobyeva et al., 2014).
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Transcriptionally active APP-ICD is produced preferentially after B- and y-secretase
cleavage (Belyaev et al., 2010). APP-ICD binds the nuclear adaptor protein Fe65 and
the histone acetylase Tip60, via a tyrosine-glutamic acid-asparagine-proline-threonine-
tyrosine (YENTPY) domain (Borg et al., 1996; Cao & Sudhof, 2001). APP-ICD regulates
the transcription of neprilysin (-amyloid degrading enzyme), APP, BACE1 and GSK3,
amongst others (von Rotz et al., 2004; Pardossi-Piquard et al., 2005; Pardossi-Piquard
& Checler, 2012). Nuclear APP-ICD is difficult to detect because of its high turnover rate.
Techniques used to image APP-ICD include overexpression of the APP-ICD itself,
treatment with the nuclear export inhibitor Leptomycin B, and treatment with the
proteasome inhibitor cycloheximide (von Rotz et al., 2004; Gersbacher et al., 2013).
When visible, the APP-ICD, along with Fe65 and Tip60, form a speckled pattern within

the nucleus (von Rotz et al., 2004).

A link between APP-ICD and Down syndrome has recently emerged (Guidi et al., 2017).
Down syndrome is caused by triplication of chromosome 21, which contains the APP
gene, and is associated with intellectual disability (Strydom et al., 2018). Neuronal
precursor cells (NPCs), in a Down syndrome mouse model, demonstrate elevated APP-
ICD levels (Trazzi et al., 2011). In NPCs, APP-ICD increases Ptchl expression, inhibiting
Sonic Hedgehog signalling and disrupting NPC proliferation (Trazzi et al.,, 2011).
Postnatal treatment with a y-secretase inhibitor subsequently restored NPC proliferation

in the subventricular zone and hippocampus (Giacomini et al., 2015).

APP overexpression is seen in a range of cancers, including breast, pancreas, prostate
and thyroid (Pandey et al., 2016). APP enhances cell migration (Tang et al., 2010; Jiang
et al., 2013) and proliferation (Venkataramani et al., 2010; Lim et al., 2014; Zhang et al.,

2018b) in various cancer cell lines in vitro. sSAPPa is elevated in pancreatic cancer cells
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and enhances cancer cell proliferation and colony formation (Woods & Padmanabhan,
2013). However, the lack of understanding of APP function limits mechanistic insight
into the contribution of APP to tumour progression. APP influences migration of neuronal
precursor cells during development, suggesting APP may be recapitulating
developmental mechanisms to stimulate tumour cell progression (Young-Pearse et al.,

2007).

1.5.2.2 Notch

Notch processing and function is well understood compared to APP. Notch is a large,
single-pass transmembrane protein that requires transactivation from a ligand on a
different cell, stimulating a-cleavage at the plasma membrane followed by y-cleavage,
which occurs at the plasma membrane or in endocytic vesicles (Mumm et al., 2000).
Unlike APP-ICD, Notch-ICD contains two nuclear localisation signals, unequivocally
implicating Notch-ICD in nuclear signalling (Hori et al., 2013). Notch-ICD interacts with
CSL and Mastermind (Mam), a dimeric transcriptional repressor, to form a transcription
activating complex (Vasquez-Del Carpio et al., 2011; Baron, 2012). Notch-
ICD/CSL/Mam initiates a complex transcriptional network through inducing expression
of basic-helix-loop-helix transcription factors (Davis & Turner, 2001). Notch signalling
has a well-documented role in neural patterning during development, promoting neural
differentiation in cells with active Notch signalling (Lowell et al., 2006). Notch signalling

also regulates proliferation of embryonic stem cells (Fox et al., 2008).

Notch was first implicated in cancer following the identification of a fusion protein
between T-cell receptor and Notch in T lymphoblastic leukaemia (TLL), producing a
constitutively active Notch, which stimulated proliferation and inhibited cell differentiation

(Ellisen et al., 1991). Analysis of bone marrow of TLL patients implicated Notch signalling
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in over 50 % of TLL cases (Weng et al., 2004). Elevated Notch promotes tumour growth
in TLL through activation of c-Myc transcription, a known oncogene in TLL, and
downregulation of PTEN, a known tumour suppressor (Felsher & Bishop, 1999;
Palomero et al., 2006; Weng et al., 2006; Palomero et al., 2007). Notch has since been
thoroughly implicated in a diverse range of cancers (Aster et al., 2017). Notch expression
level correlates with poor patient prognosis in breast and non-small cell lung cancer
(Reedijk et al., 2005; Donnem et al., 2010). In mammary oncogenesis, Notch drives
cyclin-D1 expression, directly stimulating proliferation (Kiaris et al., 2004). Blocking of
Notch activity with an antibody that binds Notch-ECD and inhibits a-secretase cleavage
prevented tumour growth in xenograft mouse models of lung and colon cancer,
implicating secretase processing of Notch as the oncogenic factor (Wu et al., 2010).
Furthermore, immunohistochemistry analysis of oral preneoplastic and neoplastic tissue
demonstrated Notch-ICD+/c-Myc+ double positive cases showed worst overall survival,
further implicating secretase processing of Notch in cancer (Gokulan & Halagowder,

2014).

1.5.3 Theinvolvement of secretases in cancer

Emerging evidence has implicated secretase cleavage in cancer, particularly a- and y-
secretase. The effects of y-secretase inhibition have been thoroughly investigated in
cancer, discussed in detail in chapter 1.6.1, however these studies are more substrate-
focused and do not report on the specific expression levels and function of y-secretase.
Therefore, this chapter will focus on what is known about the expression and the roles
of the enzymes themselves. In colorectal cancer and lung cancer patients, increased a-
secretase enzyme activity is observed in serum and tumour cells, respectively
(Walkiewicz et al., 2017; Yoneyama et al., 2018). In prostate tumour sections, no
difference in ADAM10 expression levels are observed compared to normal tissue, how

a pronounced shift to nuclear expression from membrane expression is observed in high
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grade tumours (McCulloch et al.,, 2004). ADAM10 is overexpressed in malignant
mesothelioma relative to control tissue, at the mRNA and protein level, and ADAM10
downregulation decrease tumour volume in a xenograft mouse model (Sepult et al.,
2019). (Walkiewicz et al., 2017; Yoneyama et al., 2018). Furthermore, ADAM10 inhibition
in a xenograft mouse model of colorectal cancer inhibits tumour growth (Atapattu et al.,
2016), whereas ADAM10 overexpression induces metastasis in a similar model (Gavert
et al., 2007). ADAM10 cleavage stimulates migration in a range of cancer cells, however
the implicated substrate can vary, such as Notch in colorectal cancer (Atapattu et al.,
2016), APP in breast cancer (Tsang et al., 2018), and L1-CAM in colon cancer (Gavert
et al., 2007). Likewise, presenilin-1 is overexpressed in gastric cancer and the presenilin-
1 binding protein, APH1A, is overexpressed in pancreatic cancer (Li et al., 2016a; Jeon
et al.,, 2019). Knockdown of presenilin-1 expression in gastric cancer cells reduces
metastasis in a xenograft mouse model, presumably through reduced Notch signalling
(Chen et al., 2019). A separate group demonstrated overexpression of presenilin-1 in
gastric cancer cells enhances metastasis in a xenograft mouse model, however they
implicated E-cadherin as the underlying substrate (Li et al., 2016a). The involvement of
B-secretase in cancer has been less well explored, however it has been demonstrated
that BACE1 is downregulated in gastric cancer and invasive ductal breast carcinoma
(Esfandi et al., 2019; Yaghoobi et al., 2019). Additionally, anisomycin, an antibiotic with
antiproliferative and anti-invasive effects on ovarian cancer cells in vitro and in vivo,
functions through downregulation of BACE1 (Chen et al.,, 2016), suggesting that B-
secretase cleavage, unlike a- and y-, is tumour suppressive. In summary, secretases

have been functionally implicated in various cancers.
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1.5.4 The involvement of secretase cleavage in B-subunit function and disease

B-subunits have also been identified as secretase substrates, although it remains an
underexplored area of research. -subunits are cleaved by B-secretase and y-secretase
in primary mouse neurons and (32 was further shown to be a a-secretase substrate in

Chinese hamster ovary cells (Kim et al., 2005; Wong et al., 2005).

Functionally, evidence suggests an involvement of secretase processing in $ subunit-
mediated neurodevelopment. y-secretase cleavage of B1 stimulates $1-mediated neurite
outgrowth in cerebellar granule neurons from postnatal day 14 mice (Brackenbury &
Isom, 2011). y-secretase cleavage of B2 stimulates cell adhesion and migration in CHO
cells; two processes that are implicated in B1-mediated development, in the form of
corticospinal tract fasciculation and CGN migration (Kim et al., 2005; Brackenbury et al.,
2008). B-secretase cleavage of B4 facilitates neurite outgrowth and reduces filopodial
protrusion in Neuro2a cells (Miyazaki et al., 2007). Furthermore, BACEL1 null mice
present a decreased efficiency of B4-induced open channel block, causing a reduction

in spontaneous action potential firing in vitro (Huth et al., 2011).

In terms of disease, the link between BACE1, the enzyme responsible for B-secretase
cleavage, B2, and excitability in Alzheimer’'s disease is an emerging area of research
(Kovacs et al., 2010). In B104 neuroblastoma cells, secretase processing of 32 resulted
in an increase in Nay1.1 protein expression, however this is accompanied by a decrease
in Inaas Nayl.1 is retained intracellularly (Kim et al., 2007). Likewise, expression of 32-
ICD, the y-secretase cleavage product, demonstrated nuclear localisation and an
increase in Na,1.1 mRNA expression in SH-SY5Y cells, suggesting secretase
processing of B2 regulates Na,1.1 expression (Kim et al., 2007). In support of this,

transgenic mice overexpressing BACE1l also demonstrated increased Na,1.1 and
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BACEL1 null mice show decreased Na,1.1 mRNA and surface protein, but an increase in
membrane Na,1.2 (Kim et al., 2007; Kim et al., 2011). The familial Alzheimer’s disease
mutation E280A in presenilin, the enzyme responsible for y-secretase cleavage, also
decreases 2 processing and Nay1.1, mRNA and surface protein, expression (Kim et al.,
2014). These results suggest B2 processing by secretase enzymes increases Nay1.1
expression, however, paradoxically, a decrease in Iya is also observed, as Nay1.1
appears to be retained intracellularly. Potentially, full-length, uncleaved 32 is required for
membrane trafficking of Nay1.1, suggesting secretase cleavage maintains an equilibrium
between neuronal 32 and Nay1.1 levels. Despite uncertainties regarding the link between
B2, secretases and a-subunit expression, B2 knockdown in a mouse model of
Alzheimer’s disease improves cognitive decline and decreases cortical activity, recorded
by EEG, suggesting a pathogenic involvement of 32 in Alzheimer’'s disease (Hu et al.,
2017; Hu et al., 2019). Furthermore, reduced Na,1.1 activity is seen in epilepsy due to
its expression in inhibitory interneurons, suggesting increased secretase processing of
B2 could be leading to seizures via a reduction of Na,1.1 activity (Catterall et al., 2010).
However, cleavage of proteins other than 32 would also be affected by global secretase
inhibition, for instance BACE1 cleavage also reduces surface expression of contactin,
which increases Ina, in mouse primary neurons (Kazarinova-Noyes et al., 2001; Gautam

et al., 2014).

1.6 Therapeutic implications of secretases and VGSCs in cancer

1.6.1 Secretase inhibition in cancer

Due to the involvement of Notch in tumorigenesis, y-secretase inhibitors (GSls) have
developed into a major therapeutic target in cancer. GSIs have demonstrated anti-

tumour potency in mouse models of renal carcinoma (Bhagat et al., 2017), breast cancer
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in combination with docetaxel (Schott et al., 2013), head and neck squamous cell
carcinoma (Mao et al.,, 2018), lung adenocarcinoma in combination with paclitaxel
(Morgan et al., 2017), gastric cancer in combination with fluorouracil (Lee et al., 2015a),
and pituitary adenomas (Feng et al., 2019; Zubeldia-Brenner et al., 2019). Furthermore,
GSils have a diverse range of tumour suppressive effects across different cancer types.
In gastric cancer, GSI reduced AKT phosphorylation and AKT signalling (Lee et al.,
2015a). In head and neck squamous cell carcinoma, GSI reduced the
immunosuppressive cell population via inhibition of HES1 expression (Mao et al., 2018).
In lung adenocarcinoma cell lines, GSI was most effective in wild-type KRAS- and BRAF-
driven cell lines, compared to cell lines expressing mutant KRAS and BRAF (Morgan et
al., 2017). In patient-derived breast cancer tumours, a decrease in the CD44+/CD24-

cancer stem cell population was observed following treatment (Schott et al., 2013).

Various GSls have even progressed onto clinical cancer trials. The GSI, PF-03084014,
has shown promising results in two small scale trials of patients with Desmoid
fibromatosis. An oral dose twice a day for up to 36 months reduced tumour size by >30 %
in 29 % of patients (Kummar et al., 2017). A second trial determined 71.4 % of patients
achieved a partial response (> 20% reduction in tumour size) with a mean time to
response of 11.9 months (Villalobos et al., 2018). Another GSI, RO4929097, originally
developed as a treatment for Alzheimer’s disease, reached phase Il trials but showed no
clinical efficacy and was eventually discontinued (Strosberg et al., 2012; De Jesus-
Acosta et al., 2014; Diaz-Padilla et al., 2015; Lee et al., 2015b). De Jesus-Acosta et al.
showed R0O4929097 was capable, however, of reducing Notch-mediated gene
expression in tumour biopsies and reducing plasma SDF-1, VEGF, IL-6 and IL-8 post-
treatment. Another GSI, LY900009, reached phase Il trials but was ineffective (Pant et
al., 2016). It is not surprising these GSlIs were ineffective in phase Il trials, as drugs are

often delivered as monotherapy to a small cohort of patients at an advanced stage. GSls
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still remain an appealing therapy in cancer treatment, with various more drugs recently

passing phase | trials (Aung et al., 2018; Cook et al., 2018).

1.6.2 VGSC inhibition in cancer

The involvement of VGSCs in cancer is an emerging field and was thoroughly discussed
in chapter 1.4.7. VGSC inhibitors have not been clinically trialled as anti-cancer drugs,
however some burgeoning clinical evidence, using drugs with VGSC inhibiting ability, is
available. Perioperative application of local anaesthetic reduces cancer recurrence in
patients undergoing prostatectomies (Biki et al., 2008). A retrospective General Practice
Research Database study determined previous tricyclic antidepressant (TCA) usage
reduces the chance of developing glioma and colorectal cancer (Walker et al., 2011).
However, more recent studies have shown current TCA users have an increased risk of
developing lung cancer (Boursi et al., 2015). Furthermore, TCA usage post cancer
diagnosis did not reduce mortality in glioma or colorectal cancer patients or reduce the
risk of breast or colorectal cancer recurrence (Walker et al., 2012; Chubak et al., 2016;
Pocobelli et al., 2019). In patients with stage III/IV melanoma, riluzole (an ALS treatment)

application reduced tumour metabolic activity (Yip et al., 2009).

Usage of FDA-approved drugs in mouse models of cancer have, more directly,
implicated VGSCs in cancer and raise the possibility of repurposing these drugs as
cancer treatments. For instance, phenytoin (anti-epileptic) treatment reduces metastasis
and increases survival in mice with implanted breast tumours (Nelson et al., 2015a).
Furthermore, RS100642 treatment prolongs lifespan in rats with experimentally induced
breast tumours (Batcioglu et al., 2012). Lastly, perioperative application of lidocaine
reduces pulmonary metastasis in mice with implanted breast tumours (Freeman et al.,

2019).
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1.7 Projectrationale, hypothesis and aims

This study focuses on the involvement of secretase cleavage on 31 function in a breast
cancer cell model. B1 is an important protein in regulating excitability and
neurodevelopment (Brackenbury & Isom, 2011). Altered 1 function occurs in epilepsy
and cancer, amongst other disorders (chapter 1.4) (Bouza & Isom, 2017). Despite being
identified as a secretase substrate in 2005, little is known on the functional implication of
proteolysis on B1 function (Kim et al., 2005; Wong et al., 2005). However, the presence
of secretase processing is an attractive research topic for two reasons. Firstly, secretase
enzymes are of immense pharmaceutical interest due to their contribution in Alzheimer’s
disease and cancer, hence there is a wealth of knowledge already gathered regarding
secretases and their substrates, furthermore there is a clinical demand for secretase
inhibitors, some of which are currently undergoing clinical trials. Secondly, secretase
cleavage theoretically releases two secreted fragments from (1, the extracellular and
intracellular domains (ECD and ICD). This has a potentially profound impact on 31
function, as 31 modulates a-subunit function through these domains and induces cell-
cell adhesion through the ECD (McCormick et al., 1999; Malhotra et al., 2000; Meadows

et al., 2001).

As discussed previously in 1.4.7.1, B1 is overexpressed in invasive breast tumours and
increases the metastatic potential of TNBC cells when implanted into mice (Nelson et al.,
2014). Furthermore, B1 induces neurite-like outgrowths on breast cancer cells, a feature
linked to cancer cell extravasation in breast tumour metastasis (Nelson et al., 2014;
Williams et al., 2019). This is intriguing, because the only link thus far between secretase
cleavage and B1 function is the requirement for y-secretase cleavage in B1-induced
neurite outgrowth in cerebellar granule neurons (Brackenbury & Isom, 2011). Therefore,

secretase cleavage of 31 may be involved in 31-induced breast cancer cell behaviour.
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The overall hypothesis of this study was that secretase cleavage regulates B1 function
in MDA-MB-231 cells. MDA-MB-231 cells are a useful system to use as there is
endogenous a-subunit expression and low B-subunit expression, and overexpressing 31
induces an enlarged Ina and metastatic cell behaviour (Fraser et al., 2005; Chioni et al.,
2009; Nelson et al., 2014). The aim was to thoroughly assess the impact of secretase
processing on 1 function, particularly 1 localisation, B1-regulated a-subunit modulation

and B1-induced cell-cell adhesion, in three ways:

1. Using pharmacological inhibitors of secretase cleavage in MDA-MB-231-31-GFP cells

2. Using MDA-MB-231 cells overexpressing f11CD (MDA-MB-231-1I1CD-GFP)

3. Using MDA-MB-231 cells overexpressing a secretase-resistant form of 31 (MDA-MB-

231-SRB1-GFP)
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Chapter 2: Methods

2.1 Cell culture

2.1.1 Cell lines

MDA-MB-231, MDA-MB-231-GFP and MDA-MB-231-31-GFP breast cancer cells were
a gift from Prof Lori Isom (University of Michigan). Transfected MDA-MB-231 cell lines
were created for this study expressing B1-ICD-GFP, secretase-resistant 31-GFP and
B1STOP-GFP (see chapter 2.2 for details). The molecular identity of MDA-MB-231 cells

was verified by short tandem repeat analysis (Masters et al., 2001).

2.1.2 Maintenance of cells

Cell culture medium consisted of Dulbecco’s Modified Eagle Medium (DMEM, Life
Technologies), supplemented with 5 % (v/v) foetal bovine serum (FBS, Life
Technologies) and 4 mM L-glutamine (Life Technologies). All transfected cell lines used
were Hygromycin B-resistant, apart from MDA-MB-231-GFP cells, which were G418-
resistant. Cell culture medium was supplemented with Hygromycin B (100 pg/ml,
Invitrogen) or G418 (200 ug/ml, Sigma) for transfected cell lines. Cells were grown in
tissue culture-treated 10 cm diameter culture dishes (Corning) and cell culture medium
was changed three times per week. Cells were maintained at 37 °C/5 % CO; in a Binder
C150 humidified incubator. Passaging was carried out using 0.05 % (v/v) Trypsin-EDTA
(Life Technologies) in phosphate buffer saline (PBS, Life Technologies) once cells had
reached near-confluency. Cells were not cultured for more than ten passages following
thawing from long-term liquid nitrogen storage. Approximately 50,000 cells were typically

plated in a 10 cm dish and would reach near-confluency within 7 days.
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2.1.3 Freezing and thawing cells

Cells were routinely stored in liquid nitrogen for long-term maintenance. For this, a
confluent 10 cm dish of cells was trypsinised until cells had detached from the dish. The
cell suspension was then removed, centrifuged (100 g, 5 min, room temperature) and
the pellet resuspended in 1 ml of freezing medium containing 70 % (v/v) DMEM, 20 %
(viv) FBS and 10 % (v/v) cell culture grade dimethylsulfoxide (DMSO, PanReac
AppliChem). Aliquots of suspension (200 ul) were transferred into cryovials (Greiner) and
stored at -80 °C for a week before being transferred to liquid nitrogen for long-term

storage.

Cells were thawed by warming a frozen aliquot in a 37 °C water bath for 30-60 s before
pipetting the thawed cell suspension into a medium-containing 10 cm cell culture dish.
Cell culture medium was replaced the following day after cells had adhered to remove

DMSO.

2.1.4 Mycoplasma testing of cells

Cells were tested monthly for Mycoplasma contamination. Cells were plated onto sterile
13 mm uncoated coverslips (SLS) for 48-96 h, without antibiotic, until they had reached
~50-80 % confluency. The coverslip was then fixed with 100 % methanol (Sigma) for 30
s, stained with 4',6-diamidino-2-phenylindole (DAPI, Sigma, 0.5 pyg/ml in methanol) for
30 s, washed with methanol, washed with PBS, and finally mounted in 20 pl of glycerol
(Fisher) onto a plain glass 76mm x 26mm slide (Fisher). Slides were imaged by
fluorescence microscopy (see chapter 2.10). Mycoplasma-free cells presented with no

cytoplasmic or extracellular DAPI signal.
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2.1.5 Pharmacology

Cells were cultured with various drugs throughout this study (Table 2.1). Drugs were
diluted in DMEM, applied to cells, and incubated at 37 °C/ 5 % CO, for the length of
treatment, except for tetrodotoxin (TTX) and protoxin-Il (ProTx-Il), which were applied
acutely in electrophysiology experiments (chapter 2.6.4).Corresponding negative control
samples containing vehicle only were used, with vehicle concentration < 0.1 % (v/v), for

long-term incubation experiments.

2.2 Plasmid subcloning

The insert encoding Rattus norvegicus B1-enhancedGFP (eGFP, referred to as GFP
throughout the study) was sub-cloned out of pEGFPN1-B1 (a gift from Prof Lori Isom)
into pcDNA3.1 (Figure 2.1) (Invitrogen), following restriction digest of 1 ug of both
plasmids with 1 U of both FastDigest Nhel (Thermo) and FastDigest Notl (Thermo) for
30 min at 37 °C. Digested products were run on a 1% (w/v) agarose gel (90V, 80 min)
and the required digest products were extracted and purified using a gel clean-up kit
(Macherey-Nagel). Insert (30 ng) and vector (10 ng) were ligated using 6U of T4 DNA

ligase (Thermo, 1h, room temperature) in a 20 ul reaction volume.

2.2.1 Transformation

Ligation product from chapter 2.2 (10 pl) was mixed with 50 pl of XL-1 Blue sub-cloning
grade competent E. coli (Agilent) by gentle pipetting in a pre-chilled 15 ml falcon tube
and the E. coli-DNA mix was left on ice for 20 min. The mixture was then heat pulsed (42
°C, 45 s) and left on ice for 2 min. Pre-heated (42 °C) SOC medium (0.9 ml, Thermo)

was added to the E. coli-DNA mix and tubes incubated at 37 °C for 30 min with shaking
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Table 2.1 Pharmacological agents used

Treatment Solvent
Drug Manufacturer | Concentration length (concentration-
viv %)
Avagacestat Sigma 1-10uM 24 h DMSO (0.01-10.1)
Brefeldin-A Biolegend 50 ng/ml 6—24h DMSO (0.0001)
Chloroquine TCI 10 uM 24 h Water (0.01)
DAPT SCB 1 uM 24 h DMSO (0.01)
L-685,458 SCB 1-10puM 24 h DMSO (0.1-0.01)
TTX Alomone Labs 1 uM Acute Water (0.1)
perfusion
Pro-Txll Smartox 0.01-1uM Acute Water (0.004 -0.4)
Biotech perfusion
DAPT: N-[(3,5-Difluorophenyl)acetyl]-L-alanyl-2-phenyl]glycine-1,1-dimethylethyl

ester; TTX: tetrodotoxin; Pro-Txll: Pro-Toxin Il; TCI: Tokyo Chemicals Industry; SCB:
Santa Cruz Biotechnology; DMSO: dimethyl sulfoxide
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Figure 2.1 Plasmid map of pcDNA3.1-Scnlb

Rattus norvegicus Scnlb fused to enhanced GFP (eGFP) was subcloned into
pcDNAS3.1.
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at 225 rpm. Transformant (150 ul) was then spread onto LB-agar containing 1 % (w/v)
NaCl, 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 2 % (w/v) agar in deionised H>O and
100 pg/ml ampicillin in 9 cm petri dishes (Thermo) and left to incubate overnight at 37

°C.

2.2.2 DNA extraction

Six single colonies were picked from the overnight culture from chapter 2.2.1 and placed
in separate 15 ml pre-chilled falcon tubes containing 5 ml of LB-broth (1 % (w/v) NaCl,
1 % (w/v) tryptone, 0.5 % (w/v) yeast extract in deionised H>O with 100 ug/ml ampicillin)
and incubated overnight at 37 °C with shaking at 225 rpm. The following day, cultures
were spun at 5,000 g for 5 min at 4 °C and the supernatant removed. Plasmid DNA was
then extracted from the pellet using a Nucleospin miniprep kit (Macherey-Nagel) into 50
Ml Tris-ethylenediaiminetetraacetic acid (EDTA) elution buffer (10 mM Tris-HCI, 1mM
EDTA, pH 8.0). DNA concentration and purity were measured using a Nanodrop ND-
1000 (Thermo). Product was used if the concentration was >100 ng/pl and absorbance
readings were 260nm/280nm >1.8 and 260nm/230nm >2.2. DNA was sequenced
(Source Bioscience) to confirm correct product using T7F and/or BGH-R sequencing
primers. To produce transfection-grade plasmid DNA, the process was replicated but
DNA extracted using a HiSpeed plasmid midiprep kit (Qiagen). For the midiprep, DNA
was extracted from 50 ml of overnight culture (a 5 ml starter culture was grown for 8 h
(37°C, 225 rpm) and 50 pl of starter culture was placed into 50 ml of fresh LB broth and

left overnight (37°C, 225 rpm)) and plasmid was eluted into 1 ml of elution buffer.
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2.2.3 Site-directed mutagenesis

Various modified 31 constructs were created from pcDNA3.1-1-GFP using PCR-based
site-directed mutagenesis following the manufacturer’'s instructions (Phusion site-
directed mutagenesis kit, Thermo). PCR reactions containing 0.02 U/ul Phusion Hot Start
Il DNA polymerase (Thermo), 1 ng template plasmid (pcDNA3.1-f1-GFP), 0.5 uM of
both forward and reverse primers, 200 uM dNTPs (Thermo), 1x Phusion HF buffer
(Thermo) made up to 25 pl in nuclease-free H>O (Invitrogen) were prepared on ice.
Primers and annealing temperatures used are outlined in Table 2.2. All primers were 5’-
phosphorylated to permit blunt-end ligation of a PCR product (Integrated DNA
Technologies). The PCR was run in a LifePro thermal cycler (BioER) using the following
protocol: initial 98 °C — 30s; 25 cycles of 98 °C — 10s, Ta — 30s and 72 °C — 150 s; then
a final 72 °C step for 10 min. PCR amplification was verified by running 5 ul of PCR
reaction on a 1.5 % (w/v) agarose gel (90 V, 30-45 min). The PCR product (1-2.5 ul) was
then ligated in a 10 yl reaction volume using T4 DNA Ligase (Thermo) and 1x Rapid
Ligation Buffer (Thermo) for 15 min at room temperature. Ligated plasmid DNA was
transformed and plasmid DNA extracted as detailed in chapters 2.2.1 and 2.2.2, except

that 5 pl of ligation product was transformed into 50 pl of XL-1 Blue E. coli.

2.2.4 MDA-MB-231 cell transfection

Plasmid transfection into MDA-MB-231 cells was carried out in 4-well plates (Nunc).
Cells were plated and left for 24-48 h until 50-80 % confluency was reached before
transfection. Plasmid DNA (500 ng) was mixed with 1 ul of jetPRIME (Polyplus), made
up to 50 pl in jetPRIME buffer, vortexed for 5 s, and left at room temperature for 5 min.
The transfection mix was then pipetted onto the cells and cells left in the incubator at 37

°C/5 % CO for 4 h, before the cell culture medium was replaced with fresh medium.
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Table 2.2 Primers and annealing temperatures used for site-directed mutagenesis

Primer Sequence Ta (°C)
B1-ICD-GFP F AAGAAGATTGCTGCTGCCACG 69
B1-ICD-GFP R CATCTTGGGTCTCCCTATAGTGAGTCGTATTA

SRB1-GFP F GACAAGGCCAACAGAGATATGGC 71
SRB1-GFP R CTTCTTGACGACGCTGGTGTTG
B1STOP-GFP F CGAATTCTGCAGTCG 60
B1STOP-GFP R CTTCTTGTAGCAGTACAC

annealing temperature

ICD: intracellular domain; SR: secretase-resistant; GFP: green fluorescent protein; Ta:
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Transfection efficiency was then assessed within 16-48 h by GFP fluorescence

(chapter 2.10).

2.2.5 Stable cell line creation

To achieve a stable cell line, transiently transfected cells, which had usually grown to
near-confluency 48-72 h after transfection, were passaged into a 35 mm cell culture dish
(Thermo) and cultured with hygromycin B (300 ug/ml) until the non-transfected cells had
died off. The hygromycin B concentration was then lowered to the normal culturing
concentration of 100 ug/ml and single cells left to grow up into colonies. Colonies were
selected to produce a clonal population only if they had a high proportion of GFP-positive
cells, determined by fluorescence microscopy (chapter 2.10). To extract a colony from
the culture dish, a cut P1000 pipette tip was placed on top of the colony, sealed with
sterilised vacuum grease, and 50 pl trypsin-EDTA added on top of the colony. The colony
was then lifted by pipetting the trypsin-EDTA up and down three times and transferred
into a well of a 24-well plate and left in culture overnight. This was repeated for other
fluorescent colonies (up to 24) present in the 35 mm dish. After further culturing for ~7
days, GFP signal was again verified by fluorescence microscopy and the clones with the
highest proportion of GFP-positive cells were maintained in culture to establish stable
cell lines. Typically, at least 2 clones with >25 % GFP-positive cells were retained for

stable cell line creation.

2.3 Protein extraction and western blotting

Protein extraction and western blot protocols were adapted from (Nelson et al., 2014).
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2.3.1 Protein extraction

Cells grown in 15 cm cell culture dishes (Nunc) were isolated by scraping into PBS using
a cell lifter (Fisher) and centrifugation at 5000 g for 5 min (4 °C). The cell pellet was then
resuspended in 300 yl of pre-chilled Tris-EGTA-protease inhibitor (50mM Tris, 10mM
EGTA, Roche protease inhibitor), lysed using 30 passes (2000 rpm) of a VWR Vos 14
homogeniser and centrifuged at 2500 g (10 min, 4 °C). The supernatant was kept and
stored at -80 °C before use in subsequent western blotting. Protein concentration in the
sample was measured by Bradford assay (Bradford, 1976). Briefly, 5 ul of sample was
mixed with 995 pl of Bradford reagent (0.01 % (w/v) Coomassie Brilliant Blue G 250
(Serva), 5 % (v/v) methanol, 10 % (v/v) orthoscopic acid) in a polystyrene cuvette (Fisher)
and absorbance at 595 nm (Asgs) measured using a spectrophotometer (Jenway
Genova), which had been pre-blanked with 100 % Bradford reagent and calibrated

against a range of known concentrations of bovine serum albumin (BSA) (Figure 2.2).

2.3.2 Western blot

All western blotting steps were carried out at room temperature unless otherwise stated.
Laemmli sample buffer (5 % (w/v) SDS, 0.2 % (w/v) Bromophenol Blue and 1.5 % (w/v)
DTT dissolved in a solution of 50 % glycerol (v/v), 25 % B-mercaptoethanol (v/v) and
25 % Tris-HCI pH8.8 (v/v)) was added to cell lysate at a ratio of 1:4 and heated at 80 °C
for 10 min prior to sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE). PageRuler Plus prestained protein ladder (5 pl,Thermo) and 30-100 ug of
sample were loaded onto a discontinuous polyacrylamide running gel. This consisted of
7 ml of 12 % polyacrylamide separating gel containing 40 % (v/iv) 30 % (w/v)
acrylamide:Bis solution (National Diagnostics) and 25 % (v/v) Tris-SDS pH 8.8 solution

(375 mM Tris, 3.5 mM SDS) made up to 7.5 ml in distilled H-O, then polymerised with
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Figure 2.2 Bradford assay calibration curve

Absorbance at 595 nm at known bovine serum albumin (BSA) concentrations
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50 pl of 10% (w/v) ammonium persulfate and 10 yl Tetramethylethylenediamine (TEMED,
Sigma). The separating gel was overlain with ~3 ml of 4 % polyacrylamide stacking gel
containing 13 % (v/v) 30 % (w/v) acrylamide:Bis solution and 25 % (v/v) Tris-SDS pH 6.8
solution (125 mM Tris, 3.5 mM SDS), made up to 5 ml in distilled H2O, then polymerised
with 12.5 pl of 10 % (w/v) ammonium persulfate and 25 pyl of TEMED. SDS-PAGE was
run at 120 V for 2-2.5 h in a Bio-Rad miniPROTEAN Tetra System running tank
submerged in running buffer (24.8 mM Tris, 191.8 mM glycine, 3.5 mM SDS). Following
SDS-PAGE, protein was transferred onto 0.45 uym pore nitrocellulose membrane, soaked
in transfer buffer (249.3 mM Tris, 191.8 mM glycine, 20 % (v/v) methanol, pH 7.5), by
semi-dry transfer (1.3 A, 25 V, 10 min) using a Bio-Rad TransBlot Turbo Transfer System.
Protein transfer was verified by reversibly staining the membrane with Ponceau stain
(0.5 % (w/v) Ponceau S (Fisher) dissolved in 5 % (v/v) glacial acetic acid) for 10 min at
125 rpm. The Ponceau stain was subsequently washed off with Tween-containing, tris-
buffered saline (TBS-T; 10 mM Tris pH 7.5, 150 mM NaCl and 1 % (v/v) Tween-20) and
blocked for 1 h in 5% (w/v) non-fat dried milk dissolved in TBS-T. The membrane was
then incubated in primary antibody (rabbit anti-GFP (cat# ab6556, 1:2500, Abcam) or
mouse anti-a-tubulin (clone DM1A, 1:10,000, Sigma)), diluted in antibody dilution buffer
(3 % (w/v) BSA dissolved in TBS-T), overnight at 4 °C. The membrane was washed with
TBS-T the following day and incubated with HRP-conjugated goat anti-mouse (1:1000,
Thermo Scientific) or goat anti-rabbit (1:1000, Thermo Scientific) secondary antibody,
diluted in antibody dilution buffer, for 2 h. The membrane was finally washed with TBS-
T before protein detection by chemiluminescence. For this, the membrane was incubated
with West Dura (Thermo Scientific) for 5 min before detection by either iBRIGHT western
blot imaging system (Invitrogen) or X-ray film (Fujifilm). Membranes were stripped for
restaining in solution containing 200 mM glycine, 3.5 mM SDS and 1 % Tween-20 (v/v)

dissolved in H20 (pH 2.2) for 1 minute at 50 °C.

86



2.3.3 Densitometry

Protein quantity was estimated digitally from blots using the in-built ImagedJ feature “Gels
> Plot Lanes” to estimate the signal intensity of the 1-CTF and $1-ICD bands, from

which CTF: ICD signal ratios could be calculated for each lane.

2.4 Cell-cell adhesion assay

The cell-cell (or transcellular) adhesion assay method was adapted from previous works
(Wong & Filbin, 1996; Chioni et al., 2009). Cells were removed from a near-confluent 10
cm dish using trypsin-EDTA, counted using a haemocytometer, and adjusted to a
concentration of 2 x107 cells/ml in DMEM. Single cell suspension was obtained by
pipetting and passing the suspension through a 24 G syringe needle. The cell
suspension was then incubated at 37 °C with gentle agitation (25 rpm) and sampled
every 30 min for 2 h, starting at T=0. To sample the suspension, 20 ul of the cell
suspension was pipetted onto a plain glass 76mm x 26mm slide (Fisher), a 13 mm glass
coverslip (SLS) placed on top, and the number of particles (defined as a cluster of cells
of any quantity) in ten fields of view were counted, using either a Nikon Eclipse TE200
microscope with a RoleraXR CCD camera at 20x magnification or Motic AE2000 a at
20x magnification. The mean number of particles at each time point was normalised to

the mean particle count at T = 0. The experiment was repeated three times.
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2.5 Morphology assay

To assess cellular morphology, 10,000 cells were plated into a well of a 24 well plate and
left for 72 h prior to image acquisition. Cells were then fixed using 4 % (w/v)
paraformaldehyde (PFA) in PBS at room temperature for 10 min. Cells were then washed
three times (5 min each) with 0.1 M phosphate buffer (PB, 81 mM Na;HPO,4, 19 mM
NaH:PO., pH 7.4). Five brightfield images of each well were acquired, as well as GFP
images to ensure construct expression, according to chapter 2.10. Images were exported
to ImageJ for analysis. Cell morphology was assessed by manually masking the first 50
randomly selected cells and measuring circularity and Feret’s diameter using the in-built
analysis ImageJ plugin. Motile, mesenchymal cells display a characteristic elongated cell
morphology, with a distinct leading and trailing edge, thus circularity is inversely
proportional to the mesenchymal-like nature of the cell. Feret's diameter infers a
complimentary parameter to circularity, as Feret's diameter measures the two furthest
points on a cell (i.e. cell length), which will correspond to the leading and trailing edges
of an elongated cell or two random points around the perimeter of a circular cell. The

experiment was repeated three times. Circularity was defined as (Bon et al., 2016):

. . area
circularity = 4m.————
perimeter

2.6 Electrophysiology

Membrane Na* currents were measured using the whole-cell patch clamp technique in
voltage clamp mode, as described previously (Grimes & Djamgoz, 1998; Ding &

Djamgoz, 2004; Brackenbury et al., 2007).
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2.6.1 Solutions

Extracellular, recording solution (physiological saline solution; PSS) contained (mM): 144
NacCl, 5.4 KCI, 1 MgCl,, 2.5 CaCl,, 5 HEPES, 5.6 D-glucose, adjusted to pH 7.2 with
KOH. For experiments involving cells pre-treated with drug, the drug or vehicle was also
included in the PSS. Intracellular patch solution (IPS) contained (mM): 5 NaCl, 145 CsCl,
2 MgCl,, 1 CaClz, 10 HEPES and 11 EGTA, adjusted to pH 7.4 using CsOH. Solution

osmolarity was 303 mOsm/litre.

2.6.2 Patch pipettes

Borosilicate thin wall glass capillaries (1.5 mm outside diameter x 1.17 mm inside
diameter x 75 mm length; Harvard Apparatus) were initially fire-polished at both ends.
After polishing, capillaries were pulled into two pipettes using a P-97 Flaming/Brown type
micropipette puller (Sutter Instruments). Pipette tips were then fire polished for 3 s using
a MF-830 microforge (Narishige) to give a pipette resistance of 2.5 — 4.5 MQ when filled

with IPS.

2.6.3 Recording equipment

Recordings were carried out at room temperature within a RC-26G recording chamber
(Warner Instruments), attached to a P1 recording chamber (Warner Instruments), within
a SA-20LZ-AL stage adapter (Warner Instruments). Gravity-fed inflow of PSS into the
recording chamber was controlled by a 4-way Valvelink 8.2 valve controller (AutoMate
Scientific) via a MP-series manifold (Warner Instruments). Outflow was controlled by a
Dymax 5 pump (Charles Austen Pumps). The stage adapter was fitted to an Axiovert
135 fluorescent microscope (Zeiss). Recording pipettes were loaded into a 1-HL-U

electrode holder (Molecular Devices) attached to a CV-203BU headstage (Molecular
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Devices). Movement of the electrode was controlled digitally by a MP-225
micromanipulator (Sutter Instruments). Recordings were collected via an Axopatch 200B
amplifier (Molecular Devices), to a Digidata 1550 digitizer (Molecular Devices) for
analogue-digital signal conversion, connected to a computer running Clampex 10.7

software (Molecular Devices).

2.6.4 Whole cell patch clamp recording

Cells were grown on 13 mm glass coverslips (SLS), to 50 — 80 % confluency within 4
well dishes, for 1-3 days prior to recording. The coverslip was then transferred to the
recording chamber filled with ~1 ml of PSS. Data were collected at a sampling rate of 50
kHz and filtered at 10 kHz. Linear leak currents were removed using P/6 subtraction
(Armstrong & Bezanilla, 1977). The following voltage clamp protocols were used,

compensating for series resistance by 20-40 %.

1. VGSC Stimulation protocol: -120 mV holding voltage (V+) for 250 ms, -10 mV
stimulation voltage (Vs) for 50 ms.

2. Current-voltage protocol: Vu: -120 mV for 250 ms; Vs: -80 mV for 50 ms; Vu: -120
mV for 10 ms. Vs was depolarised by +5 mV with each sweep to +30 mV.

3. Steady-state inactivation protocol: Vui: -120 mV for 250 ms, Vs: -10 mV for 50 ms,
Vh2: -80 mV for 10 ms. Vi1 was depolarised by +10 mV with each sweep to 0 mV.

4. Recovery from inactivation protocol: Vu: -120 mV for 250 ms, Vs: 0 mV for 25 ms,
Vh2: -120 mV for t ms, Vsz: 0 mV for 25 ms. Sweeps used the following t (ms): 1, 2,
3,5, 7,10, 15, 20, 30, 40, 50, 70, 100,150, 200, 250, 350, 500.

In some experiments, tetrodotoxin (1-30 uM TTX) and protoxin-Il (100 nM — 1 yM ProTx-

I), were directly perfused onto cells once a whole cell configuration had been achieved.

Drug treatments were exchanged for PSS (and vice versa) by performing three bath

changes and voltage clamp protocols run in each condition.
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2.6.5 Electrophysiology data analysis

The peak current amplitude (pA) at each voltage step was divided by the whole cell
capacitance (pF) to calculate the current density (pA/pF), which was plotted against the
stimulation voltage to achieve an I-V curve. Activation curves were fitted by calculating
conductance (G) at each voltage step from the |-V data. G-V relationships were

determined using the equation (Ding & Djamgoz, 2004):

Where G = conductance (nS), | = current amplitude (pA), V = holding potential (mV) and
V\ev =reversal potential of Na* calculated using the Nernst equation (+86.3 mV). G was

normalised to Gmax. Normalised G-V data were fitted using the Boltzmann equation:

Y = ViV

1+ eET
Where Y = fitted conductance value, Vi = voltage that elicits half-maximal conductance,
V = stimulation voltage and k = slope factor. Normalised steady-state inactivation data
were also fitted to a Boltzmann function. Recovery from inactivation data, normalised to
the prepulse amplitude, were plotted against the inter-stimulation duration (i.e. time for
recovery) and fitted to a single exponential equation:
Y =1-ekt
Where Y = fitted normalised current value, k = slope factor and t = inter-stimulation

duration.

2.7 Immunocytochemistry

Protocol adapted from (Brackenbury et al., 2010; Rofe et al., 2017). Cells were grown

for 24-72 h on 13 mm uncoated coverslips (SLS) until 50-80 % confluency was reached.
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All following steps were carried out at room temperature. Cells were then fixed with 4 %
(w/v) paraformaldehyde (dissolved in PBS) for 5 min or 100 % methanol for 10 min on
ice. For digitonin-treated conditions, cells were incubated in 50 ug/ml digitonin (Santa
Cruz Biotechnology) for 15 min and Triton X-100 was subsequently omitted in the
following steps (Mojica et al., 2015). Cells were washed three times in 0.1 M PB and
blocked in PBTGS (0.3 % (v/v) Triton X-100 and 10 % (v/v) normal goat serum dissolved
in 0.1 M PB) or BPS (0.5 % (w/v) BSA and 0.05 % (w/v) saponin dissolved in 0.1 M PB)
for 1 h. Primary antibody (diluted in blocking solution) was applied for 1 h (antibodies
diluted in BPS) or overnight (antibodies diluted in PBTGS) (Table 2.3). Cells were
washed three times with blocking solution then incubated in goat anti-mouse Alexa Fluor
568, or goat anti-rabbit Alexa Fluor 568 or 647 (1:500 in blocking solution, Thermo) for 1
h (antibodies diluted in BPS) or 2 h (antibodies diluted in PBTGS). After three washes
with 0.1 M PB, cells were incubated in 500 ng/ml 4’,6-diamidino-2-phenylindole (DAPI,
diluted in 0.1 M PB, Sigma) and mounted onto 76 mm x 26 mm glass slides (Fisher)

using Prolong Gold (Invitrogen).

2.8 Confocal microscopy

Slides prepared from chapter 2.7 were imaged using a Zeiss LSM 880 laser-scanning
confocal microscope with Airyscan technology, controlled by ZEN2 software. Using a
Plan-Apochromat 63x oil immersion objective lens (NA = 1.4) and 1.8-7.5x zoom factor,
square images were acquired with a side length of 17.8 — 73.2 um, with optimal frame
size for Airyscan acquisition (~0.034 pm/pixel). The pinhole was set to 1.25 airy unit (AU)
for Airyscan imaging. For Z-stacks, a 0.16 um step was used between planes. Images

of ten cells or nuclei were acquired per experiment and the experiment repeated three
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Table 2.3 Antibodies used for immunocytochemistry in this study

Antibody Species Clone Manufacturer Dilution Blocking
target solution
GFP Mouse N86/38 Neuromab 1:1000 PBTGS

Lamin B2 Mouse E-3 Invitrogen 1:500 PBTGS
EEAl1 Mouse 14/EEA1 | BD Bioscience 1:500 BPS

LAMP-1 Mouse H4A3 Biolegend 1:1000 BPS

Calnexin Mouse 37/CNX | BD Bioscience 1:50 BPS

TGN-46* Rabbit - Proteintech 1:1000 BPS

GFP: green fluorescent protein; EEALl: early endosome 1; LAMP-1: lysosomal
associated membrane protein-1; TGN-46: trans-Golgi network-46; CNX: Calnexin;
PBTGS: phosphate buffer (0.1 M), Triton X-100 (0.3 %), goat serum (10 %); BPS:
bovine serum albumin (0.5 % wi/v), phosphate buffer (0.1 M), saponin (0.05%, w/v).
*TGN-46- polyclonal antibody (cat # 13573-1-AP)
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times. An automatic Airyscan processing strength of 6.0 was applied to the image post-

acquisition.

2.9 Fluorescence recovery after photobleaching (FRAP) and Fdrster resonance
energy transfer (FRET)

10,000 cells were plated per well into an 8-well Lab-Tek Il chambered coverglass slide
(Nunc) 48 h prior to imaging. In some experiments, FM4-64 (Thermo, 120 nM) or Hoechst
33342 (Thermo, 1 pg/ml) were applied immediately prior to imaging. FRAP acquisition
was carried out using a Zeiss LSM 880 confocal microscope controlled by ZEN2 software
at 37 °C/5 % CO,. GFP was imaged using a 488 nm laser (1-5 % laser power), using

bidirectional scanning at maximum scan speed and a 1 airy unit pinhole.

To monitor FRAP in the cytoplasm, at 10x zoom factor and a 256 x 256-pixel frame size,
a 1 um wide bleach spot was selected in an individual cell and photobleached with 40
iterations of the 488 nm laser (100 % laser power). Images were acquired every 250 ms
for 37.5 s, with photobleaching occurring after 2.5 s (i.e. 10 time points). For a higher
temporal resolution, a 64 x 64-pixel frame was used, and images acquired every 12.8
ms. 1000 images were acquired, with bleaching occurring after 10 images in a 5-pixel
wide region of interest. In some experiments, a bleach spot was manually drawn around
half a cell and photobleached with 50 iterations of the 488 nm laser (100 % laser power)
at 2.5x zoom factor and a 256 x 256-pixel frame size. Images were acquired every 100
ms for 25 s, with photobleaching occurring after 20 images. Ten time series were

acquired per cell and the experiment repeated three times.

To monitor FRAP in the nucleus, GFP fluorescence within whole nuclei was

photobleached as described previously (Sunn et al., 2005; Bizzarri et al., 2012). At 2.0x
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zoom factor and a 512 x 512-pixel frame size, a bleach spot was manually drawn around
the nucleus (stained by Hoechst 33342) and the whole nucleus was bleached with 40
iterations of the 488 nm laser (100 % laser power). Images were taken every 5 s until
ten successive images without an increase in nuclear fluorescence were acquired
(typically 5 — 10 min). 3-4 time series were taken, and the experiment repeated three

times.

For FRET, cells were imaged at 2.0 — 4.0x zoom factor using a 512 x 512-pixel frame
size. FM4-64 was bleached using 100 iterations of the 561 nm laser (100 % laser power)
at the plasma membrane or within internal vesicles. Images were acquired every 0.6 s

for 25 s, with bleaching occurring after 3 s.

2.10 Fluorescence microscopy

For fluorescence microscopy, Cells were imaged using a Nikon Eclipse TE200 epi-
fluorescent microscope with a RoleraXR charge-coupled device (CCD) camera

(QImaging) using SimplePCI 6 software (Hamamatsu) at 20x magnification.

2.11 Image analysis

2.11.1 Nuclear: cytoplasmic signal density ratio

Nuclear localisation was measured by calculation of the nuclear: cytoplasmic signal
density ratio, from Airyscan images taken in chapter 2.8, using a previously established
analytical method (Ebner et al., 2007; Noursadeghi et al., 2008). Fluorescence

measurements were taken in ImageJ on multi-channel images, consisting of DAPI and
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B1-GFP staining. Nuclear fluorescence was calculated by masking the DAPI signal and
measuring the fluorescence (signal density- “mean gray value” and total fluorescence-
“max gray value”) in the B1-GFP channel. To calculate cytoplasmic signal density, total
fluorescence was measured across the whole cell within the field-of-view and the total
nuclear fluorescence was subtracted from this. The resulting fluorescence value was
divided by the difference in area of the whole cell and the nuclear mask to determine the

cytoplasmic signal density:

Ftotaleey — Ftotalpycreus

cytoplasmic signal density = Ared,yy — Ared
ce nucteus

Where Fwo = total fluorescence. The nuclear: cytoplasmic signal density ratio was

calculated using the recorded nuclear and cytoplasmic signal density values.

2.11.2 FRAP analysis

A double normalisation method of data analysis was used (Phair et al., 2004). Images
acquired from chapter 2.9 were exported to ImageJ for data acquisition using the FRAP
Norm plugin. To define the region of interest (ROI) for spot bleaches, the diameter of the
ROI for the photobleached region (Rp) was estimated by taking a line profile across the
bleached region and defining the diameter of the ROI as the distance between half
maximal fluorescence values. For nuclear or half-cell bleaching, the ROl was manually
drawn around the bleach region using the polygon function in ImageJ. A control region
(Rc) was placed elsewhere in the cell and a background region (Ry) placed outside of the
cell, both of the same diameter as the photobleached region (Figure 2.3). Fluorescence
was measured within the three regions for every time point. R, was subtracted from R,

and Rcinitially. The photobleaching ratio (r) at each time point x was calculated by
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Figure 2.3 Fluorescence recovery after photobleaching in a circular region of
interest

(A) Representative images of fluorescence recovery of GFP following photobleaching.
ROI: region of interest; Rp: photobleached region; Rb: background region; Rc: control
region. The first post-photobleach image marks T = 0. (B) Fluorescence recovery of Rp
(black line), Rc (red line) and Rb (blue line). Rc and Rb are both unaffected by the
photobleaching (PB) event. (C) Adjusted fluorescence recovery of Rp. Rp has been
normalised against the rate of photobleaching, calculated from the rate decrease in Rc.
T = time constant i.e. time taken to reach half maximal fluorescence. The mobile fraction
refers to the proportion of mobile GFP elements within the ROI, whereas the immobile
fraction refers to the proportion of immobilised GFP elements. The presence of an
immobile fraction prevents fluorescence recovery to 1.0.
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dividing R¢ at each given time point x by the initial R value at time point 0, to determine

the decrease in fluorescence:

Ty = —

Rco
where ry represents the photobleaching ratio at time point X, R = the fluorescence
reading within the control region at time point x, and R = fluorescence reading within
the control region at time point 0. R, at each time point x was then adjusted to the

photobleaching ratio at each time point:

R
adjusted R, = 2=

X
where Ry« = the fluorescence reading within the photobleached region at time point x,
and ry = the photobleaching ratio at time point x. The resulting value was then normalised
against the mean of the initial pre-bleach R, readings, which were taken prior to the
photobleaching event as a baseline, giving a value between 0-1. Recovery curves were
then plotted and three parameters calculated: the mobile fraction, time constant
(seconds) and diffusion coefficient (um?s?, for spot bleaches only). The mobile fraction,
which defines the proportion of fluorescent elements that are mobile relative to the whole

population of fluorescent elements initially in the ROI, was calculated using:

R, —R
mobile fraction = _nf npost

1- Rnpost

where Ry = the final normalised fluorescence reading taken and Rnpost = the first
normalised fluorescence reading post-photobleaching. The time constant describes the
time taken for 50 % of final fluorescence recovery and was fitted to a single exponential
to the post-bleach recordings. The diffusion coefficient was calculated, for spot bleaches,

using the equation:
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where w = the radius of the photobleaching region (um), T = time constant, y = beam

circularity (y = 0.88).

2.11.3 FRET analysis

To analyse FRET, GFP and FM4-64 fluorescence intensity was monitored within the ROI
for the duration of the time series and normalised against T = 0. FM4-64 signal was
monitored to ensure photobleaching occurred. GFP fluorescence intensity before and

after photobleaching was then statistically compared.

2.11.4 Co-localisation analysis

To quantify the co-localisation between GFP and subcellular marker (Calnexin, GM130,
TGN46, EEA1 or LAMP1), Pearson’s correlation coefficient was calculated using the in-
built “Coloc 2” plugin in Imaged. First, images were split into GFP and marker channels
and a ROI drawn around the cell using the GFP channel. Coloc2 was initiated using
bisection threshold regression, a PSF of 3.0 pixels and a Costes randomisation value of

10 to calculate the value.

To analyse GFP overlap with the membrane markers, FM4-64 and lamin-B2, line profiles
were used. 10-pixel wide, 5 ym-long line profiles were placed, with the membrane marker
centred at 2.5 ym. For FM4-64, two - four line profiles were taken per cell and averaged.
For lamin-B2, one line profile was taken per cell. Fluorescence intensity was normalised

to the maximum value for each cell. Ten cells were measured.
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2.12 Statistical analysis

GraphPad Prism 8.0 was used for all curve fitting and statistical analyses. Data were
initially tested for normality using the D’Agostino & Pearson test. When normally
distributed data was being compared, an F-test was used to determine differences in
variance. In text, Normalised data are presented as mean + SEM, non-normalised data
as median (interquatrtile range - IQR). Data displayed as mean + SEM by default, when
non-normalised data is presented, “median (IQR)” is explicitly stated. For normalised
data, comparisons between two samples were made using unpaired Student’s t-test and
Welch’s t-test if variance between samples was comparable or different, respectively.
Mann-Whitney U-test was used for non-normalised data. For multiple comparisons, one-
way ANOVA with Tukey’s post hoc test and Kruskal-Wallis with Dunn’s multiple
comparison post hoc test were used for normalised and non-normalised data,
respectively. Repeated measured one-way ANOVA with Tukey’s post hoc test was used
to compare data collected from the same cell. Results were considered significant if P <
0.05. Levels of significance used: * < 0.05, ** < 0.01, *** < 0.001. The number of samples

tested is referred to as n and the number of independent experiments as N.
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Chapter 3: The effect of pharmacological inhibition of y-secretase on 1
function

3.1 Introduction

y-secretase is a multimeric complex, consisting of the enzymatic presenilin (PS) subunit
and three auxiliary subunits (Smolarkiewicz et al., 2013). PS is cleaved into a N-terminal
fragment (NTF) and C-terminal fragment (CTF), which interact via two aspartate residues
to form the intramembranous active site (Wolfe et al., 1999). PS is a “sloppy” enzyme,
cleaving at multiple nearby sites within a protein (Dehury et al., 2019). y-secretase
inhibitors (GSIs) are divided into four subclasses: transition-state analogues (TSAS),
which inhibit the PS active site, docking site inhibitors and naphthyl ketone inhibitors,
which both inhibit initial docking of the substrate to PS, and nonsteroidal anti-
inflammatory drugs, (NSAIDs) which target the substrate through an unknown
mechanism (Sato et al., 2008). A second class of y-secretase targeting drugs, known as
y-secretase modulators (GSMs), of which NSAIDs are often classed, do not inhibit global
y-secretase cleavage but specifically modulate proteolysis of APP, preferentially
producing non-amyloidogenic APP fragments (Golde et al., 2013). The three GSls used
in this study are: DAPT, L-685,458 and Avagacestat. DAPT is a non-TSA that binds to
PS-CTF and Avagacestat is a non-TSA that binds to PS-NTF (Morohashi et al., 2006;
Gertsik et al., 2017). L-685,458, on the other hand, is thought to be a TSA (Eto et al.,

2000).

A potentially vital aspect of B1 regulation emerged when B-subunits were revealed to be
substrates of secretase enzymes (Kim et al., 2005; Wong et al., 2005). Sequential
proteolysis of B-subunits by a/B-secretase then y-secretase releases a soluble ECD and
ICD, respectively. Knowledge regarding the functional impact of y-secretase processing

on B1 is currently lacking. So far, the only evidence is that DAPT treatment inhibits 31-
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mediated neurite outgrowth (Brackenbury & Isom, 2011). The underlying mechanism
was not explored, however the authors speculated 31-1CD signalling could be involved.
Regarding other B-subunits, 2-ICD expression in SH-SY5Y cells demonstrates nuclear
localisation and a concomitant upregulation in Na,1.1 mRNA and protein expression
(Kim et al., 2007), suggesting p2-ICD could be involved in nuclear signalling; an exciting
and novel potential function of B-subunits. Additionally, DAPT treatment inhibited B2-
mediated cell adhesion and migration in CHO cells, possibly through accumulation of 32-
CTFs at the plasma membrane, which lack the Ig loop responsible for cell adhesion (Kim
et al., 2005). Mechanistically, the aforementioned evidence suggests a potential role of
y-secretase cleavage in influencing B-subunit function through production of an ICD, with
distinct functional properties, and regulating B-subunit surface expression. y-secretase
cleavage may therefore impact 1-induced cell adhesion, through regulating 31 cell
surface expression, and production of 31-ICD may have a range of unknown functional
implications. One role B1-ICD may be involved in is B1-induced a-subunit modulation.
B1 interacts with a-subunits via intracellular, as well as extracellular, sites (McCormick
et al.,, 1999; Meadows et al., 2001). Cleavage of B1-ICD from the membrane may
therefore disrupt the a-B association, abolishing B1-mediated modulation. Alternatively,
if B1-1CD is involved in upregulating a-subunit expression, akin to the putative role of 32-
ICD, then inhibiting y-secretase cleavage may reduce a-subunit expression. In summary,
the functional impact of y-secretase cleavage on [B-subunits is an enticing area of

research, as little is known yet the impact could be substantial.

The subcellular localisation of B1 has yet to be comprehensively reported. Functional
evidence (i.e. a-subunit modulation and transcellular adhesion) suggests 1 is present
at the plasma membrane. However, in a study examining (2-Na,1.5 membrane
trafficking, a single experiment compared 31 to B2 distribution and stated 1 was

predominantly retained within intracellular compartments (Dulsat et al., 2017). How 31 is
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degraded, whether by trafficking to lysosomes or to the proteasome following
ubiquitination, is also unknown. As secretases are found at the plasma membrane and
at internal membranes (discussed in chapter 1.5.1), B1 may be cleaved at either of these

locations.

This study set out to establish the impact of secretase processing on B-subunit function.
The hypothesis of this chapter is that y-secretase cleavage regulates 1 function. The

specific aims of this chapter were to:

e Investigate the involvement of y-secretase cleavage on B1-induced a-subunit
modulation
¢ Investigate the involvement of y-secretase cleavage on 1-induced cell adhesion

o Determine the subcellular localisation of 31 and its secretase cleavage products

The triple-negative MDA-MB-231 breast cancer cell line was used throughout this study.
MDA-MB-231 cells are a metastatic breast cancer cell line that have been the subject of
secretase research previously. For instance, Notch2 processing induces cell migration
and prevents apoptosis (Sehrawat et al., 2014). Additionally, hypoxia-induced migration
is induced through Notch processing (Villa et al., 2014). Furthermore, a-secretase
cleavage of APP regulates migration and proliferation of MDA-MB-231 cells (Tsang et

al., 2018).
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3.2 Results

3.2.1 B1 expression enhances Na* current magnitude and accelerates recovery
from channel inactivation

MDA-MB-231 cells are highly metastatic breast cancer cells with a low native -subunit
expression (Chioni et al., 2009). Previous work has demonstrated overexpression of 31
in MDA-MB-231 cells increases the magnitude of Ina and reduces the time to Ina peak,
without affecting other gating parameters, such as the voltage sensitivity of
activation/inactivation and recovery from inactivation (Chioni et al., 2009). As this cell
model forms the basis of the overall study, firstly, the experiments from Chioni et al. were
repeated. MDA-MB-231 cells overexpressing 1 fused to eGFP at the C-terminus (MDA-
MB-231-1GFP) were compared to MDA-MB-231-GFP cells by whole cell patch clamp
recording. Peak current density generated by MDA-MB-231-1GFP cells was 3-fold
greater than cells expressing GFP alone, -16.80 + 2.90 pA/pF and -5.16 + 0.71 pA/pF
respectively (n = 8, P < 0.01, unpaired t test) (Figure 3.1A,B, Table 3.1). The voltage
dependency of channel activation (Figure 3.1C) and inactivation (Figure 3.1D), and the
time course of channel recovery from inactivation (Figure 3.1E) were also measured.
Significant differences detected in the gating parameters, following 31-GFP expression,
were a hyperpolarised voltage at Ina peak, -6.25 £ 2.46 mV compared to 0.63 + 1.48 mV
in GFP-expressing cells (n = 8, P < 0.05, unpaired t test) and an acceleration in channel
recovery from inactivation, with B1-GFP expression halving the time taken for half-
maximal recovery relative to GFP alone, 5.05+ 0.52 ms and 10.17 + 1.29 ms respectively
(n =8, P <0.01, unpaired t test) (Table 3.1). B1-GFP expression did not alter the voltage
required for channel activation, voltage required for half-maximal activation or
inactivation, time to Ina peak or size of the cell (measured by total membrane
capacitance) compared to GFP expression (Table 3.1). A change in recovery kinetics
and voltage at Ina peak were not detected in Chioni et al., however B1-induced

acceleration of recovery from inactivation has been reported in other cellular

104



A B Oi........'..... .....................

231-GFP 231-B1GFP i'%s .
5] i ®33555008"
=
2 10
o L~ V]
v30my S5 |231-GFP-e- }{ Hi
[
% S &151231-1GFP = HH
=0
_ |100pa ©  -20 . .
80 mV 80 -60 -40

voltage (mV)

C 10 D 1.04.
0.81 1 0s ]i
< 0.6- 0.6- N " |200pA
g ) é 5ms
@ 0.4 g 0.4 !.._
© 0.2] 0.2 %70 mV!
0. OT-I-I-.I' 0.0 20mV. "--l—-l—-.—--l—--'
80 -60 -40 20 O 20 -120 -100 -80 -60 -40 -20
voltage (mV) voltage (mV)
E 0mV

1.0 ,-“"--"'I"'I',"!
t mamc T En
0.8 Pl

506 -120mvE_ %

£ i m
= 0.4 ‘3 ¥
i B
02 % 1
0.0 ’! 25 ms
. | T

T IIIIII| T T IIIIII| T T IIIIII|
N S N O
N " S

500 pA

time (ms)

Figure 3.1 Electrophysiological properties of 1 expression in MDA-MB-231 cells

(A) Representative whole-cell Na* currents generated in MDA-MB-231-GFP and MDA-
MB-231-B1GFP cells, following stimulation between -80 mV and +30 mV for 250 ms from
-120 mV. (B) Current (I)-voltage (V) relationship between -80 mV and +30 mV. (C)
Conductance (G)-voltage (V) relationship, from which activation Vi» was derived,
between -80 mV and +30 mV. Fitted Boltzmann sigmoidal curve overlaid. (D) Steady-
state inactivation. Cells were stimulated at -10 mV following a 250 ms holding voltage of
between -80 mV and +30 mV. Normalised current produced following -10 mV stimulation
plotted. Fitted Boltzmann sigmoidal curve overlaid. (E) Recovery from inactivation. Cells
were stimulated at 0 mV, then held at -120 mV for t s before re-stimulation at 0 mV. t
ranged from 1-500 ms. Fitted mono-exponential curve overlaid (constraints: YO = 0O,
plateau = 1). Mean + SEM plotted for graphs in B-E. MDA-MB-231-GFP cells (n =8, N
= 3, green circles) and MDA-MB-231-B1GFP cells (n=8, N =3, blue squares).

105



Table 3.1 Na* current parameter analysis of 31 overexpression in MDA-MB-231 cells

Parameter GFP B1GFP

Cm (pF) 32.13 £5.55 25.64 +1.83
PCD (pA/pF) ** -5.16 £ 0.71 -16.80 + 2.90
Va (MV) -45.63 +1.48 -45.00 + 2.11
Vp (MV) * 0.63+1.48 -6.25 + 2.46
Activation V12 (mV) -21.34 +1.47 -25.38 + 3.49
Activation k (mV) 7.93 +0.96 7.50 +0.54
Inactivation Vi2 (mV) -53.14 £ 1.56 -47.37 £2.96
Inactivation k (mV) -8.24+0.74 -7.04 £ 0.19
Tp (Ms) 1.48+0.19 144 +£0.12
RFI ti2 (ms) ** 10.17 £1.29 5.06 + 0.52

Data displayed as mean + SEM (n = 8, N = 3). Unpaired t test

used to compare conditions * = P<0.05,

** = P<0.01.

Abbreviations: C: membrane capacitance, PCD: peak current
density, Va: activation voltage, V,: voltage at peak current, Vi:
voltage for half maximal activation/inactivation, k: rate of
activation/inactivation, T,: time to peak, RFI T time for half-
maximal recovery from inactivation.
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models, such as HEK293 cells (Laedermann et al., 2013). In summary, 1 expression in
MDA-MB-231 cells increased Ina magnitude and accelerated recovery from inactivation
compared to GFP expression, as well as hyperpolarising shift in the voltage required for

Ina peak.

3.2.2 y-secretase cleavage does not regulate the B1-induced Na* current

a-subunit regulation is a major role of the 1 subunit. The involvement of y-secretase
cleavage on PB1-mediated a-subunit regulation has yet to be investigated. The
involvement could potentially be profound, considering an a-subunit interaction site is
present within the B1-ICD sequence (Meadows et al., 2001). Furthermore, enhanced
secretase processing of 2, through BACE1/B32 overexpression in B104 neuroblastoma
cells, reduces peak current density relative to 2 overexpression alone (Kim et al., 2007).
Therefore, the role of y-secretase cleavage in regulating the 31-induced Ina Was explored
using whole cell patch clamp electrophysiology. Firstly, the occurrence of secretase
processing of B1-GFP in MDA-MB-231 cells was verified. The predicted molecular
weight of full-length (FL) B1-GFP is 65 kDa (Figure 3.2A). The B-secretase cleavage site
has previously been identified between Leul44 and Glul145 (Wong et al., 2005). Due to
extensive glycosylation of the B1 Ig loop (~10 kDa), the resultant transmembrane
fragment following B-secretase cleavage, 1 C-terminal fragment (CTF), is predicted to
be only 37 kDa. After y-secretase cleavage at the membrane-cytoplasm interface, a 33
kDa B1-intracellular domain is produced and released into the cell. To support these
predictions, 10 ug, 25 ug and 50 pg of MDA-MB-231-B1GFP lysate was probed on a
western blot using an anti-GFP antibody (Figure 3.2B). Three bands resembling
FLB1GFP, B1CTF-GFP and B1ICD-GFP were visible. Two other bands were also
observed, one at ~ 55 kDa and another at ~ 27 kDa. The band at 27 kDa likely
corresponds to free GFP that has been cleaved off, either within living MDA-MB-231

cells or during the protein extraction procedure. The band at 55 kDa could correspond to
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Figure 3.2 y-secretase cleavage of B1-GFP in MDA-MB-231 cells

(A) Schematic of B1-GFP depicting the estimated molecular weights of secretase
products. The locations of secretase cleavage noted. Glycosylation of the Ig loop
denoted by y. The location of B-secretase cleavage has been identified between Leul44
and Glu145 (Wong et al., 2005). The occurrence of a-secretase cleavage is unknown
and y-secretase cleavage is presumed to occur at the membrane-cytoplasm interface.
(B) Western blot analysis of MDA-MB-231-B1GFP lysate using an anti-GFP antibody.
(C) Estimation of the molecular weights of secretase products after western blotting,
interpolated from the protein ladder. Data displayed as Mean =+ SEM (n = 3, N = 3).
Abbreviations- FL: full-length, CTF: C-terminal fragment, ICD: intracellular domain, SP:
signal peptide, 1g: immunoglobulin, TMD: transmembrane domain.

108



the fraction of B1-GFP yet to be glycosylated, as glycosylation accounts for ~10 kDa of
FLB1 molecular weight. Interpolating from the logarithmic distances between molecular
weight markers, the molecular weights of FLB1-GFP, B1CTF-GFP and 11CD-GFP were

estimated to be 63.6 + 2.2, 35.3 + 1.5 and 31.2 + 1.1 kDa respectively (n = 3) (Figure
3.2C). These estimates are very similar to initial predictions, suggesting these bands are

B1-GFP and its secretase products.

The occurrence of y-secretase cleavage was further validated using an array of
inhibitors: DAPT, L-685,458, and Avagacestat (Figure 3.3A). Lysate of MDA-MB-231-
B1GFP cells pre-treated with vehicle or y-secretase inhibitor was probed via western
blotting with an anti-GFP antibody. If y-secretase cleavage is occurring, the band
assumed to be B1ICD-GFP should be absent following drug treatment. Treatment of
MDA-MB-231-B1GFP cells with DAPT results in an absence of the B11CD-GFP band
(Figure 3.3B). Densitometry analysis revealed a significant increase in the CTF:ICD ratio
from 1.51 £ 0.50 to 22.54 + 4.92 in vehicle vs. DAPT-treated MDA-MB-231-B1GFP cells
(n=4-5, P <0.01, unpaired t-test) (Figure 3.3C). Likewise, treatment with L-685,458 or
Avagacestat reduced 1-ICD generation and increased CTF:ICD ratio to 17.14 and
21.10 respectively, compared to 0.95 in vehicle-treated cells (means based on two
repeats) (Figure 3.3D,E). In summary, these data confirm the presence of 1-ICD and

demonstrate its formation can be inhibited using these drug treatment regimes.

Following validation of pharmacological inhibition of y-secretase, MDA-MB-231-31GFP
cells were treated with vehicle or y-secretase inhibitor and Ina analysed using whole-cell
path clamp electrophysiology. Initially, DAPT was used. Cells were assessed for their

current-voltage relationship (Figure 3.4A,B), activation-voltage relationship (Figure 3.4C),
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Figure 3.3 Pharmacological inhibition of y-secretase cleavage in MDA-MB-231-
B1GFP cells

(A) Schematic depicting sequential secretase processing of 1. FL: full length, CTF: C-
terminal fragment, ICD: intracellular domain. y-secretase is inhibited by DAPT, L-
685,458 and Avagacestat. (B) Western blot of lysates (30 ug) derived from MDA-MB-
231-B1GFP cells treated with DMSO (0.01 %, 24 h) or DAPT (1 uM, 24 h). Membranes
probed for GFP or a-tubulin. Molecular weight (mw) noted on the left side of the blot in
kilodaltons. (C) Quantification of CTF/ICD band intensity from B. Data displayed as mean
= SEM. Unpaired t-test used to test significance, ** = P<0.01 (n = 4-5, N = 3). (D) Western
blot of lysates (30 pg) derived from MDA-MB-231-31GFP cells treated with DMSO (0.1 %,
24 h), L685,458 (10 uM, 24 h) or Avagacestat (10 uM, 24 h). Membranes probed for GFP
or a-tubulin. Molecular weight (mw) noted on the left side of the blot in kilodaltons. (E)
Quantification of CTF/ICD band intensity from D (n =2, N = 2).
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Figure 3.4 The effect of DAPT treatment on the B1-induced Na* current in MDA-MB-
231-B1GFP cells

(A) Representative whole-cell Na* currents generated in MDA-MB-231-B1GFP cells pre-
treated with DMSO (0.01 %, 24 h) or DAPT (1 uM, 24 h), following stimulation between
-80 mV and +30 mV for 250 ms from -120 mV. (B) Current -voltage relationship between
-80 mV and +30 mV. (C) Conductance-voltage relationship, from which activation Vi»
was derived, between -80 mV and +30 mV. Fitted Boltzmann sigmoidal curve overlaid.
(D) Steady-state inactivation. Cells were stimulated at -10 mV following a 250 ms holding
voltage of between -80 mV and +30 mV. Normalised current produced plotted. Fitted
Boltzmann sigmoidal curve overlaid. Representative trace shown. (E) Recovery from
inactivation. Cells were stimulated at 0 mV, then held at -120 mV for t s before re-
stimulation at 0 mV. t ranged from 1-500 ms. Fitted mono-exponential curve overlaid
(constraints: YO = 0, plateau = 1). Representative trace shown. Mean + SEM plotted for
graphs in B-E. n = 8, N = 3 for both conditions.
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inactivation-voltage relationship (Figure 3.4D) and recovery from inactivation (Figure
3.4E).Activation and inactivation parameters were derived and compared between
vehicle and DAPT-treated cells (Table 3.2). Importantly, no differences were detected in
the peak current density (n = 10 - 12, P = 0.29, unpaired t test) and recovery from
inactivation (n = 8, P = 0.25, unpaired t test) following DAPT treatment, the two
parameters characteristic of the B1-induced Ina. Therefore, it appears DAPT treatment
does not regulate the B1-induced Ina. NO changes in activation or inactivation kinetics
were measured, apart from an increased rate of inactivation in DAPT-treated cells
compared to vehicle, -8.41 + 0.32 and -6.86 + 0.17 respectively (n = 8, P < 0.001,
unpaired t test). As B1-GFP did not affect inactivation in 3.2.1, relative to GFP, it is
unlikely DAPT is regulating inactivation via B1. Therefore, this result may be an off-target
effect of DAPT or an experimental anomaly. If it is a genuine effect of y-secretase

inhibition, then it will be replicated when using the other y-secretase inhibitors.

Next, the effect of L-685,458 treatment on the B1-induced Inawas tested. Initially, MDA-
MB-231-B1GFP cells were pre-treated with vehicle or L-685,458 (1 uM and 10 uM; 10
MM used in Figure 3.3D) and assessed for their current-voltage relationship (Figure
3.5A,B). Calculating peak current density, 1 uM had no effect compared to vehicle, 19.3
+ 1.5 pA/pF (n = 12) and 21.9 £ 2.5 (n = 18) respectively (P = 0.69, one-way ANOVA)
(Figure 3.5C). 10 pM (9.45 £ 2.5 pA/pF, n = 8), however, reduced peak current density
compared to vehicle (P < 0.01, one-way ANOVA). This result suggests y-secretase
cleavage may regulate B1-induced Inaand 1 pM is not sufficient to inhibit y-secretase
cleavage. However, as DAPT did not affect peak current density in MDA-MB-231-B1GFP
cells, L-685,458 may be functioning independently of 1. To determine whether L-
685,458 was functioning via specifically inhibiting secretase processing of 1, MDA-MB-
231-GFP cells were treated with L-685,458 and peak current density measured (Figure

3.5D,E).
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Table 3.2 Na* current parameter analysis of MDA-MB-231-B1GFP cells pre-treated

with DAPT

Parameter DMSO DAPT

Cm (pF) 19.94 £ 1.25 21.39 £ 0.99
PCD (pA/pF) (n =10-12) | -26.89 + 1.86 -30.74 £ 3.21
Va (MV) -45.00 + 1.89 -41.88 + 0.91
Vp (mV) -6.25 + 2.63 -3.75+1.57
Activation Viz (mV) -25.16 £ 1.85 -22.58 £ 0.89
Activation k (mV) 6.86 £ 0.36 7.08 £ 0.27
Inactivation V12 (mV) -90.65+1.91 -88.18 £ 0.91
Inactivation k (mV)*** -6.86 + 0.17 -8.41 + 0.32
Tp (Ms) 0.85+0.05 0.80 £ 0.04
RFI ti2 (ms) 6.25+0.73 5.25+0.41

DMSO: 0.01 %, 24 h, DAPT: 1 uM, 24 h. Data displayed as mean
+ SEM (n = 8-unless stated, N = 3). Unpaired t test used to
compare conditions. *** = P<0.001. Abbreviations: Cpu:
membrane capacitance, PCD: peak current density, Va: activation
voltage, V,: voltage at peak current, Vi,2: voltage for half maximal
activation/inactivation, k: rate of activation/inactivation T,: time to
peak, RFI Ti;: time for half-maximal recovery from inactivation.
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Similar to the effect seen in 1-GFP expressing cells, 1 uM did not inhibit peak current
density relative to vehicle, -8.5 = 1.3 pA/pF (n = 12) and -12.9 £ 1.9 pA/pF (n = 18),
respectively (P = 0.16, one-way ANOVA) (Figure 3.5F). Furthermore, 10 uM (-4.2 £ 0.63
pA/pF, n = 8) significantly inhibited peak current density compared to vehicle (P < 0.01,
one-way ANOVA). These data suggest L-685,458 is having an off-target effect in MDA-
MB-231 cells to elicit an inhibition of peak current density. As a transition-state analogue,
L-685,458 also inhibits signal peptidase, which has an active site structurally similar to
presenilin (Ran et al., 2015). Therefore, at higher concentrations, L-685,458 treatment
may be interfering with endogenous signal peptidase in MDA-MB-231 and hindering
proper protein transport. As 1 uM did not inhibit peak current density in either cell lines,
it was used to assess the effect of y-secretase inhibition on channel activation (Figure
3.5G), inactivation (Figure 3.5H) and recovery from inactivation (Figure 3.51). Parameters
were derived and compared between vehicle and drug treated cells (Table 3.3). However,
no differences were detected following L-685,458 treatment for any
activation/inactivation parameter, supporting the result using DAPT that y-secretase
inhibition does not affect the 1-induced Ina. However, the ability of 1 yM L-685,458 to
inhibit B11CD-GFP formation was not verified, so it is possible y-secretase may not be
fully inhibited. Although, 1 uM L-685,458 has been used previously (Kim et al., 2005;

Brackenbury & Isom, 2011).

The final y-secretase inhibitor to be tested was Avagacestat. Following the concentration
issues with L-685,458, two concentrations were tested: 1 uM and 10 puM (the
concentration used in Figure 3.3D). MDA-MB-231-B1GFP cells, treated with vehicle or
drug, were examined for their current-voltage relationship (Figure 3.6A,B), activation-
voltage relationship (Figure 3.6C), inactivation-voltage relationship (Figure 3.6D) and
recovery from inactivation kinetics (Figure 3.6E). Parameters were derived from these

experiments and compared between conditions (Table 3.4).
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Figure 3.5 The effect of L-685,458 treatment on the Bl-induced Na* current in MDA-
MB-231-B1GFP cells

(A) Representative whole-cell Na* currents generated in MDA-MB-231-B1GFP cells pre-
treated with DMSO (0.1 %, 24 h) or L-685,458 (1 uM/ 10 uM, 24 h) following stimulation
between -80 mV and +30 mV for 250 ms from -120 mV. (B) Current -voltage relationship
between -80 mV and +30 mV following pre-treatment with DMSO (n = 8, N = 3, blue
squares, 0.1 %, 24 h) or L-685,458 (n =8, N = 3, 1 uM, red triangles/ 10 yM, n =8, N =
3, black diamonds 24 h). (C) Change in peak current density (PCD) generated in MDA-
MB-231-1GFP cells following DMSO treatment (n = 18, N = 3), 1 uM L-685,458 pre-
treatment (n = 12, N = 3) and 10 uM L-685,458 pre-treatment (n = 7, N = 3). One-way
ANOVA used to test statistical difference of L-685,458 treatments to DMSO treatment.
ns = not significant, ** = P < 0.01. (D-F) Replicate A-C but using MDA-MB-231-GFP cells.
Same sample sizes used. (G) Conductance (G) — voltage relationship (n =8, N = 3) and
(H) inactivation — voltage relationship (n = 8, N = 3) of MDA-MB-231-B1GFP cells pre-
treated with DMSO (blue squares, 0.01 %, 24 h) or L-685,458 (red triangles, 1 uM, 24h).
Fitted Boltzmann equation overlaid. (I) MDA-MB-231-B1GFP cells pre-treated with
DMSO (blue squares, 0.01 %, 24 h, n =8, N = 3) or L-685,458 (red triangles, 1 uM, 24h,
n = 8) and recovery from inactivation measured. Fitted mono-exponential curve overlaid
(constraints: YO = 0, plateau = 1). Representative traces shown. Mean + SEM plotted for
all graphs.
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Table 3.3 Na* current parameter analysis of MDA-MB-231-B1GFP cells pre-treated
with L-685,458

Parameter DMSO L-685,458

Cm (pF) 19.44 + 0.62 21.10+1.85
PCD (pA/pF) (n =12-18) | -21.94 + 2.47 -19.34 + 1.50
Va (mV) -38.75 £ 1.83 -35.00 £ 0.94
Vp (mV) 1.88 + 2.30 5.00+2.11
Activation V12 (mV) -19.56 + 1.38 -16.11 £ 0.92
Activation k (mV) 7.87 £0.77 8.22+0.31
Inactivation V12 (mV) -80.99 £ 1.69 -80.26 £ 1.00
Inactivation k (mV) -5.67 £ 0.51 -6.00 + 0.43
Tp (Ms) 0.83 £ 0.07 0.80 £ 0.04
RFI ti2 (ms) 4.19+041 3.43+£0.17

DMSO: 0.1 %, 24 h. L-685,458: 1 uM, 24 h. Data displayed as
mean = SEM (n = 8- unless stated, N = 3). Unpaired t test used
to compare conditions, however no significant difference detected
for any condition. Abbreviations: C,: membrane capacitance,
PCD: peak current density, Va: activation voltage, V,: voltage at
peak current, Vi2: voltage for half maximal activation/inactivation,
k: rate of activation/inactivation T,: time to peak, RFI Ty.: time for
half-maximal recovery from inactivation.
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Figure 3.6 The effect of Avagacestat treatment on the Bl-induced Na* current in
MDA-MB-231-B1GFP cells

(A) Representative whole-cell Na* currents generated in MDA-MB-231-B1GFP cells pre-
treated with DMSO (0.1 %, 24 h) or Avagacestat (1 uM/ 10 uM, 24 h), following
stimulation between -80 mV and +30 mV for 250 ms from -120 mV. (B) Current -voltage
relationship between -80 mV and +30 mV. (n = 8, N = 3). (C) Conductance-voltage
relationship, from which activation Vi, was derived, between -80 mV and +30 mV. Fitted
Boltzmann sigmoidal curve overlaid. (n = 8, N = 3). (D) Steady-state inactivation. Cells
were stimulated at -10 mV following a 250 ms holding voltage of between -80 mV and
+30 mV. Normalised current produced plotted. Fitted Boltzmann sigmoidal curve overlaid.
Representative trace shown. (n = 3, N = 3) (E) Recovery from inactivation. Cells were
stimulated at 0 mV, then held at -120 mV for t s before re-stimulation at 0 mV. t ranged
from 1-500 ms. Fitted mono-exponential curve overlaid (constraints: YO = 0, plateau =
1). Representative trace shown. (n =2 5, N = 3). Mean + SEM plotted for graphs in B-E.
DMSO: blue squares, 1 yM Avagacestat: red triangles, 10 yM Avagacestat: black
diamonds.
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Table 3.4 Na* current parameter analysis of MDA-MB-231-B1GFP cells pre-treated

with Avagacestat

Parameter DMSO Ava (1 uM) Ava (10 uM)

Cm (pF) 21.56 + 1.07 22.18 £ 0.73 23.76 + 2.87
PCD (pA/pF) -31.06 + 2.45 -23.73 £ 3.96 -20.41 +6.00
Va (mV) -45.00 + 1.64 -44.38 + 1.48 -42.14 + 2.64
Vp (MV) -1.88 + 2.66 -3.13 £ 2.66 214+ 474
Activation V12 (mV) -22.17 £ 1.97 -25.45 + 1.26 -22.00 + 3.66
Activation k (mV) 7.78+0.31 7.69+0.25 8.52+2.14
Inactivation V12 (mV) -89.03 + 1.02 *-98.90 £ 3.64 -97.43 £ 0.64
Inactivation k (mV) -8.09 +0.34 -8.30 + 0.40 *-10.42+1.01
Tp (MS) 0.86 £ 0.05 0.750.04 *1.05+0.10
RFI ti2 (ms) 3.69 + 0.15 4.58 + 0.66 3.33+0.33
DMSO: 0.1 %, 24h. Avagacestat: 1/10 uyM, 24h. Data displayed as mean + SEM (n 2
7, except Ava (10 pM) for inactivation experiments, which was n = 3) (N = 3). One-way
ANOVA used to compare conditions. * = P < 0.05. Abbreviations: Ava: Avagacestat,
Cm: membrane capacitance, PCD: peak current density, Va: activation voltage, V.
voltage at peak current, Vi,: voltage for half maximal activation/inactivation, k: rate of
activation/inactivation Tp: time to peak, RFI Ty: time for half-maximal recovery from
inactivation.
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No difference was detected in peak current density nor recovery from inactivation
between conditions. A hyperpolarised shift in voltage threshold for half channel
inactivation was observed in 1 uM Avagacestat-treated cells compared to control, -98.9
+ 3.6 mV and -89.0 £ 1.0 mV respectively (n = 8, P < 0.05, one-way ANOVA). An
enhanced rate of inactivation was also observed in 10 uM treated cells compared to
control, -10.42 + 1.0 (n = 3) and -8.09 = 0.3 (n = 8) respectively (P < 0.05, one-way
ANOVA). Lastly, an increased time to Ina peak was observed in 10 uyM treated cells
relative to control, 1.05 £ 0.1 ms (n = 7) and 0.86 + 0.05 ms (n = 8) respectively (P <
0.05, one-way ANOVA). These changes in gating kinetics are likely a technical issue, as
holding membrane voltage at the required value is highly dependent on the strength of
the seal between membrane and pipette, or a statistical issue, as the sample size is only
eight and ten parameters are being measured with a significance threshold of P = 0.05.
Regarding the parameter changes elicited by (31, i.e. peak current density and recovery
from inactivation, none of the y-secretase inhibitors had an effect, suggesting y-

secretase does not regulate the B1-induced Ina.

3.2.3 y-secretase inhibition increases B1-induced cell adhesion

Transcellular adhesion is an important non-conducting function of f1 (Malhotra et al.,
2000). Adhesion, homophilically and heterophilically to various CAMs, is mediated
through an extracellular |g domain (Malhotra et al., 2000; McEwen & Isom, 2004). As the
ECD is cleaved off following secretase processing, inhibiting secretase cleavage should
cause an accumulation of full-length 1 and an increase in transcellular adhesion.
However, if only y-secretase is inhibited, CTFs may instead accumulate at the plasma
membrane, resulting in decreased transcellular adhesion, a phenomenon seen following
DAPT-treatment of CHO-B2 cells (Kim et al.,, 2005). Transcellular adhesion was
measured using a cell-cell adhesion assay (Wong & Filbin, 1996; Chioni et al., 2009),
involving pre-treatment of cells in vehicle or DAPT for 24 h, then attaining a single cell
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suspension using trypsin and mechanical agitation. The rate of cell-cell adhesion is
measured by counting the number of particles (cell aggregates of any quantity) every 30
min for 2 h and normalising the particle countto T = 0. DAPT treatment of MDA-MB-231-
B1GFP cells caused an increase in transcellular adhesion, exemplified by a decreased
particle count after 90 min, 0.22 + 0.02 (n = 30), compared to vehicle-treated cells, 0.52
+ 0.06 (n = 30, P < 0.05, two-way ANOVA) (Figure 3.7A,B). Treatment of MDA-MB-231
cells with DAPT, however, caused no change in transcellular adhesion (two-way
ANOVA) (Figure 3.7C). These data suggest that B1 is necessary for the DAPT-induced

increase in transcellular adhesion.

3.2.4 1 is not enriched at the plasma membrane

Functional evidence from chapters 3.2.2 and 3.2.3 suggests (31 is localised at the plasma
membrane. To better understand the membrane dynamics of (31, live MDA-MB-231-
B1GFP cells were imaged by confocal microscopy. Endogenous GFP, as well as the
membrane dye FM4-64 were visualised (Figure 3.8A). Comparing f1-GFP signal overlap
with FM4-64, 31-GFP did not appear to be enriched at the plasma membrane compared
to the cytosol (Figure 3.8B). To quantify membrane 1 expression, B1-GFP and FM4-64
signals were measured by line profiles spanning the plasma membrane. 3 — 4 line
profiles (5 um long) were taken equidistantly around the perimeter of the cell, avoiding
intracellular vesicles with bright GFP fluorescence, averaged out, then normalised to the
peak fluorescence of each respective fluorophore. The line profiles demonstrated peak
B1-GFP expression was offset from the FM4-64 fluorescence peak by ~500 nm (n = 10)
(Figure 3.8C). Whereas FM4-64 showed clear enrichment at the plasma membrane, (31-
GFP signal was more diffuse and peaked over a large range of points along the line

profile for each cell.
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Figure 3.7 Effect of y-secretase inhibition on Bl-induced transcellular adhesion in
MDA-MB-231 cells

(A) Single cell suspensions, pre-treated with DMSO (0.01 %, 24 h) or DAPT (1 uM, 24
h), were left to aggregate for 2 h. Treatments also included during experiment. The
number of particles in a sample was counted every 30 min. Black arrows demonstrate
cell aggregates after 90 min. (B) Quantification of the rate of transcellular adhesion of
MDA-MB-231-B1GFP cells pre-treated with DMSO or DAPT (n > 25, N = 3). (C)
Quantification of the rate of transcellular adhesion of MDA-MB-231 cells pre-treated with
DMSO or DAPT (n > 25, N = 3). Two-way ANOVA used to test significance between
treatments at each time point. * = P<0.05.
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Figure 3.8 Membrane localisation of B1-GFP in MDA-MB-231-B1GFP cells

(A) Confocal image of live MDA-MB-231-B1GFP cells stained just prior to imaging with
FM4-64 (120 nM). (B) Magnified image of A, focusing on the plasma membrane.
Example line profile shown on merge panel demonstrating GFP/FM4-64 fluorescence
(C) A5 um line profile across the plasma membrane of live MDA-MB-231-B1GFP cells.
Data displayed as mean (solid line) £+ SEM (dotted line). A 10-pixel wide line profile was
taken at four regions around the same cell and averaged to produce a cellular average
(n=10cells, N =1).
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As the GFP emission peak of ~509 nm is near the excitation peak of FM4-64 (~515 nm),
the possibility of the GFP signal being quenched by FM4-64 at the plasma membrane
was investigated. Firstly, robust colocalization of B1-GFP with FM4-64 is visible in
internal vesicles, suggesting FM4-64 is not capable of completely quenching GFP signal
(Figure 3.9A). To support this by quantitative means, Forster resonance energy transfer
(FRET) was used to investigate fluorescence transfer between GFP and FM4-64. FRET
is a microscopy technique used to assess the extent of quenching of one fluorophore by
another fluorophore. Multiple methods of assessing FRET are possible, in this work,
FM4-64 was photobleached and the subsequent change in GFP signal monitored. If GFP
is being quenched by FM4-64, an increase in signal would be expected following
photobleaching of FM4-64. FRET within internal vesicles was also examined as a control,
as both fluorophores demonstrate robust signal and clear overlap, so if FRET is possible
between GFP and FM4-64, it should be detectable foremost within internal vesicles.
Indeed, photobleaching of FM4-64 signal within internal vesicles resulted in a 8.9 +
0.03 % increase in GFP signal between the pre-bleach and post-bleach frames (n = 4,
P < 0.05, unpaired t-test), implying FM4-64 can quench GFP signal (Figure 3.9B,C).
However, the complete lack of fluorescence peak at the plasma membrane for $1-GFP
is not explainable by the 8.2 % decrease in the GFP signal that would be expected if 1-
GFP and FM4-64 were co-localised at the plasma membrane. When FRET at the plasma
membrane was investigated, no increase in GFP signal was detected following FM4-64
photobleaching (Figure 3.9D,E). The lack of GFP fluorescence increase at the plasma
membrane following FM4-64 photobleaching is likely due to lack of sufficient
concentration of GFP at the plasma membrane to elicit a detectable level of FRET. FRET
occurs when fluorescent molecules are within nanometre range, whereas the 31-GFP-
FM4-64 peak offset observed was ~500 nm (Figure 3.8C). In summary, these data
suggest that B1-GFP is most likely not enriched at the plasma membrane, compared to

the robust signal 31-GFP displays within intracellular vesicles.
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Figure 3.9 Forster resonance energy transfer (FRET) of B1-GFP and FM4-64 in
MDA-MB-231-B1GFP cells

(A) Co-localisation of FM4-64 and B1-GFP within intracellular vesicles, adjacent to the
nucleus of a live MDA-MB-231-B1GFP cell. (B,D) FRET between GFP and FM4-64
within intracellular vesicles (B) and at the plasma membrane (D). Regions of interest
were photobleached using 100 iterations of a 561 nm laser (100 % laser power) to
achieve 80-90 % bleaching of FM4-64. Data displayed as mean (solid line) + SEM (dotted
line). Green circles = B1-GFP. Red triangles = FM4-64 (C,E) Quantification of FRET
between GFP and FM4-64 within intracellular vesicles (C) and at the plasma membrane
(E) using data from B and D respectively. GFP fluorescence (normalised to fluorescence
of the first frame) between the pre-bleach and post-bleach recording, within the region
of interest, was compared using an unpaired t-test. n = 4 — 6, N = 1. Data displayed as
mean £ SEM. ns = not significant. * = P<0.05.
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3.2.5 pB1intracellular domain formation is undetectable using fluorescence
recovery after photobleaching

Following the observation of low plasma membrane 31 expression in chapter 3.2.4, the
internal localisation of B1 was investigated. The generation of 1ICD was examined
using fluorescence recovery after photobleaching (FRAP) to determine if the low plasma
membrane abundance is due to the overwhelming intracellular GFP signal originating
from cleaved B11CD-GFP and not full-length B1-GFP, as the GFP tag is fused to the C-
terminus of B1. Live MDA-MB-231-B1GFP cells, treated with vehicle (0.01 % DMSO, 24
h) or DAPT (1 uM, 24 h), were imaged on a confocal microscope via detection of
endogenous GFP. A 2 um region of interest within the cytosol was photobleached and
GFP fluorescence recovery monitored at the leading and trailing edges of MDA-MB-231-
B1GFP cells (Figure 3.10). The leading and trailing edges were both examined as MDA-
MB-231 cells are polarised, and secretase cleavage may be different between the two
functionally distinct compartments. The FRAP procedure measures fluorescence
recovery at a mid-cellular level at the leading and trailing edges of MDA-MB-231-1GFP
cells. Due to the thinness of MDA-MB-231 cells at the extremities, the photobleaching
event also encapsulates plasma membrane 1 at the apical and basal membranes, as
well as intracellularly retained B1. The hypothesis was vehicle-treated cells should
contain a mixed population of membrane-bound B1-GFP and soluble B1ICD-GFP,
whereas DAPT-treated cells should contain membrane-bound B1-GFP only. Therefore,
fluorescence recovery in vehicle-treated cells should be accelerated and the mobile
fraction enhanced, due to the influence of soluble B1ICD-GFP within the GFP-positive
cellular elements. However, parameter analysis demonstrated no differences in mobility
between vehicle and DAPT-treated cells at either the leading or trailing edges (Table
3.5). The mobile fraction is a measure of the proportion of fluorophores that are mobile
during the time course, a value less than 1.0 implies a sub-population of the fluorophore

is immobilised within the region of interest and not able to diffuse out.
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Figure 3.10 Assessing B1-ICD formation in MDA-MB-231-B1GFP cells using
fluorescence recovery after photobleaching (FRAP)

(A) Typical polarised MDA-MB-231-B1GFP cell with the leading and trailing edges
denoted. The leading edge was defined as the pole with lamellipodia present. (B)
Representative photobleaching and recovery of GFP fluorescence at the leading edge
of a live MDA-MB-231-B1GFP cell following photobleaching with a 488 nm laser (40
iterations, 100 % laser power). (C,D) Quantification of the recovery of GFP fluorescence
in MDA-MB-231-B1GFP cells, after DMSO (0.01 %, 24 h, red line) or DAPT (1 pM, 24 h,
blue line) pre-treatment, at the leading (C) and trailing (D) edges. Recordings were taken
every 250 ms. Photobleaching event displayed as black dotted line at time = 0. Data
displayed as mean (solid line) + SEM (dotted line). n > 25, N = 3.
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Table 3.5 Mobility parameters of B1-GFP at the leading and trailing edges of a MDA-
MB-231-B1GFP cell following DAPT treatment

Leading edge Trailing edge
DMSO (n=28) | DAPT (n=27) | DMSO (n=25) DAPT (n=26)
Mobile 0.68 0.72 0.74 0.69
fraction (0.60-0.88) (0.62-0.79) (0.63-0.95) (0.49-0.92)
P =0.55 P=0.19
time 2.49 2.33 2.70 2.52
constant (s) (1.82-2.97) (1.89-2.76) (1.97-3.21) (2.13-3.21)
P =0.60 P =0.82
Dao 0.11 0.11 0.11 0.10
(um?s) (0.09-0.18) (0.08-0.14) (0.07-0.16) (0.07-0.14)
P=0.72 P=0.73
Comparisons between DMSO-DAPT treatment for each parameter at each location made
using a Mann-Whitney test, P-value displayed underneath each comparison. Data
displayed as median (IQR). n > 25, exact n number displayed next to each condition. N =
3. Abbreviations: Dp: diffusion coefficient.
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Soluble B1ICD-GFP was expected to be freely mobile, while membrane bound B1-GFP
may be immobilised. No different in the mobile fraction was detected at the leading edge
(DMSO-treated cells: 0.68 (median, n = 28, IQR: 0.60 — 0.88), DAPT-treated cells: 0.72
(median, n = 27, IQR: 0.62 — 0.79), P = 0.55, Mann-Whitney U test) or trailing edge
(DMSO-treated cells: 0.74 (median, n = 25, IQR: 0.63 — 0.95), DAPT-treated cells: 0.69
(median, n = 26, IQR: 0.49 — 0.92), P = 0.19, Mann-Whitney U test), suggesting B11CD-
GFP is undetectable, or it is similarly as immobilised as B1-GFP. Regardless, the GFP
signal does not appear to be freely mobile. The time constant is used to calculate the
diffusion coefficient, which is a measure of the rate of diffusion and the metric that is
most likely to distinguish a soluble from transmembrane protein. A typical diffusion
coefficient for a transmembrane protein can range from 0.001 — 0.1 ym?s?, whereas 1 —
20 um?stis typical for soluble GFP (Kusumi et al., 1993; Swaminathan et al., 1997;
Calvert et al., 2010; Gura Sadovsky et al., 2017). The time constant is the time taken for
half-maximal fluorescence recovery in the region of interest and thus is dependent on
the size and geometry of the region of interest. Whereas the diffusion coefficient predicts
the rate of Brownian diffusion, taking into account the time constant and the size of the

region of interest.

An increased time constant and decreased diffusion coefficient was expected in DAPT-
treated MDA-MB-231-31-GFP cells, as there is no B1ICD-GFP present. However, no
difference was calculated between the time constants of DMSO- and DAPT-treated cells
at the leading edge (DMSO-treated cells: 2.49 s (median, n = 28, IQR: 1.82 — 2.97),
DAPT treated cells: 2.33 s (median, n = 27, IQR: 1.89 — 2.76), P = 0.60, Mann-Whitney
U test) or trailing edge (DMSO-treated cells: 2.70 s (median, n = 25, IQR: 1.97 — 3.21),
DAPT-treated cells: 2.52 s (median, n = 26, IQR: 2.13 — 3.21), P = 0.82, Mann-Whitney
U test). Furthermore, no difference between the diffusion coefficients between conditions

at the leading edge (DMSO-treated cells: 0.11 um?s™t (median, n = 27, IQR: 0.09 — 0.18),
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DAPT-treated cells: 0.11 ym?2s™? (median, n = 27, IQR: 0.08 — 0.14), P = 0.72, Mann-
Whitney U test) or trailing edge (DMSO-treated cells: 0.11 ym?s?* (median, n = 25, IQR:
0.07 — 0.16), DAPT-treated cells: 0.10 um?s? (median, n = 26, IQR: 0.07 — 0.14), P =
0.73, Mann-Whitney U test) was observed. Thus, the data here suggest that the
predominantly intracellular GFP signal observed in MDA-MB-231-B1GFP is still
characteristic of transmembrane proteins and little/no detectable B11CD is present within
the region of interests tested. Possible reasons for this are: B1ICD-GFP is being
generated in a restricted spatial location within the cell, the proportion of 1ICD-GFP
present within the region of interest is overwhelmed by the amount of B1-GFP and is
undetectable, or B11CD-GFP remains associated with the membrane after y-secretase

cleavage.

3.2.6 pB1is expressed in the endolysosomal pathway

A noticeable feature of B1-GFP expression is the bright puncta localised in the
perinuclear region, assumed to be of vesicular origin. APP and Notch are both found
within the endolysosomal pathway and are both processed by y-secretase within this
pathway (Vaccari et al., 2008; Tam & Pasternak, 2015). To test the hypothesis that these
B1-GFP puncta are endosomal in origin, fixed MDA-MB-231-B1GFP cells were co-
stained for early endosome antigen 1 (EEA1), an early endosomal marker, and co-
localisation determined using super resolution confocal with Airyscan microscopy. To
investigate whether y-secretase cleavage may be occurring within endosomes MDA-MB-
231-B1GFP cells were treated with DAPT (1 uM, 24 h) and co-localisation measured.
The hypothesis was that inhibition of $1-GFP proteolysis within endosomes would cause
an accumulation of endosomal GFP signal, as B11CD-GFP is not cleaved and released
into the cell but retained at the membrane as part of $1-GFP or B1CTF-GFP. In DMSO-

treated cells, B1-GFP puncta demonstrated partial EEA1 co-localisation, suggesting 31-
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GFP is being endocytosed from the plasma membrane, however, not all B1-GFP puncta
co-localise with EEA1, so B1-GFP must also be found within other vesicles (Figure
3.11A). In DAPT-treated cells, a comparable, partial 1-GFP puncta co-localisation with
EEA1 was also observed (Figure 3.11B). Co-localisation was quantified and compared
between conditions in an attempt to discriminate any potential differences in EEA1+ B1-
GFP expression following DAPT treatment. Co-localisation between GFP and EEAl1
signal was measured using Pearson’s correlation coefficient (PCC). If y-secretase
inhibition causes an accumulation of endosomal B1-GFP, a higher PCC would be
expected in DAPT-treated cells. However, following co-localisation analysis, a decrease
in PCC was observed in DAPT-treated compared to DMSO-treated MDA-MB-231-
B1GFP cells, 0.47 (median, IQR: 0.41 — 0.52, n = 25) and 0.53 (median, IQR: 0.48 —
0.55, n = 26) respectively (P = 0.02, Mann-Whitney U test) (Figure 3.11C). This result
suggests that endosomes are not a site of y-secretase processing of 31, but perhaps y-
secretase inhibition sequesters 1-GFP at the plasma membrane, thus reducing

endosomal enrichment.

As B1 demonstrates only partial endosomal co-localisation, fixed MDA-MB-231-31GFP
cells were co-stained for lysosomal associated membrane protein 1 (LAMP1), to
determine if a population of 1-GFP puncta are lysosomal in origin. lysosomes are a
common site of secretase processing of APP (Tam & Pasternak, 2015). Co-localisation
was again quantified, using PCC, with and without DAPT treatment. LAMP1/B1-GFP co-
localisation was present in vehicle and DAPT-treated cells (Figure 3.12A,B). however
no difference was seen in the degree of co-localisation between DMSO and DAPT
treated cells (P = 0.44, Mann-Whitney u test), 0.52 (median, n = 27, IQR: 0.45 — 0.60)
and 0.52 (median, n = 23, IQR: 0.43 — 0.56) respectively (Figure 3.12C), suggesting

lysosomes are not a site of y-secretase processing of 31-GFP.
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Figure 3.11 Assessing changes in B1 localisation in early endosomes of MDA-MB-
231-B1GFP cells following y-secretase inhibition

(A,B) MDA-MB-231-B1GFP cells, pre-treated with DMSO (A, 0.01 %, 24 h) or DAPT (B,
1 uM, 24 h), were stained for EEA1, DNA (using DAPI) and endogenous GFP detected
using a confocal microscope. For each condition, a magnified image with a raised lower
pixel threshold limit is given below the unmagnified image. The raised lower pixel
threshold allows for best visualise of the punctate expression profile of f1-GFP. White
arrows indicate regions of co-localisation of 1-GFP and EEAL. (C) Quantification of the
co-localisation of GFP and EEA1 was calculated using Pearson’s correlation coefficient.
Data displayed as min-max box plots. n > 25, N = 3. Mann Whitney test used to test for
significance. * = P < 0.05.
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Figure 3.12 Assessing changes in B1 localisation in lysosomes of MDA-MB-231-
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(A,B) MDA-MB-231-B1GFP cells, pre-treated with DMSO (A, 0.01 %, 24 h) or DAPT (B,
1 uM, 24 h), were stained for LAMP1 (lysosome marker), DNA (using DAPI) and
endogenous GFP detected using a confocal microscope. For each condition, a magnified
image with a raised lower pixel threshold limit is given below the unmagnified image. The
raised lower pixel threshold allows for best visualise of the punctate expression profile of
B1-GFP. White arrows indicate regions of co-localisation. (C) Co-localisation was
quantified using Pearson’s correlation coefficient. Data displayed as min-max box plots.
n = 23, N = 3. Mann Whitney test used to test for significance. ns = not significant.
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Lysosomes appeared to not be a site of y-secretase processing of 1, however, B1-
GFP/LAMPL1 co-localisation was detected, suggesting lysosomes may be the site of 31-
GFP degradation. To test whether B1-GFP was indeed being degraded in lysosomes,
MDA-MB-231-B1GFP cells were treated with chloroquine. Chloroquine inhibits
lysosomal degradation and causes a characteristic swelling of lysosomes (Mauthe et al.,
2018). MDA-MB-231-B1GFP cells pre-treated with chloroquine display enlarged
intracellular vesicles, lined with B1-GFP signal, which are not seen in negative control

cell, supporting the hypothesis that 31 is degraded in lysosomes (Figure 3.13).

3.2.7 PB1 displays partial nuclear localisation

The fate of many y-secretase-generated ICDs is translocation to the nucleus in order to
regulate gene expression (Haapasalo & Kovacs, 2011). To examine whether any 1-
GFP signal was present in the nucleus, fixed MDA-MB-231-B1GFP cells were
permeabilised with Triton X-100 or digitonin. Triton X-100 is a detergent capable of
permeabilising all cellular membranes, whereas digitonin is incapable of permeabilising
the nuclear membrane, thus not permitting antibody access to nuclear antigens (Mojica
et al., 2015). This was confirmed by staining for the inner nuclear membrane protein,
Lamin B2. Cells permeabilised with Triton X-100, unlike digitonin, showed Lamin B2
signal, confirming that digitonin treatment, unlike Triton X-100, was incapable of
permeabilising the nuclear membrane (Figure 3.14A). To determine $1-GFP nuclear
localisation, the nuclear: cytoplasmic signal density ratio was determined following Triton
X-100 and digitonin incubation (Figure 3.14B). The nuclear: cytoplasmic signal density
ratio was significantly reduced in digitonin-permeabilised cells compared to Triton X-100
permeabilised cells, 0.45 + 0.02 (n = 28) and 0.55 = 0.01 (n = 26) respectively,
suggesting a small fraction of 1-GFP signal may be present within the nucleus (P <

0.001, unpaired t test) (Figure 3.14C).

133



control chloroquine (10 pM)

Figure 3.13 Lysosomal degradation of B1-GFP in MDA-MB-231-B1GFP cells

MDA-MB-231-B1GFP cells were pre-treated without (control) or with chloroquine (10 uM,
24h). Cells were then fixed and endogenous GFP detected using a confocal microscope
with Airyscan technology. White arrows indicating enlarged lysosomes.

134



A nucleus Lamin B2

o

=

<

c

2

e 20 gym

=

c

o

k=2

©

+

B nucleus 1-GFP

o

=

>l< 4

c

2

= .

+ Ry

£

C

o

k=2

©

+
C D ns E :

0-8 _9810 T == o 1.0 ==
:g : ookl e c - 8 e
T 06 g8 s & o
O 04 3 0.5 S @ 05
.. - bt S ot
Z 02 ‘ \ 29 g
0.0 © =00 = 0.0

3= Triton X-100
3 digitonin

Figure 3.14 Nuclear localisation of B1-GFP in MDA-MB-231-B1GFP cells

(A,B) MDA-MB-231-B1GFP cells were fixed and permeabilised with Triton X-100 (0.3 %)
or digitonin (50 pg/ml). Cells were labelled for Lamin B2 (A) or GFP (B) and imaged on
a confocal microscope. (C) Quantification of the nuclear: cytoplasmic (N:C) signal density
ratio between Triton X-100 (blue, left hand column) and digitonin (red, right hand column)
permeabilised cells. Data displayed as mean + SEM. Unpaired t-test used to test
significance. *** = P<0.001. n = 27 — 28, N = 3. (D,E) Comparison of the (D) cytoplasmic
fluorescence intensity and (E) nuclear fluorescence intensity between MDA-MB-231-
BL1GFP cells permeabilised with Triton X-100 (blue left bar) or digitonin (red right bar).
Data normalised to Triton X-100 permeabilised cells for D,E, Data displayed as Mean +
SEM. n =27 — 28, N = 3. Unpaired t test used to test significance. ns = not significant. *
=P < 0.05.

135



Both Triton X-100 and digitonin permeabilised cells demonstrated a comparable
cytoplasmic fluorescence intensity (Figure 3.14D, n = 27, P = 0.86, unpaired t test),
suggesting a change in cytoplasmic fluorescence intensity was not responsible for the
difference in nuclear : cytoplasmic signal density ratio. The nuclear fluorescence intensity
of digitonin-permeabilised cells was, however, reduced by 23 % compared to Triton X-
100 permeabilised cells (Figure 3.14E, n = 27, P < 0.05, unpaired t test), verifying the
reduced nuclear: cytoplasmic signal density ratio seen in digitonin-permeabilised is due

to reduced nuclear signal.

A noteworthy observation from the previous experiment was a clear enrichment of (31-
GFP encircling the nucleus. In a separate experiment, MDA-MB-231-31GFP cells were
co-stained for DAPI, B1-GFP and Lamin B2, and co-localisation assessed using line
profiles across the nuclear membrane (Figure 3.15A,B). Lamin B2 and DAPI were offset
by ~500 nm, consistent with Lamin B2 being a nuclear membrane protein ( n = 10 cells)
(Figure 3.15C). B1-GFP and Lamin B2, however, showed a clear co-localisation,
although the B1-GFP peak was offset in the cytoplasmic direction by ~40 nm.
Furthermore, intranuclear Lamin B2 signal, arising from nuclear membrane invaginations,
also displayed B1-GFP co-localisation. In summary, B1-GFP localised close to Lamin B2,
with an offset of ~ 40 nm. This offset is below the resolution limit of confocal with Airyscan
microscopy and so, is difficult to interpret, however the perinuclear space is 30 — 50 nm
wide, suggesting the B1-GFP signal may be originating from the outer nuclear membrane
or the endoplasmic reticulum, which is continuous with the outer nuclear membrane

(Lusk et al., 2007; Linde & Stick, 2010), rather than the inner nuclear membrane itself.
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Figure 3.15 Co-localisation of B1-GFP with the inner nuclear membrane marker
Lamin B2 in MDA-MB-231-B1GFP cells

(A,B) MDA-MB-231-B1GFP cells, fixed, labelled for DNA (using DAPI), GFP and Lamin
B2, and imaged using a confocal microscope with Airyscan technology. Examples of a
nucleus free of invaginations (A) and with invaginations (B, marked with white arrow) are
given. DAPI left out of merge in B to increase clarity on the B1-GFP-Lamin B2 overlap.
(C) Quantification of the B1-GFP-Lamin B2 overlap. A 4 ym long, 10-pixel wide line profile
was taken across the nuclear membrane of MDA-MB-231-B1GFP cells. Data displayed
as mean (solid line) + SEM (dotted line) (n = 10, N = 1).
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3.3 Discussion

This chapter aimed to advance understanding of the role of y-secretase cleavage in
regulating B1 function in MDA-MB-231 cells. 31 expression in MDA-MB-231 cells
increased current density and accelerated channel recovery from inactivation. Using
three different y-secretase inhibitors (DAPT, L-685,458, Avagacestat) demonstrated no
involvement of y-secretase cleavage in regulating the p1-induced Ina. DAPT treatment
did, however, accelerate f1-induced cell adhesion, raising the possibility of an increase
in cell surface B1 following y-secretase inhibition. Surprisingly, when MDA-MB-231-
B1GFP cells were imaged, plasma membrane (31 expression was undetectable. Instead,
B1-GFP was enriched within intracellular compartments, including endosomes and
lysosomes, as well as an unidentified perinuclear compartment. Considering the fact 31-
GFP co-localised with the inner nuclear membrane marker, Lamin B2, the perinuclear
compartment is likely the nuclear membrane or the closely associated endoplasmic
reticulum. A small fraction of nuclear B1-GFP was detected, although further work is

required to determine the localisation and role of f1-ICD.

B1 expression in MDA-MB-231 cells increased peak current density, presumably through
an increase in VGSC membrane expression, as has been demonstrated previously
(Meadows et al., 2001; Chioni et al., 2009). B1 also accelerated recovery from
inactivation, a previously reported phenomenon, although the mechanistic basis is still
unclear (Laedermann et al., 2013). Charge neutralisation mutations of DIV:VSD delay
recovery from inactivation, suggesting DIV:VSD relaxation is required for recovery from
inactivation (Capes et al., 2013). Furthermore, recent crystallisation of the electric eel
Na,1.4-B1 complex determined 1 interacts with DIV:VSD, implicating direct modulation
of VSD movement as a possible mechanism for $1-induced RFI acceleration (Yan et al.,

2017).
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y-secretase inhibition was ineffective in modulating B1-induced Ina. This was unexpected,
owing to the involvement of B1-ICD in binding a-subunit and the putative role of 2-ICD
in regulating a-subunit expression (Meadows et al., 2001; Kim et al., 2005). It would
therefore appear that B1-ICD is not involved in binding a-subunits or regulating a-subunit
expression. B1 can also interact with a-subunits through an extracellular binding site
(McCormick et al., 1998), which may be the dominant interaction site in this cell model.
y-secretase inhibition did, however, increase (1-induced transcellular adhesion,
suggesting a possible increase in plasma membrane B1 expression. This may occur
through accumulation of full-length 31 at the cell surface, due to inhibition of the cleavage
pathway. Interestingly, y-secretase inhibition decreases 2-mediated cell adhesion in
Chinese hamster ovary cells (Kim et al., 2005), supporting the idea that secretase
cleavage can regulate B-mediated cell adhesion but suggesting this process may be cell

type-dependent or 3-subunit dependent.

Assuming B1-induced cell adhesion depends on the plasma membrane expression of
B1, it would appear that peak current density is not proportional to membrane expression
of B1, as y-secretase inhibition simultaneously increased adhesion, yet did not increase
peak current density. However, membrane (1 accumulation may not necessarily be
accompanied by a-subunit membrane accumulation. The endocytic fates of the two
subunits is distinct, as a-subunits are eventually degraded via the proteasome (Rougier
et al., 2005), whereas novel evidence presented here suggests that chloroquine
treatment and LAMP1 co-localisation within this study demonstrated 31 is degraded
within lysosomes, suggesting 1 may accumulate at the plasma membrane following

DAPT treatment but a-subunits are internalised as usual.
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Despite functional evidence of plasma membrane 1 expression and confocal imaging
revealing co-localisation of 1 with two endocytic markers- EEA1 and internalised FM4-
64, directimaging of membrane (31 was inconclusive. The lack of cell surface enrichment
may be an intrinsic property of 1, as overwhelming intracellular 31 expression has been
reported previously in Madin-Darby canine kidney cells, unlike B2, which showed
membrane enrichment (Dulsat et al., 2017). More sensitive method of plasma membrane
B1 detection would be beneficial for dissecting the membrane dynamics of 31 at resting
state and following y-secretase inhibition. For instance, APP also demonstrates low
plasma membrane enrichment yet various methods have been used to detect its cell-
surface expression, including cell surface biotinylation (Haass et al., 1992), induced
exocytosis using Ca?*-ionophores (Allinquant et al., 1994), and imaging phluorin-tagged

APP (Bauereiss et al., 2015).

This study attempted to locate the subcellular site of secretase cleavage of 31 using the
y-secretase inhibitor, DAPT, and various imaging technigues. Firstly, using FRAP, DAPT
treatment was expected to reduce the mobility of GFP elements within MDA-MB-231-
B1GFP cells as production of soluble, rapidly diffusing B11CD-GFP was prevented. The
diffusion coefficient for soluble GFP in mammalian cells is typically 15 — 20 ym?s? (Gura
Sadovsky et al., 2017), whereas transmembrane proteins diffuse at 0.1 — 1 pm?2s¥,
although much difference is observed depending on cell model, and acquisition and
analysis methodology used (Kusumi et al., 1993). However, no B1ICD fraction was
detectable at the leading or trailing edge of the cell. This could be due to multiple reasons.
For instance, such a small fraction of 11CD-GFP may be produced that it is undetectable
amongst the overwhelming full-length 31-GFP fraction. 311CD-GFP mobility may be too
fast to detect, as the acquisition process was not optimised to detected movement of
soluble elements. B1ICD-GFP may be immobilised at the membrane and not freely

mobile. Or B1ICD production is localised to a cellular compartment and not occurring at
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the leading or trailing edge. Due to the lack of success using FRAP, the only conclusion
that can be deduced is that 311CD-GFP production is not abundant and easily detectable.
The multitude of possible reasons for this will be addressed in subsequent chapters. The
second technique used to investigate B1ICD-GFP production was co-localisation
analysis. Early endosomes and lysosomes were investigated, as lysosomes are a known
location of secretase processing (Lorenzen et al., 2010). It was hypothesised that DAPT
treatment would cause a lysosomal and endosomal accumulation of 31-GFP if secretase
cleavage within lysosomes was prevented, which would be detected as an increase in
the proportion of cellular 31-GFP within endosomes/lysosomes following co-localisation
analysis. However, co-localisation analysis suggested y-secretase processing is not
occurring within the endolysosomal pathway, as no increase in correlation between 31-
GFP and endosomal or lysosomal markers was detected. However, a decrease in
correlation was detected between B1-GFP and EEA1l following DAPT-treatment,
suggesting relative B1 enrichment elsewhere. If secretase cleavage is occurring at the
plasma membrane, y-secretase inhibition may induce 1 accumulation at the plasma
membrane and reduce endocytosis, resulting in reduced correlation with EEAL.
Decreased B1GFP/EEA1 correlation following DAPT treatment therefore supports the
theory that y-secretase inhibition increases surface 1 expression, proposed following
the finding that DAPT treatment enhances B1-mediated transcellular adhesion. The
discovery that 1 is enriched within the endolysosomal pathway was, in itself, a novel
discovery, however it would be appear that y-secretase is not clearly occurring within the
pathway using this co-localisation analysis. Methods used previously to monitor
secretase processing of APP, include dual-labelling APP with N-terminal and C-terminal
fluorescent tags and monitoring terminus dissociation by subcellular fractionation

(Coughlan et al., 2013; Parenti et al., 2017; Tan & Gleeson, 2019).
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Nuclear localisation of secretase generated ICDs and subsequent gene regulation is a
common phenomenom (Haapasalo & Kovacs, 2011). Imaging MDA-MB-231-B1GFP
cells using the detergent digitonin, which prevents antibody access into the nucleus,
revealed a small fraction of nuclear B1-GFP signal. However, whether this nuclear
fraction is secretase-dependent was not tested and would be informative. Furthermore,
nuclear signal was still detectable in digitonin-permeabilised samples, suggesting
digitonin did not fully restrict nuclear antibody access or cytoplasmic GFP signal
above/below the nucleus is being detected within the nucleus. Furthermore, MDA-MB-
231 nuclei contain abundant invaginations, demonstrated by Lamin-B2 staining, which
co-localise with 31-GFP signal and would be detectable within the perimeter of nuclei
using this analysis technique. Visualisation of nuclear APP-ICD has required proteasome
inhibition, nuclear export inhibition and ICD overexpression to determine nuclear
expression, owing to the low abundance/high turnover of APP-ICD (von Rotz et al., 2004;
Gersbacher et al., 2013). Nuclear fractionation and Gal4/LexA-fusion proteins have also
been used to determine nuclear expression and transcriptional function of APP (Cao &

Sudhof, 2001; Kimberly et al., 2001).

An intriguing co-localisation of B1-GFP and the inner nuclear membrane marker Lamin
B2 was detected in this study. Membrane-spanning proteins such as APP and NCAM
are detectable in nuclear fractions and cell adhesion molecules are known to insert into
the nuclear membrane, so potentially B1 has a presently unknown function within the
nuclear membrane (Kleene et al., 2010; Okamoto, 2012). However, as the ER is
continuous with the nuclear membrane, and ER markers also co-localise with Lamin B2,

it is possible ER-bound 1 is overlapping with Lamin B2 (Linde & Stick, 2010).
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3.4 Conclusion

The hypothesis of this results chapter was that y-secretase cleavage regulates 31
function, with focus on the electrophysiological properties of 1, the cell adhesive
properties of 1 and the subcellular fate of B1-ICD. Although, it is apparent 1 is being
cleaved by y-secretase in MDA-MB-231 cells, it is still not clear what the functional impact
of proteolysis on 31 is, or where y-secretase cleavage is occurring. Using multiple y-
secretase inhibitors, secretase processing was credibly revealed to not affect the
electrophysiological properties of 1. y-secretase inhibition did increase 1-induced cell
adhesion and decrease early endosome co-localisation, suggesting y-secretase
cleavage may regulate plasma membrane 31 expression, although quantifying cell-
surface B1 expression after y-secretase inhibition would be required to support these
findings. Lastly, B1-ICD production was not detectable at the leading or trailing edges of
the cell, or within the endolysosomal pathway. A small fraction of 1-GFP was detectable
within the nucleus, supporting the possibility that 1-ICD localises to the nucleus.
However, the fate of 31-ICD is still largely uncertain and will be explored in the following
chapter to try and ascertain a possible role of y-secretase cleavage in regulating 31

function.
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Chapter 4: Expression and functional analysis of B1-intracellular domain

4.1 Introduction

y-secretase cleavage, following an a- or (B-secretase cleavage event, regulates the
function of many type | transmembrane proteins (Haapasalo & Kovacs, 2011). y-
secretase cleavage can occur at the plasma membrane, as well as within internal
membranes, such as lysosomes and the trans-Golgi network (Chyung et al., 2005; Tam
et al., 2014; Tan & Gleeson, 2019). The subsequent generation of an ICD allows for
efficient intracellular cell signalling, often leading to nuclear trafficking and gene
regulation. Some examples of functionally characterised ICDs include: LRP8-ICD, which
regulates synaptic plasticity, P75NTR-ICD, which inhibits cell cycle progression and
induces apoptosis, and Notch-ICD, which regulates cell fate determination during
neurodevelopment (Lowell et al.,, 2006; Parkhurst et al., 2010; Telese et al., 2015).
Notch-ICD is a well-documented oncogene, due to its integral involvement in proliferation
and differentiation (Ellisen et al.,, 1991). In triple-negative breast cancer cells, Notch
signalling upregulates Myc expression (Stoeck et al.,, 2014). Additionally,
immunohistochemistry analysis of patient oral tumour biopsies shows Notch-ICD
expression correlates with tumour progression and Notch-ICD+/c-Myc+ double positive
cases have reduced overall survival compared to other oral cancer cases (Gokulan &

Halagowder, 2014)

The functional consequences of 31-ICD generation have yet to be reported. Inhibition of
y-secretase cleavage prevents B1-induced neurite outgrowth in cultured cerebellar
granule neurons (Brackenbury & Isom, 2011). However, whether neurite outgrowth is
directly due to B1-ICD generation or some other aspect of 1 behaviour, such as protein
turnover, was not investigated. Unlike B1-1CD, 32-ICD has been the subject of research.

B2-ICD localises to the nucleus, as well as throughout the cytoplasm, when
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overexpressed in neuronal SH-SY5Y cells, which is accompanied by an increase in
Na,1.1 mRNA and protein expression (Kim et al., 2007). Furthermore, in neuroblastoma
B104 cells overexpressing BACE1 and B2, secretase processing is enhanced, Nay1.1
expression also increased, yet Ina reduced (Kim et al., 2007). This led the authors to
conclude that 2-ICD is directly involved in upregulating SCN1A gene expression but is

not sufficient in trafficking Nay1.1 to the cell surface.

The involvement of B-subunit ICDs in metastatic cell behaviour has yet to be investigated.
However, inhibiting y-secretase cleavage decreases B2-induced transcellular adhesion
and migration in CHO-B2 cells, suggesting that secretase processing may regulate
surface expression of 32 or 32-ICD induces a cell adhesion/migration signalling pathway
(Kim et al., 2005). However, 2-ICD expression in CHO-B2 cells did not have an effect
on cell migration, suggesting $2-1CD is not responsible for $2-induced cell migration (Kim
et al., 2005). Whereas expression of 2-CTF in CHO-B2 cells did have an inhibitory effect
on B2-induced cell migration, suggesting B2-CTF accumulation caused the negative
effect on B2 function induced by y-secretase inhibition (Kim et al., 2007). Furthermore, a
transmembrane 4 construct lacking the Ig loop, similar to B4-CTF, is capable of
recapitulating B4-induced inhibition of MDA-MB-231 migration and invasion (Bon et al.,
2016). These results hint at a tumour-suppressive role of 4, which is independent from
the extracellular Ig loop and implicates a possible involvement of secretase processing
of B-subunits in regulating metastatic cell behaviour. In summary, the mechanism by
which B-subunits contribute to cancer cell behaviour is unclear, although links between
the CTFs/ICDs of f2 and 34 and regulation of cell migration and adhesion have emerged,
suggesting a possible contribution of secretase processing in regulating B-subunit
function in cancer cells. However, the functional activity of the 11CD in metastatic breast

cancer cells is still unknown.
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4.1.1 Hypothesis and aims

The rationale of this chapter was to focus on B1-ICD, as it is the final secretase-
generated product of 31 and if secretase processing is involved in regulating 1 function,

overexpression of B1-ICD should recapitulate these functions.

Results from chapter 3 offered some insight into the possible function of 31-ICD in breast
cancer cells. y-secretase inhibition did not reduce the B1-induced Ina, implying 1-1CD is
not involved in the process. Additionally, y-secretase inhibition slightly increased 31-
induced cell adhesion, suggesting f1-ICD may have a negative impact on cell adhesion,
or alternatively, that y-secretase inhibition increases plasma membrane expression of
B1. B1-GFP demonstrated a small fraction of nuclear fluorescence, supporting the
possibility that 31-1CD is transported to the nucleus. These results from the previous
chapter formed the basis of the rationale of this chapter. The hypothesis of this chapter
was, therefore, that the B1-1CD, when overexpressed in MDA-MB-231 cells, would locate

to the nucleus to partially recapitulate the functional effects of full-length 1.

The specific aims of the chapter were:

e To investigate the nuclear localisation of f1-ICD
o To determine if B1-ICD is capable of inducing an enlarged Ina, similar to 1
e To assess whether 31-ICD is sufficient to recapitulate 1-induced metastatic cell

behaviours, namely 31-induced cell adhesion and morphology changes.
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4.2 Results

4.2.1 Generation of the Bl-intracellular domain construct

To isolate the functional effects of 31-ICD, a B1ICD-GFP construct was generated using
site-directed mutagenesis of a plasmid encoding 1 with a C-terminal eGFP tag (Figure
4.1A). The forward primer was placed at the start of the 1-1CD sequence, corresponding
to Tyrl82, and the reverse primer placed before the start of the 31 sequence, in order to
delete the entire f1-ECD and TMD regions. The plasmid was then transfected into MDA-

MB-231 cells to produce MDA-MB-231-B1ICDGFP cells (Figure 4.1B).

4.2.2 B1l-intracellular domain localises to the nucleus

B2-ICD overexpression in neuronal SH-SY5Y cells displays uniform B2-ICD expression
throughout the cell and a concomitant increase in Na,1.1 mRNA and protein expression,
suggesting a possible function in transcription regulation (Kim et al., 2007). To establish
whether B1-ICD displays a similar expression profile, 11CD-GFP was overexpressed in
MDA-MB-231 cells and spatial expression assessed using confocal with Airyscan super-
resolution microscopy. B11CD-GFP expression was compared against soluble GFP and
full-length B1-GFP, to establish whether 31-ICD resembled a soluble protein or retained
any B1-like subcellular distribution characteristics (Figure 4.2A). B11CD-GFP shows a
similar ubiquitous expression throughout the cell to GFP, whereas 1-GFP expression
is restricted from the nucleus and clearly enriched within the perinuclear region (Figure
4.2B). To ascertain whether nuclear enrichment of 1ICD-GFP was different to GFP,
the nuclear: cytoplasmic GFP signal density ratio was calculated for MDA-MB-231-GFP,
MDA-MB-231-B1GFP, and MDA-MB-231-B1ICDGFP (Figure 4.3A). 31-GFP displayed a

significantly lower nuclear: cytoplasmic ratio compared to GFP (0.82 + 0.06 and 1.75 £

147



A B B1-GFP

pcDNA3.1-Scn1b-eGFP

(D forward primer

reverse primer

w B1ICD-GFP
c &

C

Figure 4.1 Generation of a B1-intracellular domain construct using site-directed
mutagenesis

(A) Site-directed mutagenesis of pcDNA3.1 encoding 31-eGFP. The forward primer was
placed at the start of the ICD sequence (Tyr182) and the reverse primer placed before
the start of B1 causing a 546 base pair deletion, corresponding to the $1-ECD and TMD.
Both primers were 5’ phosphorylated (P) for efficient post-PCR ligation. CMV promoter
and BGH polyadenylation site also shown. (B) Diagram of full-length 1-GFP alongside
B1-ICDGFP.
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Figure 4.2 Nuclear enrichment of 1-ICD in MDA-MB-231-B1ICDGFP cells

(A) whole-cell images of the GFP signal within fixed MDA-MB-231 cells expressing GFP,
B1-GFP or B1ICD-GFP, acquired using confocal microscopy with Airyscan technology.
(B) Magnified images, of the same example cells from A, focused on the cell nuclei at
the mid-nuclear plane. Images split into DAPI signal (blue), GFP signal (green) and a
merged image of both channels.
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Figure 4.3 Quantification of the nuclear enrichment of 31-ICD in MDA-MB-231-
B1ICDGFP cells

(A) Nuclear : cytoplasmic signal density ratio (N:C ratio) of MDA-MB-231 cells expressing
GFP (green bar, n = 14), 1-GFP (blue bar, n = 14) or 1ICD-GFP (red bar, n = 17) (N
= 3). Data displayed as mean + SEM. Ordinary one-way ANOVA used to test significance.
ns = not significant, **** = P < 0.0001.
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0.13 respectively, n = 14, P<0.0001). B1ICD-GFP, however, demonstrated a similar
nuclear: cytoplasmic ratio to GFP (1.73 + 0.12, n = 17, P = 0.98, one-way ANOVA),
suggesting soluble B11CD-GFP potentially diffuses freely throughout the cell, similar to

GFP.

4.2.3 Nuclear import kinetics of B1-intracellular domain

Given that the B1ICD was present in the nucleus, the next step was to establish how it
localised there. Nuclear import of NLS-tagged cargo requires cytoplasmic factors and
ATP (Adam et al., 1990). Nuclear import of APP-ICD and Notch-ICD, for example, occurs
via trafficking of multimeric complexes (Kimberly et al., 2001; Vasquez-Del Carpio et al.,
2011). GFP, on the other hand, is small enough for passive diffusion through nuclear
pores, taking ~80 s to reach half-maximal nuclear recovery in CHO cells (Cardarelli et
al., 2007). For soluble proteins, a theoretical molecular weight limit of up to 100 kDa
restricts nucleocytoplasmic diffusion, as determined by nuclear enrichment of different
sized GFP oligomers (Wang & Brattain, 2007). However, research in yeast cells
measuring the dynamic process of nuclear import, estimated a cubic relationship
between molecular weights above 27 kDa and time taken for nuclear import (Timney et
al., 2016). Accepting this cubic relationship, if B1ICD-GFP (32 kDa) is freely diffusing into
the nucleus, nuclear import would be expected to take ~70 % longer than GFP (27 kDa).
However, if 31-1CD is translocating into the nucleus as part of a large multimeric complex,
like other secretase generated ICDs, it should be imported more slowly, over a longer
time scale. The nuclear import rates of B-subunit ICDs has yet to be investigated,
however, for comparison, the glucocorticoid receptor-HSP90-FKBP52 complex (> 200

kDa) takes ~ 5 min to reach half maximal nuclear enrichment (Gallo et al., 2007).
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To investigate nuclear import, FRAP was performed using MDA-MB-231-GFP and MBA-
MB-231-B1ICDGFP cells. Nuclei were masked using Hoechst 33342 stain and the
nuclear GFP signal was bleached using a 488 nm laser (Figure 4.4A). Images were
subsequently acquired every 250 ms to measure fluorescence recovery (Figure 4.4B).
Accordingly, two parameters were derived. Firstly, the mobile fraction denotes the
proportion of GFP elements within the ROI that are freely mobile. A freely diffusing
protein will demonstrate fluorescence recovery back to 1. Secondly, the time constant
denotes the time taken for half-maximal fluorescence recovery and is proportional to the
rate of fluorescence recovery. The mobile fraction in the nucleus was comparable
between proteins (GFP: 1.00 + 0.03 and B1ICD-GFP: 0.86 = 0.07, n = 10, P = 0.08,
unpaired t-test), suggesting both proteins are mobile within the nucleus (Figure 4.4C).
However, the time constant was 2.5-fold longer for 311CD-GFP than GFP, 124.5 (median,
IQR: 89.7 — 150.6) s and 53.1 (median, IQR: 37.6 — 62.3) s respectively (n = 10, P <
0.001, Mann-Whitney U-test), supporting the hypothesis that B11CD-GFP nuclear import

is significantly slower than GFP due to complex import (Figure 4.4D).

4.2.4 B1-intracellular domain displays GFP-like, cytoplasmic mobility kinetics

B1ICD-GFP demonstrates different nuclear import kinetics to GFP, however the
mechanism underlying this phenomenon is unclear. To test whether $11CD-GFP moves
universally slower throughout the cell, for instance due to aggregation, FRAP was next
used to assess cytoplasmic mobility. Unrestricted GFP diffusion within solution is ~ 85 —
100 um?s, but within the cytoplasmic milieu of a cell, this is reduced to ~ 1 — 20 ym?s?
(Swaminathan et al., 1997; Calvert et al., 2010; Gura Sadovsky et al., 2017). If 311CD-

GFP mobility was reduced compared to GFP, this would be represented by a faster time
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Figure 4.4 Kinetics of B1ICD-GFP nuclear import in MDA-MB-231-B1ICDGFP cells
guantified using FRAP

(A) Live-cell confocal imaging of MDA-MB-231-GFP (top row) and MDA-MB-231-
B11ICDGFP (bottom row) cells. Cells were imaged every 250 ms and photobleached with
a 488 nm laser (100 % laser power, 40 iterations). Time series were acquired until five
successive images without an increase in nuclear fluorescence were acquired. Images
displayed are immediately prior to photobleaching (first column), immediately following
photobleaching (second column) and 100 s after photobleaching (third column). Nuclei
were photobleached following masking of the Hoechst 33342 signal (shown in subpanels
in the first column, blue). (B) Nuclear fluorescence recovery in MDA-MB-231 cells
expressing GFP (green) or B1ICD-GFP (red). Lines shown as mean (solid line) + SEM
(dotted line). n = 10. (C) Mobile fraction of GFP (green) and B1ICD-GFP (red) in MDA-
MB-231-GFP and MDA-MB-231-B1ICGFP cells, respectively. Data displayed as mean +
SEM. n =10, N = 3. Unpaired t-test used to test for significance. ns = not significant. (D)
Time taken for half-maximal nuclear fluorescence recovery (time constant, s) in MDA-
MB-231 cells expressing GFP (green) or 1ICD-GFP (red). Data displayed as min-max
box plots due to non-normalised distribution of data. n= 10, N = 3. Mann-Whitney U-test
used to test for significance. *** = P < 0.001.
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constant/ reduced diffusion coefficient. Furthermore, if B11CD-GFP mobility is being

impeded or immobilised by another protein, a reduced mobile fraction may be detected.

Two FRAP approaches were used, initially a circular region of interest (diameter ~ 1.5-2
pm) was photobleached in live MDA-MB-231 cells expressing GFP or 31ICD-GFP and
fluorescence recovery monitored over 1 s, with images acquired every 14 ms (Figure
4.5A,B). The mobile fractions of GFP and B1ICD-GFP were similar, 0.91 (median, IQR:
0.77 — 1.00) and 1.00 (median, IQR: 0.94 — 1.06), respectively (n = 15, P = 0.07, Mann-
Whitney U test) (Figure 4.5C). Similar non-significant differences were detected in the
time constant (GFP — 0.11 £ 0.01 s and B1ICD-GFP — 0.13 + 0.02 s, n =15, P = 0.13,
Welch’s t-test) (Figure 4.5D) and diffusion coefficient (GFP — 6.9 + 1.0 um?s* and B1ICD-
GFP - 5.1 + 0.6 ym?s, n = 15, P = 0.15, unpaired t-test) (Figure 4.5E). These data

suggest B1ICD-GFP exists in a freely mobile state within the cytosol, similar to GFP.

Measuring diffusion of GFP and B1ICD-GFP via spot bleach requires high temporal
resolution and only a 30 — 40 % reduction of GFP signal was detected post-bleach
(Figure 4.5B), due to the rapid flux of soluble protein in/out of the region of interest during
the photobleaching step. Therefore, a second FRAP technique was employed to
measure cytoplasmic diffusion, to see if the same result was achieved. Accordingly, half
of the cell was photobleached and fluorescence recovery monitored every 25 ms over

20 s (Figure 4.6A,B).

Using this technique, a marginally enhanced 40 — 50 % decrease in GFP signal was
recorded post bleach. However, diffusion coefficients could not be calculated as the
calculation assumes a circular ROI. Using this second technique, again no difference in

the mobile fraction was detected between GFP and B1ICD-GFP, 0.966 + 0.02 and 0.971
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Figure 4.5 Cytoplasmic mobility of B1ICD-GFP in MDA-MB-231-B1ICDGFP cells
determined using FRAP within a circular region of interest

(A) Live-cell confocal imaging of MDA-MB-231-GFP (top row) and MDA-MB-231-
B1ICDGFP (bottom row) cells. Cells were imaged every 14 ms for2sand a 1.5 - 2 um
wide region-of-interest photobleached with a 488 nm laser (100 % laser power, 40
iterations). Images displayed are immediately prior to photobleaching (first column),
immediately following photobleaching (second column) and 200 ms after photobleaching
(third column). (B) Fluorescence recovery within the circular region of interest of MDA-
MB-231 cells expressing GFP (green) or 31ICD-GFP (red). Data displayed as mean
(solid line) £ SEM (dotted line). n = 15, N = 3. (C-E) Quantification of the mobile fraction
(C), time taken for half-maximal fluorescence recovery (time constant, s) (D) and
diffusion coefficient (E) in MDA-MB-231 cells expressing GFP (green) or B1ICD-GFP
(red) (n = 15, N = 3). Data displayed as mean + SEM. Unpaired t-test used to test
significant. ns = not significant.

155



pre-bleach post-bleach 2 s post-bleach

o

L

(? ..

™

AN

o

L

)

Q

O

™

N
B C D

ns ns
8 101 o == 2.5
G 1.0 v —_
S S 0.8 2 2.0; T
é 0,6' L GFP g 0.6‘ 4@' 1.5- —t
B04|: — pricDGFP = 04 8 1.01
0 ] ()
g 0.2 £ 0.2 £ 0.5
S 0.0 +—— 0.0 0.0
0 5 10 15 20

time (s)

Figure 4.6 Cytoplasmic mobility of B1ICD-GFP in MDA-MB-231-B1ICDGFP cells
determined using half-cell FRAP

(A) Live-cell confocal imaging of MDA-MB-231-GFP (top row) and MDA-MB-231-
B1ICDGFP (bottom row) cells. Cells were imaged every 100 ms for 25 s and half of the
cell photobleached with a 488 nm laser (100 % laser power, 50 iterations). Images
displayed are immediately prior to photobleaching (first column), immediately following
photobleaching (second column) and 2 s after photobleaching (third column). (B)
Fluorescence recovery within the photobleached half of the MDA-MB-231 cell
expressing GFP (green) or 11CD-GFP (red). Data displayed as mean (solid line) + SEM
(dotted line). n = 15, N = 3. (C, D) Quantification of the mobile fraction (C) and time taken
for half-maximal fluorescence recovery (time constant, s) (D) of GFP (green bar, n = 27)
or B1ICD-GFP (red bar, n = 32) in MDA-MB-231 cells (N = 3). Data displayed as mean
+ SEM. Unpaired t-test used to test significant. ns = not significant.
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+ 0.02 respectively (n = 27, P = 0.85, Welch’s t-test) (Figure 4.6C). Similarly, no
significant difference was detected in the time constants between GFP and 311CD-GFP,
1.35 (median, IQR: 0.95 — 2.00) s and 1.78 (median, IQR: 1.15 — 2.50) s respectively (n
2 27, P = 0.07, Mann-Whitney U test) (Figure 4.6D), supporting the notion that 11CD-

GFP is a soluble protein.

4.2.5 p1-intracellular domain enhances Na* current and accelerates channel
recovery from inactivation

The first approach to functionally characterise 31-1CD was to test its electrophysiological
properties. 1 induces an enlarged Ina When over-expressed in MDA-MB-231 cells
(Chioni et al., 2009). This increased Ina is insensitive to y-secretase inhibition with DAPT,
suggesting release of the B1-ICD is not involved in the B1-induced increase in Ina.
Secretase processing of 32 in B104 neuroblastoma cells causes an increase in Na,1.1
expression, however Na,1.1 is retained intracellularly and a decrease in Ina is seen
following enhanced secretase processing of 2 (Kim et al., 2007). Therefore, it was
expected that Ina in cells overexpressing 31-1CD would resemble the Ina in MDA-MB-231-
GFP cells; i.e. no increase in peak current density or accelerated recovery from
inactivation, characteristics of B1 over-expression in MDA-MB-231 cells. To investigate
this, whole cell patch clamp recording was performed on MDA-MB-231-GFP, MDA-MB-
231-B1GFP and MDA-MB-231-B1ICDGFP cells, and IV relationship measured (Figure
4.7A,B). As before, 1-GFP induced a peak current density almost 3-fold greater than
in control GFP-expressing cells, -11.7 + 0.9 pA/pF and -4.36 + 0.66 pA/pF respectively
(n = 15, P<0.0001, one-way ANOVA). Interestingly, B1ICD-GFP also induced an
enlarged Ina (-9.33 + 1.03 pA/pF) compared to GFP (n = 15, P < 0.01, one-way ANOVA)

(Figure 4.7C). Gating effects were also measured; channel activation (Figure 4.8A),
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Figure 4.7 Electrophysiological properties of B1-ICD expression in MDA-MB-231
cells determined using whole cell patch clamp recording

(A) Representative whole-cell Na* currents generated in MDA-MB-231-GFP, MDA-MB-
231-1GFP and MDA-MB-231-1ICDGFP cells, following stimulation between -80 mV
and +30 mV, for 250 ms, from -120 mV. Every third sweep shown. (B) Current (I)-voltage
(V) relationship between -80 mV and +30 mV of MDA-MB-231-GFP (n = 14, green
circles), MDA-MB-231-B1GFP (n = 15, blue squares) and MDA-MB-231-1ICDGFP (n =
16, red triangles) cells (N = 3). (C) Peak current densities generated from cells in B.
Kruskal-Wallis test used to test significance. ns = not significant. ** = P < 0.01. **** = p
< 0.0001. All data displayed as Mean + SEM.
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Figure 4.8 VGSC gating kinetics of MDA-MB-231-B1ICDGFP cells

(A) Conductance (G)-voltage (V) relationship, from which activation Vi was derived,
between -80 mV and +30 mV. (B) Steady-state inactivation. Cells were stimulated at -10
mV following a 250 ms holding voltage of between -120 mV and -10 mV. Normalised
current produced following -10 mV stimulation plotted. (C) Recovery from inactivation.
Cells were stimulated at 0 mV, then held at -120 mV for t s before re-stimulation at 0 mV.
t ranged from 1-500 ms. A-C Data plotted as Mean + SEM. A,B MDA-MB-231-GFP cells
(n =14, green circles, green solid lines) MDA-MB-231-1GFP cells (n = 15, blue squares,
blue dashed lines) and MDA-MB-231-B1ICDGFP (n = 16 red triangles, red dashed lines)
(N =3). Call conditionsn=8, N =3.
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steady-state inactivation (Figure 4.8B), and recovery from inactivation measured (Figure
4.8C). Statistical analysis is presented in Table 4.1. B1ICD-GFP accelerated recovery
from inactivation compared to GFP, 7.98 + 1.3 ms and 12.49 + 1.25 s respectively (n =
10, P < 0.05), similar to B1-GFP (6.15 + 0.6 ms, n = 10, P < 0.01, one-way ANOVA),
suggesting B1-ICD is sufficient to induce a B1-like Ina. Activation and steady-state
inactivation kinetic parameters were calculated, although no significant differences were
observed, except a marginally depolarised voltage for half-maximal inactivation in B1-
GFP expressing cells compared to GFP expressing cells, -94.1 + 0.9 pA/pF and -98.9 +
0.9 pA/pF respectively (n=15, P<0.05, one-way ANOVA). MDA-MB-231-31ICDGFP cells
were also smaller than MDA-MB-231-1GFP cells, demonstrated by a reduced
membrane capacitance (a measure of plasma membrane surface area), 19.8 + 1.3 pF
and 30.6 £ 4.1 pF respectively (n = 15, P<0.05, one-way ANOVA). In summary, 1-ICD
recapitulated a B1-like increase in peak current density and recovery from inactivation
when expressed in MDA-MB-231 cells. Differences were also detected in the membrane
capacitance between B1-GFP and B1ICD-GFP expressing cells, as well as the voltage
threshold for half-maximal inactivation between B1-GFP and GFP expressing cells. As
MDA-MB-231-B1GFP and MDA-MB-231-B1ICDGFP cells showed comparable
membrane capacitances to MDA-MB-231-GFP cells, it is unlikely that f1 enlarges cells
or B1-ICD contracts cells, so the difference is likely due to slightly larger B1-GFP
expressing cells and slightly smaller 1ICD-GFP expressing cells being recorded from
in this experiment inadvertently. As only B1-GFP depolarised inactivation, it is possible
that N-terminal interactions with the a-subunit are responsible, which B1ICD-GFP does
not possess. However, as B1-induced depolarisation of channel inactivation has not

been consistently reported in this study, it may just be an effect seen in this experiment.
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Table 4.1 Na* current parameters in MDA-MB-231 cells expressing GFP, 31-GFP or

B1ICD-GFP

Parameter GFP B1-GFP B11CD-GFP

Cm (pF) 26.35 + 3.96 30.59 +£4.09 "19.84 + 1.33
PCD (pA/pF) -4.36 £+ 0.66 | ***-11.7 £ 0.92 **.0.33+1.03
Va (MV) -46.43 + 2.31 -52.00+1.94 -46.56 + 2.22
Vp (MV) -2.86 £2.21 -2.67 £1.45 -3.75£1.25
Activation V12 (mV) -24.01 £ 0.81 -24.72 £ 0.43 -24.05 + 0.89
Activation k (mV) 6.97+0.72 7.76 £ 0.38 7.67 £ 0.62
Inactivation V12 (mV) -98.90 + 0.92 *-94.09 £ 0.94 -98.00 + 1.50
Inactivation k (mV) -9.31 £ 0.65 -9.16 £ 0.73 -10.24 £ 1.03
Tp (MS) 1.21£0.11 1.21 + 0.08 0.96 + 0.08
RFI t12 (ms) (n = 8) 1249 +1.25 **6.15 + 0.59 *7.98 £1.32
Data displayed as mean + SEM (n =14 — 16 unless stated, N = 3). Significance tested
using one-way ANOVA. *=P < 0.05, ** = P < 0.01, *** = P < 0.0001 relative to MDA-
MB-231-GFP cells. * = P < 0.05 relative to MDA-MB-231-B1GFP cells. Abbreviations:
Cm: membrane capacitance, PCD: peak current density, Va: activation voltage, V:
voltage at peak current, Vi2: voltage for half maximal activation/inactivation, Tp: time
to peak, RFI Ti,2: time for half-maximal recovery from inactivation.
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4.2.6 Pharmacological characterisation of the Na* current generated by B1-
intracellular domain

The Ina composition can be further analysed using VGSC-inhibiting toxins. Tetrodotoxin
(TTX) reversibly inhibits a class of a-subunits (Na,1.1-1.4, 1.6, 1.7) at a lower
concentration (“TTX-sensitive” channels) than other a-subunits (Na,1.5, 1.8, 1.9; “TTX-
resistant” channels). In MDA-MB-231 cells, the TTX-resistant Na,1.5 channel is the
predominantly expressed a-subunit, although Na,1.6 and Na,1.7 mMRNA is detectable
(Fraser et al., 2005). Additionally, ~10 — 15 % of Inais blocked by 1 yM TTX in MDA-MB-
231 cells (Fraser et al., 2005). Unpublished work from our lab has demonstrated that 31
expression in MDA-MB-231 cells increases TTX-sensitivity at 1 yM, most likely through
trafficking of TTX-sensitive channels to the plasma membrane. To test whether 31-1CD
is also capable of increasing TTX-sensitivity in MDA-MB-231 cells, MDA-MB-231-GFP,
MDA-MB-231-B1GFP and MDA-MB-231-B1ICDGFP cells were reversibly perfused with
1 UM TTX during recording and current density measured before perfusion, after
perfusion and after washout (Figure 4.9A). Current densities for each cell were
normalised to the initial, pre-perfusion recording and the normalised peak current density
following TTX treatment compared to the initial and washout recordings (Figure 4.9B).
Following 1 uM TTX application, the Ina in MDA-MB-231-GFP cells decreased to 0.89 +
0.1, although this was not statistically significant compared to the pre-perfusion Ina (n =
9, P = 0.17) and post-washout Ina (n = 9, P = 0.59, RM one-way ANOVA). 1 uM TTX
perfusion significantly reduced the Inain MDA-MB-231-B1GFP cells, however, to 0.67 +
0.02 (n =9, P<0.0001, RM one-way ANOVA). Likewise, 1 uM TTX perfusion significantly
reduced Inain MDA-MB-231-B1ICDGFP cells to 0.65 £ 0.03 (n = 9, P<0.0001, RM one-
way ANOVA). These data suggest B1-ICD induces trafficking of TTX-sensitive a-

subunits to the plasma membrane, similar to 1.
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Figure 4.9 Analysis of the composition of the Na* current induced by 1-ICD using
tetrodotoxin and ProToxin-Il

(A) Representative traces of the Ina generated in MDA-MB-231 cells expressing GFP,
B1-GFP or B11CD-GFP in standard recording solution (PSS, black line), following 1 yM
TTX perfusion (orange line) and following PSS washout (grey line), determined using
whole-cell patch clamp electrophysiology. (B) Quantification of the reduction in current
density following 1 yuM TTX perfusion and recovery following PSS washout in MDA-MB-
231 cells expressing GFP, B1-GFP or 11CD-GFP. Current density normalised to initial
recording in PSS bath solution. Data displayed as mean + SEM. n =9, N = 3. Significance
determined using repeat-measure one-way ANOVA. ns = not significant. **** = P <
0.0001.
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An attempt to further characterise the nature of the TTX-sensitive Inain MDA-MB-231-
B1GFP cells was performed using ProToxin-ll (ProTx-Il). ProTx-Il is a Nay1.7 specific
blocker, which has demonstrated complete Nay1.7 inhibition at 100 nM and complete
VGSC inhibition at 1 uM in heterologous HEK293 cells (Schmalhofer et al., 2008). The
exact nature of ProTx-II binding is still uncertain however, as two binding sites for ProTx-
Il in Na,1.7 were independently identified, one in the voltage-sensor domain of domain
[l and the other in the S3-S4 extracellular loop of domain IV (Shen et al., 2019; Xu et al.,
2019)(Figure 4.1A). Although, when tested on MDA-MB-231-1GFP cells, no Ina
inhibition was seen at 100 nM or 1 uM (n= 3 — 4) (Figure 4.10B,C). A possible explanation
for this result is that the toxin does not inhibit neonatal splice variants of a-subunits, which
are predominant in MDA-MB-231 cells (Fraser et al., 2005). This is supported by the fact
the Na,1.5/Na,1.7 neonatal splice variants have altered amino acid sequences within the
S3-S4 loop of domain | and multiple mutations within the S3-S4 loops of Na,1.7 that
interfere with ProTx-II binding have been identified (Cestele et al., 1998; Fraser et al.,
2005; Xiao et al., 2010). Alternatively, the effect of ProTx-1l may be inhibited by p-subunit
shielding. 32 and 4 are both able to attenuate the inhibitory effect of ProTx-1l through
shielding the ProTx-Il binding site on the a-subunit, although Ina inhibition was still
noticeable at 100 nM in these cases and 1 docks at the voltage-sensor domain of
domain lll, away from the ProTx-Il binding sites (Fraser et al., 2005; Gilchrist et al., 2013;

Das et al., 2016).

In summary, the pharmacology data demonstrate that 31-ICD is able to increase the
proportion of TTX-sensitive Ina, possibly through surface trafficking of a-subunits to the

plasma membrane.
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Figure 4.10 The effect of ProTx-Il on the Na*current generated in MDA-MB-231-
B1GFP cells

(A) Schematic of Nay1.7 depicting the binding sites of ProTx-Il. ProTx-1l depicted as red
circles. Crystallography of Na,1.7, in complex with ProTx-1l, has demonstrated binding
sites within the voltage-sensor domain of D2 (neurotoxin binding site 2) as well as a
binding site within the extracellular S3-S4 loop of domain IV (neurotoxin binding site 3)
(Shen et al., 2019; Xu et al., 2019). Multiple mutations in Na,1.7 (blue triangles) have
been identified that interfere with ProTx-1l binding, including G845N in the DII:S3-S4
extracellular loop and mutations of 1586Asp and 1592Phe in the DIV:S3-S4 extracellular
loop (Cestele et al., 1998; Xiao et al., 2010). Approximate location of the neonatal splice
variants of Na,1.7(D206N) and Na,1.5 within the D1:S3-S4 extracellular loop shown
(Belcher et al., 1995; Fraser et al., 2005). The docking site of 31, at DIll:S4 shown (Yan
etal., 2017). (B) Current density generated in MDA-MB-231-1GFP cells in PSS solution
(black), 100 nM ProTx-Il (magenta) and 1 pM ProTx-1l (cyan). (C) Quantification of B.
Data displayed as mean + SEM. n = 3-4, N = 2. Significance determined using one-way
ANOVA. ns = not significant.

165



4.2.7 B1-intracellular domain does not recapitulate the effect of 31 on cell
adhesion or morphology

To further investigate whether B1-ICD can fully functionally recapitulate 1, the capacity
of B1-ICD to induce metastatic cellular behaviours (cell adhesion and morphology),
typically associated with the 1 extracellular Ig loop, was examined. Cell adhesion was
quantified by acquiring a single cell suspension and measuring the rate at which cells
reaggregate. 1, as a CAM, enhances the rate of cell adhesion relative to non-expressing
cells (Chioni et al., 2009). In chapter 3.2.3, 31 demonstrated its ability to enhance the
rate of cell adhesion when expressed in MDA-MB-231 cells. Accordingly, the aggregation
rate of MDA-MB-231-B1ICDGFP cells was compared to MDA-MB-231-GFP cells (Figure
4.11A). Both cell lines aggregated at a comparable rate, determined by comparison of
normalised particle number at each time point between MDA-MB-231-GFP and MDA-
MB-231-B1ICDGFP cells (Figure 4.11B) (n = 40, two-way ANOVA). These data suggest

B1-1CD does not induce cell-cell adhesion, unlike full-length 1.

Next, the ability of B1-ICD to induce cell morphological changes in cultured cells was
assessed. 31 is capable of inducing increased process length and reduced process width
when expressed in MDA-MB-231 cells in vitro (Chioni et al., 2009). The mechanism was
not explored, although it was hypothesised that f1-induced process elongation was due
to adhesion via the extracellular g loop. However, if the mechanism is instead regulated
by intracellular signalling or the B1-induced Ina, then 31-ICD should also be able to induce

B1-like morphology changes.

Brightfield images of fixed cells were acquired and parameters used to quantify cell

morphology, circularity index and cell length, were analysed (Figure 4.12A).
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Figure 4.11 The cell adhesive capacity of $1-ICD in MDA-MB-231-B1ICDGFP cells

(A) Single cell suspensions of MDA-MB-231-GFP (top row) and MDA-MB-231-
B1ICDGFP (bottom row) cells were left to aggregate for 2 h. The number of particles in
a sample were counted every 30 min (B) Quantification of the rate of transcellular
adhesion of MDA-MB-231-GFP (green) and MDA-MB-231-B1ICDGFP (red) cells (n =40,
N = 4). Particle count at each time point (30, 60, 90 and 120 min) normalised to T = 0.
Data displayed as Mean + SEM. Two-way ANOVA used to test significance between
treatments at each time point, but no significant difference detected.
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Figure 4.12 Cell morphology analysis of MDA-MB-231-B1ICDGFP cells

(A) Brightfield images of MDA-MB-231-GFP, MDA-MB-231-1GFP and MDA-MB-231-
B1ICDGFP at 20x magnification (L-R). Bottom row displays the same images as top row
with masks over example cells depicting circularity index and Feret's diameter, a
measure of cell length (um). (B) Quantification of circularity index (left) and cell length
(right) of MDA-MB-231-GFP (green), MDA-MB-231-B1GFP (blue) and MDA-MB-231-
B1ICDGFP (red) cells. n = 150, N = 3. Data displayed as violin plots, solid horizontal line
represents median, dashed horizontal lines represent lower/upper quartiles. Significance
tested using a Kruskal-Wallis test. ns = not significant. **** = P < 0.0001.
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Circularity is a measure of cell roundness and takes into account cell area relative to
perimeter. Cell length is calculated from the ‘Feret’'s diameter’ of a cell, which is the
distance between the two furthest points of a cell. MDA-MB-231 cells are polarised, so
the Feret's diameter will usually measure the distance between the leading and trailing
edges of a cell. As B1 induces process outgrowth in MDA-MB-231 cells, B1-GFP
expression should result in reduced circularity and increased cell length, relative to GFP-
expressing cells (Chioni et al., 2009). Indeed, MDA-MB-231-B1GFP cells had a reduced
circularity compared to MDA-MB-231-GFP cells, 0.51 (median, IQR: 0.35 — 0.69) and
0.70 (median, IQR: 0.54 — 0.82) respectively (n = 150, P <0.0001, Kruskal-Wallis test)
(Figure 4.12B). MDA-MB-231-B1ICDGFP cells, however, demonstrated a similar
circularity index (0.71, IQR: 0.55 — 0.82) to MDA-MB-231-GFP cells (n = 150, P >0.999,
Kruskal-Wallis test). Furthermore, measuring cell length demonstrated the same result.
MDA-MB-231-B1GFP cells (37.0 um (median), IQR: 26.0 — 53.4) were significantly
(P<0.0001) longer than MDA-MB-231-GFP cells (28.3 ym (median), IQR: 20.5 — 41.3),
whereas MDA-MB-231-B1ICDGFP cells (32.8 pm (median), IQR: 22.0 — 46.1) were
indistinguishable from GFP-expressing cells (n = 150, P = 0.14, Kruskal-Wallis test)
(Figure 4.12C). In summary, comparing cell morphology has demonstrated a
requirement for 31-ECD to induce cellular elongation, supporting the theory that the Ig
loop is responsible for B1-induced cell morphology changes and verifying there is no

involvement of 31-I1CD.

4.3 Discussion

The data in this chapter show that 31-ICD is present in the nucleus when overexpressed
in MDA-MB-231 cells. However, GFP shares a similar spatial expression profile to 31-

ICD, presumably owing to their small molecular weight (~ 30 kDa), allowing for diffusion
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throughout the cell. Furthermore, 1-ICD displayed comparable cytoplasmic mobility
kinetics to GFP. When the nuclear import kinetics of GFP and 1-ICD were compared
using FRAP however, B1-ICD displayed a surprising 2.5-fold slower import rate than
GFP, suggesting a potential distinction between the import mechanism of GFP and 31-
ICD. Functionally, p1-ICD did not recapitulate p1-like cell adhesion and morphology
changes. However, B1-ICD was sufficient in inducing a p1-like Ina, Namely an increase
in peak current density, an acceleration of channel recovery from inactivation and an

increase in the proportion of TTX-sensitive a-subunits at the plasma membrane.

The ability of B1-ICD to induce a B1-like Ina was a surprising result, as y-secretase
inhibition did not reduce the B1-induced Ina. Together, these results suggest that 31-1CD
contains the required domains to induce an enlarged Ina and its release to soluble form
following secretase processing is not a requirement for an enlarged Ina. Such an
explanation raises concerns over using B1-ICD overexpressing cells as a model for
secretase-processed B1, as it does not take into consideration the 31-ICD sequence
found on membrane-bound full-length B1 and B1-CTF that may still be functionally active
prior to y-secretase cleavage. Regardless, this result leads to the intriguing question of
how B1-ICD is mechanistically enhancing Ina? Deletion of the 1-ICD sequence from 31
leads to reduced Na,1.2 surface expression relative to wild-type 1 and a GEFS+
mutation within the intracellular portion of Na,1.1 attenuates 1 binding, suggesting a-
subunit interaction sites within 1-ICD (Meadows et al., 2001; Spampanato et al., 2004).
Additionally, isolated APP-ICD is capable of modulating Na,1.6, dependent on
phosphorylation of a single residue by cyclin-dependent kinase 5 and c-Jun N-terminal
kinase 3, Thr668 (Li et al., 2016b). Biotinylation of cell surface proteins demonstrated
that Nay,1.6 membrane expression is reduced in HEK-Nay1.6 cells transfected with APP
SsiRNA, whereas total Na,1.6 expression is not affected (Li et al., 2016b). Therefore, it

appears APP-ICD is sufficient in trafficking Nay1.6 to the plasma membrane. Considering
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APP-ICD is a soluble protein of similar size to B1ICD, there is an a-subunit interaction
site within 31-1CD, and full-length B1/B1-ICD enhance the TTX-sensitive proportion of Ia,
it raises the possibility of B1-ICD mediated trafficking of a-subunits to the plasma
membrane as the mechanism underlying the enlarged Ina. The theory of a direct a-g11CD
interaction is supported by the finding 1-1CD is capable of accelerating channel recovery
from inactivation, as B-subunit induced changes in gating kinetics are typically mediated
by direct interaction between subunits. Additionally, B2-ICD is associated with the
membrane fraction when overexpressed in CHO cells, suggesting a sub-population of (3-
subunits ICDs may be immobilised at the plasma membrane (Kim et al., 2005). In
summary, the electrophysiology data strongly suggests B1-ICD is involved in a-subunit
trafficking to the cell surface. Confirming an increase in plasma membrane a-subunit
expression, for instance by biotinylation of surface proteins, would be required to validate

the model.

Direct trafficking and modulation of a-subunits by 1-ICD would explain the increase in
Ina magnitude and the acceleration of recovery from inactivation observed when 31-1CD
is overexpressed in MDA-MB-231 cells. However, not even a fraction of immobilised 31-
ICD was observed in the cytoplasm by FRAP. Furthermore, co-expression experiments
in Xenopus oocytes have demonstrated B1-ECD is sufficient for modulating Na,1.2
(McCormick et al., 1999). However, no change in peak current density was reported in
McCormick et al. and the only gating kinetic investigated was an acceleration of
inactivation, suggesting there are major discrepancies between using Xenopus oocytes

and MDA-MB-231 cells as model systems.

The ability to observe and quantify 31/81-ICD and a-subunits at the plasma membrane

would provide a very useful tool for verifying cell surface trafficking of a-subunits and 1-
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ICD localisation at the plasma membrane. Additionally, continued work with specific a-
subunit inhibitors would identify the channel isoforms contributing to the TTX-sensitive
Ina Observed in MDA-MB-231-B1GFP/B1ICDGFP cells. Endogenous Nay1.6 and Nay1.7
MRNA expression is present in MDA-MB-231 cells, suggesting these channels may form
inactive pools within MDA-MB-231 cells and contribute to the TTX-sensitive Ina following

B1/B81-1ICD-mediated trafficking (Fraser et al., 2005).

If B1-ICD is not involved in cell surface trafficking of a-subunits, it may be enhancing Ina
through nuclear signalling. As B1-ICD expression induces a TTX-sensitive Na* current,
that would implicate Na,1.1 — 4, Nay1.6 or Na,1.7 as the upregulated a-subunit. $2-1CD
induces mRNA and protein expression of Na,1.1 (Kim et al., 2007). 1 knockdown in
breast cancer MCF7 cells increases expression of neonatal Na,1.5 mRNA expression
(Chioni et al., 2009). Furthermore, Scnlb KO mice show reduced Nay1.1 and increased
Na,1.3 expression in hippocampal CA3 neurons and increased Na,1.3 and Na,1.5
expression in ventricular myocytes, suggesting possible f1-mediated regulation of a-
subunit expression (Chen et al., 2004; Lopez-Santiago et al., 2007; Lin et al., 2015).
ProTx-1l, a selective Na,1.7 inhibitor, was used to determine if Na,1.7 membrane
expression was increased in B1GFP- and B1ICDGFP-expressing cells. However, the Na*
current was not inhibited, even at concentrations that should have inhibited global Na*
current, suggesting ProTx-ll is an unsuitable inhibitor to use. B1ICD-GFP did
demonstrate nuclear expression, however it resembled GFP spatial expression. This
was not unexpected, as APP-ICD also shows uniform expression when overexpressed
in HEK293 cells and only demonstrates nuclear enrichment when co-expressed with the
proteins that constitute its nuclear shuttling complex (Fe65 and Tip60) or nuclear export
is inhibited (von Rotz et al., 2004). Similar methods may be required to reveal nuclear

enrichment of 31-1CD.
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The hypothesis regarding 1-ICD nuclear signalling was that 31-ICD is actively trafficked
into the nucleus, similar to other secretase-generated ICDs. For example, Notch-ICD
forms a multimeric signalling complex with Mastermind and CSL, and is trafficked into
the nucleus via importin-a3 (Vasquez-Del Carpio et al., 2011; Sachan et al., 2013).
Whereas imaging of fixed cells demonstrated comparable spatial localisation between
B1lICD-GFP and GFP, analysis of nuclear import demonstrated significantly slower
import for B1ICD-GFP compared to GFP, consistent with the notion that B1ICD is
trafficked into the nucleus as part of a complex and does not diffuse into the nucleus like
GFP. A marginally increased time course for import would however be expected for
B11CD-GFP compared to GFP if it were diffusing through nuclear pores. According to the
experimentally verified cubic relationship between molecular weight and time taken for
nuclear import, the five additional kilodaltons of B1ICD-GFP should increase nuclear
import time by ~ 70 % compared to GFP (Timney et al., 2016). However, nuclear import
was increased by 150 %. Whether this discrepancy is due to differences in model
systems and B1-ICD is in fact diffusing into the nucleus or due to active B1-ICD complex
trafficking is still unclear at this point. Methods such as ATP depletion, temperature
reduction and nuclear import inhibition can be used to verify active nuclear import (Adam
et al., 1990; Soderholm et al., 2011). If B1-ICD is, in fact, involved in nuclear signalling,
it may be involved in regulating a-subunit expression, similar to 2. However, the fact y-
secretase inhibition did not affect the magnitude of Ina suggests 1-1CD cleavage is not

required in the B1-induced Ina.

B1-ICD was not sufficient for inducing B1-like in vitro metastatic cell behaviour, namely
enhanced transcellular adhesion and cell elongation. This result allowed for multiple
interpretations. Firstly, it negates the possibility 31-1CD inducing a B1-like Ina through
increased expression of 1, as an accompanying increase in the rate of cell adhesion

and enhanced cell elongation is not observed in MDA-MB-231-31ICDGFP. Secondly, it
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verifies the importance of the B1 Ig loop in B1-mediated transcellular interactions.
Transcellular interactions through the extracellular Ig loop are a vital aspect of 1-
regulated neurodevelopment, permitting fasciculation and neurite outgrowth
(Brackenbury et al., 2008). In addition, B1-induced neurite outgrowth is y-secretase
dependent (Brackenbury & Isom, 2011). A similar ability of 1 to induce neurite-like
outgrowths in MDA-MB-231 cells has been reported, raising the possibility y-secretase
cleavage may regulate B1-induced process outgrowth in breast cancer cells (Nelson et
al., 2014). However, the fact B1-ICD expression alone did not enhance cell length or
reduce cell circularity suggests 31-1CD generation may not underlie B1-induced neurite
outgrowth, but perhaps y-secretase cleavage is regulating B1 turnover or membrane
expression. This could be determined by inhibiting y-secretase and quantifying the
resulting change in membrane B1 expression by western blot. Lastly, as MDA-MB-231-
B1ICDGFP cells induce a B1-like Ina but are not able to mimic the cell adhesive capacity
of MDA-MB-231-B1GFP cells, they provide a potentially very informative tool in
understanding B1-induced metastasis, as they allow for study of the consequences of
the enlarged Ina in isolation from the function of the 31 Ig loop. As mice implanted with
MDA-MB-231-B1GFP cell-derived tumours experience increased metastasis compared
to control cells (Nelson et al., 2014), replicating the experiment using B11CD-GFP cells

would determine if the B1-induced Inais required for f1-induced metastasis.

4.4 Conclusion

This chapter set out to investigate the function of $1-1CD, when overexpressed in MDA-
MB-231 cells, with emphasis on assessing the nuclear signalling and
electrophysiological function of B1-ICD. B1-ICD demonstrated nuclear expression,

however whether this is functionally relevant or a consequence of the small size of 31-
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ICD requires further work to fully understand. Interestingly, 1-1CD induced a B1-like Ina,
suggesting the domains of 1 necessary for enhancing Inain MDA-MB-231 cells are
found within the ICD sequence. Lastly, B1-ICD did not recapitulate f1-induced cell
adhesion and morphology changes, supporting the idea that the B1 Ig loop is responsible
for these functions and not the ICD. To fully dissect the secretase-dependency of 31
function, the following chapter focuses on the functional characterisation of full-length 31

in the absence of secretase cleavage.

175



Chapter 5: Expression and functional analysis of secretase-resistant 1

5.1 Introduction

VGSC f-subunits were originally recognised as [(-secretase substrates using
heterologous studies in HEK cells, heuroglioma HTB-148/H4 cells and mouse embryonic
fibroblasts (Wong et al., 2005). The exact B-secretase cleavage sites within B-subunits
were discovered using matrix-assisted laser desorption/ionisation-time of flight (MALDI-
TOF) mass spectrometry, with 1 being cleaved between Leu144 and Glu145 (Wong et
al., 2005). B2 was further confirmed to be a substrate of a-secretase, raising the
possibility VGSC B-subunits are also substrates of a-secretase (Kim et al., 2005). The
functional impact of a-/B-secretase cleavage on B-subunits has scarcely been explored,
however. Co-expression of B2-CTF, but not B2-ICD, with full-length B2 in CHO cells
inhibits B2-induced cell migration, leading the authors to conclude B2-CTF can inhibit 32
function (Kim et al., 2005). Overexpression of B4-CTF, or co-expression of B4 with
BACEL, in Neuro2a cells accelerates neurite extension, implicating p-secretase as a
regulator of B4-mediated neurite outgrowth although the contribution of y-secretase
cleavage was not investigated (Miyazaki et al., 2007). Additionally, a f4-CTF-like protein
(B4 lacking its Ig loop) is capable of inhibiting MDA-MB-231 cell migration, similar to full-

length B4 (Bon et al., 2016).

a-/B-secretase cleavage has a potential dual effect on B-subunit function, as it not only
produces a transmembrane CTF, but also releases a soluble ECD. As discussed in
chapter 1.3.4, many mutations in 1 that affect a-subunit gating are located in the ECD
and an a-subunit interaction site is located within the B1-ECD (McCormick et al., 1999).
Furthermore, the soluble B1 splice variant, 1B, is capable of a-subunit modulation
(Kazen-Gillespie et al., 2000), suggesting B1-ECD may retain the ability to modulate a-

subunits after shedding or conversely, B1-mediated a-subunit gating may be lost
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following B1-ECD secretion. Similarly, 31-induced transcellular adhesion is mediated by
the extracellular Ig loop, suggesting a-/B-secretase cleavage may have a negative
impact on cell adhesion (Isom & Catterall, 1996). Additionally, following extracellular
secretase cleavage, both APP-ECD and Notch-ECD are involved in paracrine and
juxtracrine cell signalling respectively, raising the possibility B-ECDs may also be
involved in cell signalling. APP-ECD has demonstrated the ability to directly potentiate
pre-synaptic GABA receptors suppressing neuronal activity in vivo (Rice et al., 2019).
Notch binds to its transcellular ligands via ECD interactions, which induces secretase

processing (Mumm et al., 2000).

a-secretase activity has been implicated in cancer, with increased breast tumour
ADAM10 mRNA expression correlating with decreased patient disease-free survival and
increased ADAM10 protein expression seen in high-grade compared to low-grade breast
tumours (Mullooly et al., 2015). Knockdown of ADAM10 in MDA-MB-231 cells decreases
cell migration and overexpression of ADAM17 in MDA-MB-231 cells enhances cell
proliferation, invasion and VEGF secretion (Zheng et al., 2009; Mullooly et al., 2015). a-
secretase is a desirable target in cancer, due to its regulation of Notch function. The
contribution of B-secretase in cancer, on the other hand, has yet to be explored and its

expression in MDA-MB-231 cells is unreported.

Data in Chapter 3 demonstrated y-secretase inhibition does not affect the 1-induced Iy..
Conversely, B1ICD-GFP is sufficient to induce a B1-like Ina, Suggesting the presence of
B1-ICD is the requirement for the B1-induced Ina. Therefore, a-/B-secretase cleavage
should not affect the ability of B1 to induce an enlarged Ina. On the other hand, 311CD-
GFP was incapable of inducing $1-like cell adhesion and morphology changes, whereas

y-secretase inhibition increased the rate of B1-induced cell adhesion, potentially through
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increased full-length B1 at the plasma membrane. Therefore, a-/B-secretase cleavage
inhibition should not affect 31-induced cell adhesion and morphology changes and may,
in fact, increase the rate of cell adhesion and decrease cell circularity/ increase cell

length, as more full-length 31 should be present.

Chapter 3 did not reveal any effect of y-secretase cleavage on 1 localisation. Using
FRAP, no difference in 1 mobility was detected following y-secretase inhibition.
Likewise, co-localisation studies revealed early endosomal and lysosomal localisation of
B1, but the degree of co-localisation was not affected by y-secretase inhibition,
suggesting secretase processing may not occur within the endolysosomal system. On
the other hand, if a-/B-secretase cleavage of B1 at the plasma membrane is a pre-
requisite for endocytosis, then a-/3-secretase inhibition should decrease 31 enrichment

within endosomes.

5.1.1 Hypothesis and aims

The hypothesis of this chapter was that extracellular secretase cleavage regulates 1

function and localisation. | aimed to test this hypothesis by:

e Creating a mutated 31 construct that is resistant to a-/B-secretase cleavage —
secretase-resistant 1 (SRB1)

e Assessing whether SRB1 is sufficient to recapitulate B1-induced metastatic cell
behaviours, namely B1-induced cell adhesion and morphology changes

e Comparing the subcellular localisation of SR1 to 1

¢ Comparing the electrophysiological properties of SRB1 to 1
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5.2 Results

5.2.1 Generation of a secretase-resistant form of 31

To assess the impact of secretase processing of 1 in MDA-MB-231 cells, while avoiding
using pharmacological inhibitors that would inhibit proteolysis of other endogenous
secretase substrates, a secretase-resistant 31 (SRB1) construct was generated through
amino acid deletion and transfected into MDA-MB-231 cells. B-secretase cleavage of 1
has been identified and the cleavage site located (between Leul44 and Glu145) (Wong
et al., 2005). B2 is the only B-subunit that has been demonstrated to be cleaved by a-
secretase (Kim et al.,, 2005). However, the location of the cleavage site was not
determined. In this study, B-secretase was focused upon, as the cleavage site is known.
Six amino acids (lle142-147Val) (Figure 5.1A), three each side of the cleavage site, were
deleted from pcDNA3.1 encoding B1-GFP by site-directed mutagenesis to produce
SRB1-GFP (Figure 5.1B,C). Following site-directed mutagenesis, pcDNA3.1-SRB1-GFP
was transfected into MDA-MB-231 cells and a stable cell line generated through
prolonged antibiotic treatment and single cell colony expansion. Lysate of MDA-MB-231-
SRB1-GFP cells was probed with an anti-GFP antibody by western blot and compared
against MDA-MB-231-1GFP lysate. Any inhibition of extracellular secretase cleavage
would be expected to reduce the abundance of B1CTF-GFP/B1ICD-GFP. Excitingly,
SRB1-GFP showed complete inhibition of secretase processing, demonstrated by the
absence of a B1CTF-GFP band (Figure 5.1D). The complete inhibition of secretase
processing suggests either a-secretase does not cleave 31 in MDA-MB-231 cells or a-
secretase cleavage is also inhibited by the deletion mutation. Furthermore, both FLB1-
GFP and SRB1GFP ran at the same weight. This is an important result as it suggests

SRB1GFP is being glycosylated similar to FLB1-GFP.
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Figure 5.1 Generation of a secretase-resistant 31 construct

(A) Location of the B-secretase cleavage site between Leul44 and Glu145 of 31 (Wong
et al., 2005). The occurrence of a-secretase cleavage of 31 has not been reported. The
142l1le-147Val motif flanking the B-secretase cleavage site was deleted by site-directed
mutagenesis (B). 5’ phosphorylated (P) primers were designed to flank the DNA
sequence that encodes 142lle-147Val to produce a 31 construct resistant to -secretase
cleavage, known as secretase-resistant (SR) B1 (C). Ig: immunoglobulin, TMD:
transmembrane domain, BSCM: 3-secretase cleavage motif. (D) Western blot analysis
of lysate from MDA-MB-231 cells expressing $1-GFP or SRB1-GFP probed for anti-GFP.
a-tubulin used as a loading control. The molecular weight in kilodaltons is provided on
the left side of the blot. Two different exposures of the same membrane provided to
exemplify the absence of secretase cleavage in SRB1-expressing cells. FL: full-length,
CTF: C-terminal fragment, ICD: intracellular domain.
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5.2.2 Secretase-resistant f1 induces B1-like cell adhesion and morphology
changes

As the six amino acid deletion to generate SRB1-GFP may impair B1 structure and
functionality independently of secretase inhibition, SRE1-GFP was tested by transcellular
adhesion and morphology assays, to ensure SRB1-GFP is correctly folded, present at
the plasma membrane, functionally active and practical to use in further assays. The 31
Ig loop is assumed to underpin B1-induced transcellular adhesion and process outgrowth
(Isom & Catterall, 1996), supported by evidence from Chapter 4 demonstrating B11CD-
GFP expression did not induce either change. Accordingly, if SRB1-GFP is being
correctly folded and exported to the plasma membrane, it should induce 31-like adhesion
and morphology changes. The ability to accelerate the rate of transcellular adhesion was
first examined. B1-GFP is known to increase the rate of adhesion, when expressed in
MDA-MB-231 cells, compared to GFP alone (Chioni et al., 2009). Therefore, the rate of
transcellular adhesion was compared between MDA-MB-231-GFP and MDA-MB-231-
SRB1GFP cells, to verify SRB1 also accelerates the rate of cell adhesion. Transcellular
adhesion was measured by obtaining a single cell suspension and counting the number
of particles in ten fields of view at 30 min intervals and normalising the countto T = 0
(Figure 5.2A). If SRB1-GFP is functionally active it should increase the rate of
aggregation compared to parental cells. Indeed, SRB1-GFP did enhance the rate of cell
adhesion. Particle counts at 30 min (P < 0.01) and 60 min (P < 0.01) were reduced in
MDA-MB-231-SRB1GFP cells compared to MDA-MB-231-GFP cells (n = 40, two-way
ANOVA) (Figure 5.2B), suggesting SRB1-GFP is functionally active at the plasma

membrane and able to induce transcellular adhesion, similar to 31-GFP.

Similar to transcellular adhesion, cellular elongation occurs in B1-GFP-expressing cells
(Chioni et al., 2009) and not in B1ICD-GFP -expressing cells (Chapter 4), suggesting it

is another function induced by the Ig loop that is independent of secretase cleavage.
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Figure 5.2 Transcellular adhesion assay of MDA-MB-231-SRB1GFP cells

(A) Single cell suspensions of MDA-MB-231-GFP cells (top row) and MDA-MB-231-
SRBGFP cells (bottom row) were left to aggregate for 2 h at 37 °C with gentle agitation
at 25 rpm. The number of particles (cell aggregates of any quantity) in a sample were
counted every 30 min. Example images at 0 and 60 min given. (B) Quantification of the
rate of transcellular adhesion of MDA-MB-231-GFP (green circles) and MDA-MB-231-
SRB1GFP (red triangles) cells (n = 40, N = 3). Particle count at each time point
normalised to t = 0. Data displayed as Mean + SEM. Two-way ANOVA used to test
significance between treatments at each time point. ** = P < 0.01.
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Cellular morphology was measured by acquiring images of fixed cells, exporting the
images to ImageJ, and manually masking fifty cells and measuring cell circularity and
cell length using in-built features in ImageJ. Morphology was quantified and compared
between MDA-MB-231 cells expressing GFP, B1-GFP and SRB1-GFP, to examine
whether SRB1 can induce similar morphology changes to B1-GFP (decreased circularity
and increased cell length; Figure 5.3A). Both MDA-MB-231-B1GFP (median — 0.54 (IQR:
0.37 — 0.68), n = 150, P < 0.0001) and MDA-MB-231-SRB1GFP cells (median — 0.52
(IQR: 0.38 — 0.71), n = 150, P < 0.0001) demonstrated decreased circularity compared
to MDA-MB-231-GFP cells (median — 0.71 (IQR: 0.58 — 0.82), n = 150, Kruskal-Wallis
test; Figure 5.3B), supporting the result from the adhesion assay that SRB1-GFP is
functionally active. Furthermore, the circularity index was comparable between MDA-
MB-231-B1GFP and MDA-MB-231-SRB1GFP cells (P > 0.9999). Both B1-GFP (median
— 37.8 ym (IQR: 25.8 — 50.3), n = 150, P < 0.05) and SRB1-GFP (median — 53.2 ym
(IQR: 36.8 — 79.2), n = 150, P < 0.0001) induced cell elongation relative to GFP
expression (median — 30.1 ym (IQR: 20.7 — 44.9), n = 150) (Figure 5.3C), further
suggesting SRB1-GFP is a functional protein. However, MDA-MB-231-SRB1GFP cells
were also 40 % longer than MDA-MB-231-B1GFP cells (P < 0.0001). This could be due
to differences in expression levels between cell lines resulting in more SRB1 at the
plasma membrane or secretase processing negatively regulating the abundance of 31

at the plasma membrane. Further work is required to resolve these possibilities.

5.2.3 Secretase-resistant 1 shows similar endolysosomal distribution to wild-
type B1

Following functional validation of SRB1, the subcellular distribution of SRB1 was

compared to B1-GFP to further understand the similarities between 31 and SR1.
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Figure 5.3 Cell morphology analysis of MDA-MB-231-SRB1GFP cells

(A) Brightfield images of MDA-MB-231-GFP, MDA-MB-231-B1GFP and MDA-MB-231-
SRB1GFP cells taken at 20x magnification (top row). Black boxes signify the region of
the image that is enlarged in the bottom row. Example cells shown with circularity index
and Feret’s diameter (analogous to cell length) measurements. (B,C) Quantification of
circularity index (B) and cell length (C) of MDA-MB-231-GFP (green, left), MDA-MB-231-
B1GFP (blue, middle) and MDA-MB-231-SRB1GFP cells (red, right). Data displayed as
min-max violin plots with median denoted as thick horizontal line and quartiles denoted

as dashed horizontal lines. n = 150, N = 3. Kruskal-Wallis test used to test for significance.
ns = not significant. * = P < 0.05. *** = P < 0.0001.
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y-secretase cleavage can occur within the endolysosomal pathway (Lorenzen et al.,
2010; Tam et al., 2014). In Chapter 3, B1-GFP expression was observed in early
endosomes and lysosomes and y-secretase inhibition decreased B1GFP/EEA1 co-
localisation, suggesting secretase processing of B1 is not occurring within the
endolysosomal pathway but may be occurring at the plasma membrane. To further this
result, the co-localisation of SRB1-GFP and 1-GFP with EEAL (early endosome marker)
and LAMP1 (lysosome marker) in fixed MDA-MB-231 cells was quantified and compared.
If both proteins show a similar enrichment in early endosomes and lysosomes, it would
suggest B1 progresses through the endolysosomal pathway without y-secretase
cleavage occurring, as y-secretase cleavage would result in release of soluble f11CD-
GFP from the endolysosomal membrane causing a decrease in GFP signal at the vesicle
membrane. Furthermore, if both proteins show a similar enrichment in early endosomes
and lysosomes, it would support the result obtained using the y-secretase inhibitor,
DAPT, which showed y-secretase inhibition did not increase B1 localisation in
endosomes or lysosomes (Chapter 3.2.6). Imaging using confocal microscopy with
Airyscan technology demonstrated both 31-GFP and SRB1-GFP co-localise with EEA1
in the perinuclear region of MDA-MB-231-1GFP and MDA-MB-231-SRB1GFP cells,
respectively (Figure 5.4A,B). Quantification of GFP/EEAL1 co-localisation, using
Pearson’s correlation coefficient, showed an enhanced enrichment of 1-GFP (0.47 +
0.02, n = 29), compared to SRB1-GFP (0.39 £ 0.02 , n = 28), with EEA1 (P = 0.003,
unpaired t test) (Figure 5.4C), supporting the idea that y-secretase regulates 1 plasma

membrane dynamics but does not cleave 1 within endosomes.

Next, the enrichment of 1-GFP and SRB1-GFP within lysosomes, using the marker
LAMP1, was quantified and compared in MDA-MB-231-B1GFP and MDA-MB-231-
SRB1GFP cells. If lysosomal localisation of 1 is secretase-independent, then a similar

co-localisation of 1-GFP and SRB1-GFP with LAMPL1 is to be expected.
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Figure 5.4 Comparison of the early endosomal distribution of B1-GFP and SRB1-
GFP in MDA-MB-231 cells

(A,B) Images acquired using confocal microscopy with Airyscan technology of MDA-MB-
231-B1GFP (A) and MDA-MB-231-SRB1GFP (B) cells labelled for anti-EEAL. Nuclei
stained for using DAPI DNA stain. Top row- example cells at 63x magnification with 2.5x
zoom factor. White boxes signify region of image that is enlarged in the bottom row.
Display settings of GFP in the bottom row altered so puncta are visible without
surrounding cellular GFP signal. White arrows denote areas of GFP/EEAl co-
localisation. (C) Pearson’s correlation coefficient was used to estimate co-localisation
between B1GFP or (n =29, blue, left bar) SRB1GFP (n = 28, red, right bar) (N = 3) and
EEA1l. Data shown as mean + SEM. Unpaired t-test used for statistical comparison. **
=P <0.01.
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Fixed MDA-MB-231-1GFP and MDA-MB-231-SRB1GFP cells were imaged using
confocal microscopy with Airyscan technology and immunolabelled for LAMP1 (Figure
5.5A,B). Both cell lines demonstrate GFP/LAMP1 co-localisation, suggest both 31-GFP
and SRB1-GFP are trafficked to lysosomes. Quantification of LAMP1 co-localisation with
GFP, by comparing PCCs, revealed a similar co-localisation of 31-GFP and SRB1-GFP
with LAMP1, 0.54 £ 0.02 (n = 29) and 0.51 + 0.02 (n = 28) respectively (P = 0.23,
unpaired t test) (Figure 5.5C). The comparable expression profiles of 1 and SRB31

suggest that 31 is not cleaved by secretases within lysosomes.

Lastly, to confirm SRB1-GFP degradation in lysosomes, MDA-MB-231-SRB1GFP cells
were treated with chloroquine and subcellular distribution of SRB1-GFP compared
against negative control cells. Chloroquine treatment prevents complete lysosome
vesicle formation and causes a characteristic swelling of lysosomes (Mauthe et al., 2018).
MDA-MB-231-SRB1GFP cells treated with chloroquine demonstrated enlarged
perinuclear vesicles enriched with SRB1-GFP (Figure 5.6A), suggesting SRB1-GFP is
degraded in lysosomes, similar to B1-GFP. To determine whether B1ICD is also
degraded in lysosomes, MDA-MB-231-B1ICDGFP cells were treated with chloroquine
(Figure 5.6B). Enlarged perinuclear vesicles, presumably lysosomes, devoid of GFP
signal were present, suggesting chloroquine treatment worked, but 311CD-GFP is not
present within lysosomes, raising the possibility that 1-ICD is degraded by the
proteasome instead. This would be an interesting result, as APP is degraded in
lysosomes, yet APP-ICD is degraded by the proteasome (von Rotz et al., 2004; Tam et
al., 2014). Proteasomal degradation of APP-ICD dictates its turnover in the nucleus
(Gersbacher et al., 2013), suggesting proteasomal activity may also regulate the half-life

and function of B1-I1CD.
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Figure 5.5 Comparison of the lysosomal distribution of B1-GFP and SRB1-GFP in
MDA-MB-231 cells

(A,B) Images acquired using confocal microscopy with Airyscan technology of MDA-MB-
231-B1GFP (A) and MDA-MB-231-SRB1GFP (B) cells labelled for anti-LAMP1. Nuclei
stained for using DAPI DNA stain. Top row- example cells at 63x magnification with 2.0x
zoom factor. White boxes signify region of image that is enlarged in the bottom row.
Display settings of GFP in the bottom row altered so puncta are visible without
surrounding cellular GFP signal. White arrows denote areas of GFP/LAMP1 co-
localisation. (C) Pearson’s correlation coefficient of GFP/LAMP1 signals in MDA-MB-
231-B1GFP cells (n = 29, blue, left bar) and MDA-MB-231-SRB1GFP cells (n = 30, red,
right bar) (N = 3). Data shown as mean + SEM. Unpaired t-test used for statistical
comparison. ns = not significant.
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Figure 5.6 Lysosomal degradation of SRB1-GFP but not B1ICD-GFP in MDA-MB-
231 cells

MDA-MB-231-SRB1-GFP cells (A) and MDA-MB-231-B1ICD-GFP cells (B) were pre-
treated with chloroquine (10 uM, 24h) prior to fixation. Cells were imaged using a
confocal microscope with Airyscan technology and endogenous GFP detected. White
arrows indicate enlarged lysosomes lined with SRB1-GFP. Black arrows indicate
enlarged lysosomes devoid of B1ICD-GFP.
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5.2.4 Secretase-resistant 1 shows similar subcellular distribution to wild-type

B1

Other subcellular sites of secretase cleavage were examined to determine if there is any
difference between B1 and SRp1 spatial expression that may be explainable by
secretase processing of 1. The organelles examined were the endoplasmic reticulum
(ER) and Golgi apparatus, both sites of secretase processing (Chyung et al., 1997; Area-
Gomez et al., 2009; Tan & Gleeson, 2019). Furthermore, as the subcellular distribution

of B-subunits has yet to be characterised, any results could be novel findings.

Firstly, the distribution of B1 and SRB1 within the Golgi apparatus was investigated. Fixed
MDA-MB-231-B1GFP and MDA-MB-231-SRB1GFP cells were immunolabelled for the
cis-Golgi marker, GM130, and the trans-Golgi marker, TGN46. Confocal microscopy with
Airyscan technology was used to image labelled cells. The cis-Golgi occupied a small
region adjacent to the nucleus (Figure 5.7A,B). While GM130 signal overlapped with 31-
GFP/SRB1-GFP expression, no clear enrichment of B1-GFP/SRB1-GFP within the cis-
Golgi structure, relative to the surrounding GFP fluorescence, was observable. Both 1-
GFP and SRB1-GFP showed a comparable PCC with GM130 (P = 0.22, unpaired t test),
0.32 £ 0.02 (n = 29) and 0.29 + 0.01 (n = 30) respectively (Figure 5.7C). Both 31-GFP
and SRB1-GFP overlapped with TGN46 signal. However, similar to the co-localisation of
B1-GFP/SRB1-GFP with GM130, no distinct trans-Golgi GFP enrichment was noticeable
against the surrounding GFP fluorescence (Figure 5.8A,B). A comparable PCC was
measured between GFP and TGN46 signals in MDA-MB-231-31GFP and MDA-MB-231-
SRB1GFP cells, 0.55 (median, IQR: 0.42 — 0.65, n = 25) and 0.55 (median, IQR: 0.49 —
0.61, n = 29) respectively (P = 0.96, Mann-Whitney U test) (Figure 5.8C). The trans-Golgi
network is a site of both endocytosis and exocytosis for APP, as well as APP proteolysis
(Choy et al., 2012; Tam et al., 2014), however despite its importance in APP regulation,
no difference was detected in the Golgi enrichment of 31-GFP compared to SRB1-GFP.
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Figure 5.7 Expression of B1-GFP and SRB1-GFP in the cis-Golgi of MDA-MB-231
cells

Pearson’s
correlation
coefficient

(A,B) Images acquired using confocal microscopy with Airyscan technology of MDA-MB-
231-B1GFP cells (A) and MDA-MB-231-SRB1GFP cells (B) labelled for anti-GM130, a
marker for the cis-Golgi. Top row depicts cells imaged with a 63x objective lens and 2.0x
zoom factor. White boxes denote areas of images that were enlarged to produce the
images in the bottom row. (C) Pearson’s correlation coefficient between GM130 and
GFP of MDA-MB-231-B1GFP cells (n = 29, blue, left box plot) and MDA-MB-231-
SRB1GFP cells (n = 28, red, right box plot) (N = 3). Data shown as mean + SEM.
unpaired t test used to test for statistical significance. ns = not significant.
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Figure 5.8 Expression of B1-GFP and SRB1-GFP in the trans-Golgi of MDA-MB-231
cells

(A,B) Images acquired using confocal microscopy with Airyscan technology of MDA-MB-
231-B1GFP cells (A) and MDA-MB-231-SRB1GFP cells (B) labelled for anti-TGN36, a
marker for the trans-Golgi. Top row depicts cells imaged with a 63x objective lens and
2.0x zoom factor. White boxes denote areas of images that were enlarged to produce
the images in the bottom row. (C), estimation of TGN46 co-localisation with GFP, using
Pearson’s correlation coefficients, in MDA-MB-231-B1GFP cells (n = 25, blue, left box
plot) and MDA-MB-231-SRB1GFP cells (n = 29, red, right box plot) (N = 3). Data shown
as min-max box plot. Mann-Whitney U test used to test for statistical significance. ns =
not significant.

192



Next, the ER distribution of B1 and SRB1 was assessed. Fixed MDA-MB-231-1GFP
and MDA-MB-231-SRB1GFP cells were immunolabelled for the ER maker calnexin.
Confocal microscopy with Airyscan technology was used to detect anti-calnexin and
endogenous GFP and co-localisation determined by PCC calculation. In both cell lines,
a clear co-localisation of calnexin with B1-GFP or SRB1-GFP was observed (Figure
5.9A,B). For both proteins, a robust GFP expression is apparent within the perinuclear
region of the cell and this expression overlaps with calnexin signal, suggesting a
significant portion of B1-GFP/SRB1-GFP is localised within the ER. In fact, after
quantification of co-localisation, significantly more SRB1-GFP (0.56 (median, IQR: 0.50
— 0.63),, n = 28) than B1-GFP (0.79 (median, IQR: 0.73 — 0.82),, n = 28) was detected
within the ER (P < 0.0001, Mann-Whitney U test) (Figure 5.9C),suggesting an increased
enrichment of SRB1-GFP within the ER compared to $1-GFP. This could be due to an
increased expression level of SRB1-GFP in MDA-MB-231-SRB1GFP cells compared to
B1-GFP in MDA-MB-231-B1GFP cells and the excess SRB1-GFP is being retained within
the ER, or 1-GFP being cleaved by y-secretase at the ER membrane and B11CD-GFP

is therefore being lost from the ER membrane and released within the cytoplasm.

To determine if there is a potential difference in expression levels between the two cell
lines, total cell area and total cell GFP fluorescence of the 2D images of fixed MDA-MB-
231-B1GFP and MDA-MB-231-SRB1GFP cells used in Figure 5.7 - Figure 5.9 were
measured (Figure 5.10A). GFP signal density, a measure of the concentration of GFP
within the cell, was also calculated by dividing total fluorescence by cell area. Total GFP
fluorescence and GFP signal density, for both cell lines, were normalised to the MDA-
MB-231-1GFP average. MDA-MB-231-31GFP and MDA-MB-231-SRB1GFP cells had
a comparable area, 584.3 ym? (median, IQR: 481.5 — 696.8, n = 80) and 589.9 um?
(median, IQR: 467.9 — 728.6, n = 88) respectively (P = 0.54, Mann-Whitney U test)

(Figure 5.10B).
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Figure 5.9 The expression of B1-GFP and SRB1-GFP within the endoplasmic
reticulum of MDA-MB-231 cells

(A,B) Images acquired using confocal microscopy with Airyscan technology of MDA-MB-
231-B1GFP (A) and MDA-MB-231-SRB1GFP (B) cells labelled for anti-calnexin. Nuclei
stained for using DAPI DNA stain. (C) Pearson’s correlation coefficient between GFP
and calnexin inMDA-MB-231-B1GFP cells (n = 28, blue, left bar) and MDA-MB-231-
SRB1GFP cells (n = 28, red, right bar) (N = 3). Data shown as min-max box plots. Mann-
Whitney U test used for statistical comparison. **** = P < 0.0001.
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Figure 5.10 Comparison of GFP fluorescence in MDA-MB-231-81GFP and MDA-
MB-231-SRB1GFP cells

(A) Examples of MDA-MB-231-31GFP and MDA-MB-231-SRB1GFP cells showing GFP
fluorescence. Same 488 nm laser settings (5.0 % laser power, 720 master gain, 2.50
digital gain) used throughout experiment. Cells analysed on ImageJ to obtain cell area,
total cellular GFP fluorescence (Fr) and cellular GFP signal density (Fsp) parameters. Fr
and Fsp normalised to mean MDA-MB-231-f1GFP values. (B,C,D) Statistical
comparison of cell area (B), normalised Fr (C) and normalised Fsp (D) between MDA-
MB-231-B1GFP cells (n = 80, blue left plot) and MDA-MB-231-SRB1GFP cells (n = 88,
red right plot) (N = 9). Data displayed as min-max violin plot with median shown as thick
horizontal line and quartiles as dotted horizontal lines. Mann-Whitney U test used for
comparison. ns = not significant, **** = P < 0.0001.
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However, total cell GFP fluorescence was almost 50 % higher in MDA-MB-231-
SRB1GFP (1.45 (median, IQR: 1.10 — 2.10), n = 88) than MDA-MB-231-B1GFP cells
(1.00 (median, IQR: 0.74 — 1.29), n = 80, P < 0.0001, Mann-Whitney U test) (Figure
5.10C), suggesting more SRB1-GFP is expressed than B1-GFP or degradation of $1-
GFP is accelerated compared to SRB1-GFP, in the respective cell lines. Likewise, GFP
signal density was higher in MDA-MB-231-SRB1GFP (1.44 + 0.05, n = 88) than MDA-
MB-231-B1GFP cells (1.00 £ 0.04, n = 80, P < 0.0001, unpaired t test) (Figure 5.10D),
further suggesting SRE1GFP is expressed at a higher level than B1GFP. Higher SR31-
GFP expression may explain why SRB1GFP is more enriched in the ER, as more is

being produced and is overloading the ER.

Next, FRAP was used to compare the mobility of B1GFP and SRB1GFP in live cells at
the leading edge of cells and in the ER (Figure 5.11A,B). If y-secretase cleavage is
occurring, soluble B1ICD-GFP will be present within the GFP fluorescence of B1GFP-,
but not SRB1GFP-, expressing cells and should therefore decrease the time constant
(time taken for half-maximal fluorescence recovery), increase the diffusion coefficient
(rate of 2D diffusion due to Brownian motion), and increase the mobile fraction
(proportion of mobile GFP elements) due to its rapid, unrestricted diffusion. In Chapter
3, a difference in mobility kinetics was not detected in DAPT-treated MDA-MB-231-
B1GFP cells at the leading or trailing edges compared to vehicle-treated cells, suggesting
B11CD-GFP generation is not occurring or is difficult to detect at these locations. To
address the potential problem that f1ICD-GFP movement may have been too fast to
detect, the image acquisition procedure was optimised to maximise temporal resolution
(using the procedure developed in Chapter 4 to detect soluble GFP diffusion) for this
experiment, so a difference in mobility at the leading edge may be detected between 31-

GFP and SRB1-GFP.
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Figure 5.11 Comparison of B1-GFP and SRB1-GFP mobility in MDA-MB-231 cells

(A) typical polarised MDA-MB-231-B1GFP cell imaged using confocal microscopy with
Airyscan technology. White boxes marking the leading edge (characterised by
lamellipodia) and the perinuclear region, consisting mainly of ER and is a site of robust
GFP fluorescence. (B) Schematic of a side-view of an MDA-MB-231-B1GFP cell with
average cellular dimensions and bleach spots marked. (C) Representative
photobleaching and recovery of GFP fluorescence at the leading edge (top row) and
perinuclear region (bottom row) of a live MDA-MB-231-1GFP cell following
photobleaching with a 488 nm laser (40 iterations, 100 % laser power). (D,E)
Quantification of the recovery of GFP fluorescence in MDA-MB-231-B1GFP cells (blue)
and MDA-MB-231-SRB1GFP cells (red) at the leading edge (D) and perinuclear region
(E). Recordings were taken every 25 ms. Data displayed as mean (solid line) + SEM
(dotted line). n > 25, N = 3. Dotted vertical line at T = 0 denotes photobleaching event.
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Accordingly, a 2 ym region was photobleached at the leading edge of MDA-MB-231-
B1GFP and MDA-MB-231-SRB1GFP cells and images acquired every 25 ms for 6 s
(Figure 5.11C,D). However, no difference between the time constants of B1-GFP (0.89
s (median, IQR: 0.44 — 1.53), n =18) and SRB1-GFP (0.72 s (median, IQR: 0.43 — 1.42),
n = 19) was detected (P = 0.45, unpaired t test) (Table 5.1). Similarly, no difference
between the diffusion coefficients of B1-GFP (0.12 ym?s? (median, IQR: 0.09 — 0.20, n
=17)) and SRB1-GFP (0.11 pm?s? (median, IQR: 0.05 — 0.15, n = 18)) was detected (P
= 0.50, Mann-Whitney U test). The mobile fractions of f1-GFP and SRB1-GFP were also
comparable, 0.59 (median, IQR: 0.42 —0.70, n = 19) and 0.65 (median, IQR: 0.34 — 0.84,
n = 17) respectively (P = 0.35, Welch’s t test). The parity between 1-GFP and SRB1-
GFP mobility at the leading edge supports the idea that y-secretase cleavage is not
occurring at the leading edge or the proportion of B1ICD-GFP within the GFP

fluorescence of MDA-MB-231-B1GFP cells is too miniscule to detect.

To investigate whether y-secretase is occurring at the ER membrane, the 2 um region of
interest was placed at a mid-cellular plane of the cell within the strongly fluorescent
perinuclear region, corresponding to the location of the ER. GFP was bleached within
MDA-MB-231-B1GFP and MDA-MB-231-SRB1GFP cells, and fluorescence recovery
measured over 6 s, with image acquisition occurring every 25 ms (Figure 5.11C,E). No
difference in the time constants of $1-GFP (1.13 s, IQR: 0.41 — 2.63, n = 19) and SRB1-
GFP (0.85 s, IQR: 0.53 — 1.58, n = 18) was detected (P = 0.46, Mann-Whitney U test)
(Table 5.1). The diffusion coefficients were also comparable between 31-GFP (0.12
um?s? IQR: 0.05 - 0.22, n = 18) and SRB1-GFP (0.12 um?s?, IQR: 0.08 — 0.26, n = 19,

P = 0.56, Mann-Whitney U test).
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Table 5.1 Mobility parameters of B1-GFP and SRB1-GFP in MDA-MB-231 cells

Leading edge Mid-cellular
B1-GFP SRB1-GFP B1-GFP SRB1-GFP
Mobile 0.59 0.65 0.66 0.59
fraction (0.42-0.70)P - 320.34-0.84) (0.30-0.86I)3 - 8((C)).39-O.94)
time 0.89 0.72 1.13 0.85
(0.44-1.53) (0.43-1.42) (0.41-2.64) (0.53-1.58)
constant (s) P=045 P =046
Dab 0.12 0.11 0.12 0.12
el (0.09-0.20) (0.05-0.15) (0.05-0.22) (0.08-0.26)
(Hm?s™) P=0.50 P =0.56

Comparisons between 31-GFP and SRB1-GFP for each parameter at each location made
using Mann-Whitney U tests or unpaired t test, P-value displayed underneath each
comparison. Data displayed as median (IQR). n = 17, N = 3. Abbreviations: D.p: diffusion

coefficient.
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Furthermore, the difference between mobile fractions of B1-GFP (0.66 (median, IQR:
0.30 - 0.86), n = 18) and SRB1-GFP (0.59 (median, IQR: 0.39 — 0.94), n = 19) was
insignificant (P = 0.80, unpaired t test). These data suggest y-secretase cleavage is not
occurring in the ER or B1ICD-GFP formation is too low to detect, e.g. if too little f1ICD-
GFP is generated to detect or if its formation is spatially restricted to a certain domain of

the cell.

5.2.5 Secretase-resistant f1 induces a B1-like Na*current

a-subunit modulation is an integral function of B1 and so far, this study has revealed that
the B1-induced Ina (increased Ina magnitude and accelerated channel recovery from
inactivation) is secretase-independent and B1-ICD is sufficient in inducing a B1-like Iya.
These results suggest that the 1-ICD sequence has to be present to modulate Ina,
regardless of whether it is freely mobile or still attached to membrane-bound B1.
Therefore, SRB1-GFP should be able to induce a B1-like Ina when expressed in MDA-
MB-231 cells. To test this, whole cell patch clamp recording was carried out on MDA-
MB-231-GFP, MDA-MB-231-B1GFP and MDA-MB-231-SRB1GFP cells to determine the
peak current density and activation/inactivation kinetics of each cell line. Initially, cells
were stimulated, from a holding potential of -120 mV, at progressive increments of 5 mV
starting from -80 mV (Figure 5.12A) to determine the Ina-voltage relationship (Figure
5.12B) and activation kinetics (Figure 5.12C). No difference was detected between MDA-
MB-231-GFP, MDA-MB-231-31GFP and MDA-MB-231-SRB1GFP cells for the voltage
threshold of channel activation (-47.7 + 2.8 mV, -53.7 £ 1.9 mV and -54.3 + 1.8 mV
respectively (n = 15, one-way ANOVA)), voltage threshold for half-maximal channel

activation (-24.2 + 0.7 mV, -27.6 £ 1.7 mV and -24.1 + 1.5 mV respectively (n = 15, one-
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Figure 5.12 Electrophysiological properties of SRB1-GFP expression in MDA-MB-
231 cells determined using whole cell patch clamp electrophysiology

(A) Representative whole-cell Na* currents generated in MDA-MB-231-GFP, MDA-MB-
231-1GFP and MDA-MB-231-SRB1GFP cells, following stimulation between -80 mV
and +30 mV, for 250 ms, from -120 mV. Every third sweep shown. (B) Current (I)-voltage
(V) relationship between -80 mV and +30 mV. (C) Conductance (G)-voltage (V)
relationship, from which activation Vi, was derived, between -80 mV and +30 mV. Fitted
Boltzmann curves overlain. (D) Steady-state inactivation. Cells were stimulated at -10
mV following a 250 ms holding voltage of between -120 mV and -10 mV. Normalised
current produced following -10 mV stimulation plotted. Fitted Boltzmann curves overlain.
(E) Recovery from inactivation. Cells were stimulated at 0 mV, then held at -120 mV for
t s before re-stimulation at 0 mV. t ranged from 1-500 ms. Fitted monoexponential curves
overlain. B-E Data plotted as Mean = SEM. B-D MDA-MB-231-GFP cells (n =15, green
circles, green solid lines) MDA-MB-231-B1GFP cells (n = 15, blue squares, blue dashed
lines) and MDA-MB-231-1ICDGFP (n = 15, red triangles, red dashed lines) (N = 3). E
n=8,N=3.
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way ANOVA)) or the voltage at peak current (-3.33 £ 1.9 mV, -8.67 £ 2.2 mV and -5.33
+ 2.4 mV respectively (n = 15, one-way ANOVA); Table 5.2). Similarly, no difference
was detected for the time taken to Ina peak between MDA-MB-231-GFP (1.1 s (median,
IQR: 0.9 — 1.53)), MDA-MB-231-1GFP (1.0 s (median, IQR: 0.8 — 1.1)) and MDA-MB-
231-SRB1GFP cells (1.1s (median, IQR: 0.8 — 1.3); n = 15, Kruskal-Wallis test). However,
both B1-GFP (-13.9 + 1.6 pA/pF, n = 15, P < 0.001, one-way ANOVA) and SRB1-GFP (-
11.6 + 1.8 pA/pF, n =15, P < 0.05, one-way ANOVA) induced an enlarged Ina compared
to GFP alone (-5.6 £ 0.7 pA/pF, n = 15). The voltage-dependence of inactivation (Figure
5.12D) and the recovery from inactivation (Figure 5.12E) were next examined. A
depolarised shift in the voltage-dependence of inactivation was observed in MDA-MB-
231-B1GFP (-87.4 £ 0.7 mV, n = 15, P < 0.001, one-way ANOVA) and MDA-MB-231-
SRB1GFP (-90.9 = 1.6 mV, n = 13, P < 0.05, one-way ANOVA) cells relative to MDA-
MB-231-GFP (-96.8 £ 2.1 mV, n = 13) (Table 5.2). Expression of f1-GFP (5.50 £ 0.2 s,
n =8, P < 0.001, one-way ANOVA) and SRB1-GFP (6.07 + 0.3 s, n =8, P < 0.001, one-
way ANOVA) accelerated the time taken for half-maximal recovery from inactivation
compared to GFP alone (12.2 £ 1.7 s, n = 8). These data show that SRB1 induces a 31-
like Ina, Namely an increased peak Ina density and accelerated recovery from inactivation,
supporting the hypothesis that the 31-1CD sequence is integral in inducing the B1-like Ina,

independent of secretase cleavage.

Tetrodotoxin (TTX) is a VGSC blocker that inhibits certain a-subunits (Na,1.1, Na,1.2,
Nay1.3, Na,1.4, Na,1.6, Na,1.7) at a lower concentration than other a-subunits (Na,1.5,
Nay1.8, Nay1.9). In Chapter 4, both 31-GFP and p1ICD-GFP expressing MDA-MB-231
cells expressed a Ina that was reduced by 30 — 40 % following 1 yM TTX treatment,
whereas no reduction in Ina was detectable in MDA-MB-231-GFP cells. To test whether
SRpB1 induces a similar TTX-sensitive Ina, 1 yM TTX was perfused onto MDA-MB-231-

GFP, MDA-MB-231-1GFP and MDA-MB-231-SRB1GFP cells (Figure 5.13A) and the
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Table 5.2 Na* current parameter analysis of SRB1-GFP overexpression in MDA-MB-

231 cells

Parameter 231-GFP 231-B1GFP 231-SRB1GFP

Cm (pF) 25.11 £ 2.00 29.23+2.95 27.71 +2.84
PCD (pA/pF) -5.64 +0.73 | ***-13.91+1.64 *-11.56+1.8
Va (MV) -47.67+£2.8 -53.67 £ 1.98 -54.33 £ 1.75
Vp (mV) -3.33+1.93 -8.87 + 2.26 -5.33+2.36
Activation Viz (mV) -24.19 £ 0.07 -27.08 £1.72 -24.05+1.54
Activation k (mV) 10.42 +1.52 8.30+£0.78 9.43+£0.92
Inactivation Vi2 (mV) -96.8+2.1 | ***87.37+£0.72 *-90.87 + 1.58
Inactivation k (mV) -9.88+0.74 -8.01 + 0.42 -9.19+0.54
Tp (Ms) 1.19+0.1 1.08 + 0.09 1.11 +0.09
RFI T2 (ms) (n = 8) 12.21£1.70 ***5.50 £ 0.22 ***6.07 £ 0.32

Data displayed as mean + SEM (n = 12 — 15 unless stated, N = 3). Significance tested
using one-way ANOVA or Kruskal-Wallis test. * = P < 0.05, * = P < 0.01, ** = P <
0.001 relative to MDA-MB-231-GFP cells. Abbreviations: Cn: membrane capacitance,
PCD: peak current density, Va: activation voltage, Vp: voltage at peak current, Vip:
voltage for half maximal activation/inactivation, Ty: time to peak, RFI Ty: time for half-
maximal recovery from inactivation.
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Figure 5.13 Reduction in Na*current magnitude induced by tetrodotoxin in MDA-
MB-231-SRB1GFP cells

(A) Representative traces of the Ina in MDA-MB-231 cells expressing GFP, B1-GFP or
SRB1-GFP in standard recording solution (PSS, black line), following 1 yM TTX
perfusion (orange line) and following PSS washout (grey line), determined using whole-
cell patch clamp electrophysiology. (B) Quantification of the reduction in peak current
density following 1 uM TTX perfusion and recovery following PSS washout in MDA-MB-
231 cells expressing GFP, B1-GFP or SRB1-GFP. Ina nhormalised to initial recording in
PSS bath solution. Data displayed as mean + SEM. n = 6, N = 3. Significance determined
using repeat-measure one-way ANOVA. ns = not significant. **** = P < 0.0001.
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reduction, and subsequent recovery following washout, in Ina magnitude was measured
and normalised to the initial Ina measurement (Figure 5.14B). Consistent with previous
results, 1 uM TTX application did not significantly reduce the Ina in MDA-MB-231-GFP
cells (n = 6, one-way ANOVA). Furthermore, in MDA-MB-231-1GFP cells, 1 yM TTX
application reduced Inato 0.62 = 0.02, which was significantly smaller than the starting
Ina (1.00, n =6, P <0.0001, RM one-way ANOVA) and Ina following washout (1.00 £ 0.04,
n =6, P < 0.0001, RM one-way ANOVA). In MDA-MB-231-SRB1GFP cells, 1 pM TTX
application reduced Inato 0.63 £ 0.02, which was also significantly smaller than the
starting Ina (1.00, n = 6, P < 0.0001, RM one-way ANOVA) and Ina following washout
(1.00 £ 0.01, n =6, P <0.0001, RM one-way ANOVA). Therefore, SRB1 induces a Ina
similar to 1 and increases the proportion of TTX-sensitive a-subunits at the plasma

membrane.

Lastly, to attempt to distinguish between the Ina generated in MDA-MB-231-1GFP and
MDA-MB-231-SRB1GFP cells, brefeldin A (BFA) was used. BFA inhibits ER-to-Golgi
transport, thereby preventing progression of VGSCs from the ER to the plasma
membrane (Figure 5.14A). Therefore, a reduction in Iya magnitude is observed following
BFA treatment as VGSCs are cleared from the membrane (Rougier et al., 2005). If B1-
GFP undergoes secretase-mediated proteolysis at the plasma membrane, it may lose
its association with a-subunits, whereas SRB1 would not, resulting in a decrease in Ina
magnitude. BFA was applied (50 ng/ml) to MDA-MB-231-1GFP (Figure 5.14B) and
MDA-MB-231-SRB1GFP cells (Figure 5.14C) and Ina recorded at O h, 6 h, 12 h and 24
h. However, no differences between Ina between cell lines, at any time point, were
detected (n = 8, two-way ANOVA) (Figure 5.14D; Table 5.3) In summary, these data

suggest there is no difference in the turnover of VGSCs induced by 31-GFP or SRE1GFP.
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Figure 5.14 Na* current decay induced by brefeldin A in MDA-MB-231 cells
expressing B1-GFP or SRB1-GFP

(A) Mechanism of action of brefeldin A (BFA). BFA inhibits ER to Golgi transport,
preventing VGSC exocytosis. VGSCs at the plasma membrane are still endocytosed and
degraded. (B,C) Representative traces of the Iya in MDA-MB-231 cells expressing B1-
GFP (B) or SRB1-GFP (C) after 0 h (black line), 6 h (orange line), 12 h (grey line) and
24 h (brown line) BFA treatment. BFA was maintained in the recording solution. (D)
Quantification of Ina decay induced by BFA. Data displayed as mean £+ SEM.n =8, N =
3. Two-way ANOVA used to test for statistical significance at each time point, although
no significance calculated.
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Table 5.3 Time course of the reduction in Na* current magnitude in MDA-MB-231-
B1GFP and MDA-MB-231-SRB1GFP cells induced by brefeldin A

Time (BFA treatment) 231-B1GFP 231-SRB1GFP
Oh 1.00£0.09 (n=12) | 1.00 £ 0.09 (n =12)
6 h 0.82+0.12(n=11) | 0.56 £ 0.09 (n = 14)
12 h 0.17+0.03(n=12) | 0.27 £ 0.04 (n = 10)
24 h 0.04+0.02(n=8) | 0.17£0.04 (n=10)
Data displayed as mean + SEM. N = 3. Ina Nnormalised to mean T = 0
value for each cell line. Significance tested using two-way ANOVA,
but no significance detected at any time point.
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5.2.6 Deletion of B1-ICD prevents 1 from induced an enlarged Na* current

This study has so far indicated that the 31-ICD sequence is responsible for inducing an
enlarged Ina in a secretase-independent manner. To prove this, a B1 construct lacking
the B1-ICD sequence (B1STOP) was generated and expressed in MDA-MB-231 cells
(Figure 5.15A). B1STOP has been used previously to demonstrate there is an a-subunit
interaction site within the B1-ICD sequence (Meadows et al., 2001). B1STOP was

designed as previously described, by truncating 1 after Lys165 (McCormick et al., 1998).

Here, | hypothesise that B1STOP does not increase Ina magnitude or accelerate channel
recovery from inactivation, both characteristic changes elicited by 81 and B1-ICD. Other
activation and inactivation parameters were also measured. Using whole cell patch
clamp recording, MDA-MB-231-GFP, MDA-MB-231-1GFP and MDA-MB-231-
B1STOP-GFP cells were examined for their current-voltage relationship (Figure 5.15B,C),
activation-voltage relationship (Figure 5.15D), inactivation-voltage relationship (Figure
5.15E) and recovery from inactivation kinetics (Figure 5.15F). As per previous
experiments, no differences were expected in the activation and steady-state inactivation
kinetics. Parameter analysis is summarised in (Table 5.4). However, hyperpolarised
shifts in the voltage threshold for channel activation (n = 8, P < 0.05, one-way ANOVA),
voltage threshold for half-maximal channel activation (n = 8, P < 0.01, one-way ANOVA)
and voltage at peak Ina current (n = 8, P < 0.01, one-way ANOVA) were observed in
MDA-MB-231-B1GFP cells compared to MDA-MB-231-GFP cells. A similar
hyperpolarised shift was seen in the voltage at Ina peak in MDA-MB-231-1STOP-GFP
cells compared to MDA-MB-231-GFP cells (n =9, P <0.01, one-way ANOVA). However,
no change in the voltage thresholds for half-maximal inactivation was detected across

conditions (n = 6, one-way ANOVA). Changes in the activation kinetics have not been

208



A B‘I -GFP B1STOP GFP B1-GFP

TMD B1-intracellular domain
| gYKKIAAATEAAAQENASEYLAITSESKE
NCTGVQVAERILQSTVPRARDPPVAT(M.. ]
linker GFP
B1-STOPGFP

KKRILQSTVPRARDPPVATM.. ]

TMD linker GFP

B +30mv 231-GFP 231-B1GFP  231-B1STOPGFP

80 mV 200 pA
-120mV " J
WE ‘ 5ms

Cc
f,_; O-.ll....' ....................... 1 son
) e
g 10 i IHH H!! 08 f S §
== >
7% i it o £
@ _
S 301, 231.GFp }H}H © 04 |!
G -40.® 231-B1GFP 0.2 ,,I
S .o+ 231-1STOPGFP 0.04nssauss?
80 -60 -40 -20 0 20 80 -60 -40 20 0 20
voltage (mV) F voltage (mV)
E 1.04

08 T, 1:0: E;Hﬁifﬂ

> i 200pa £ 06] ! amv
0.4 1omv "’i £ i 1
. \ -y
L]

I/Imax

0.0{-120mV iz::;il"*l:-f--ad ° 02,75

120 100 80 60 40 -20 OO0TT

voltage (mV) time (ms

Figure 5.15 Electrophysiological properties of B1STOP-GFP expression in MDA-
MB-231 cells determined using whole cell patch clamp electrophysiology

(A) B1STOP was generated following deletion of the B1-ICD sequence as detailed in
(McCormick et al., 1998) (B) Representative whole-cell Na* currents generated following
stimulation between -80 mV and +30 mV, for 250 ms, from -120 mV. Every third sweep
shown. (C) Current (I)-voltage (V) relationship between -80 mV and +30 mV. (D)
Conductance (G)-voltage (V) relationship, between -80 mV and +30 mV. Fitted
Boltzmann curves overlain. (E) Steady-state inactivation- reduction in Ina as holding
voltage increased from -120 mV to — 10 mV. Fitted Boltzmann curves overlain. (F)
Recovery from inactivation. Cells were stimulated at 0 mV, then held at -120 mV fort s
before re-stimulation at 0 mV. t ranged from 1-500 ms. Fitted monoexponential curves
overlain. C-F Data plotted as Mean =+ SEM. MDA-MB-231-GFP cells (n =12, green
circles, green solid lines) MDA-MB-231-B1GFP cells (n = 8, blue squares, blue dashed
lines) and MDA-MB-231-B1STOPGFP (n = 9, red triangles, red dashed lines) (N = 3).
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Table 5.4 Na* current parameter analysis of 31STOP-GFP overexpression in MDA-MB-

231 cells
Parameter 231-GFP 231-1GFP 231-1STOPGFP
Cm (pF) 2244 +1.44 20.54 £ 1.27 *17.04 £ 0.98
PCD (pA/pF) (n =15) -9.89 +1.25 | ***-28.56 + 3.61 N-15.27 £ 2.92
Va (MV) -37.08+1.44 *-43.75 + 1.57 N-36.11 + 2.49
Vp (MV) 458 £ 2.17 **.6.88 £ 2.10 *.555+2.11
Activation Viz (mV) -18.06 +1.11 | **-25.18+0.94 -21.86 +1.89
Activation k (mV) 9.54 + 0.65 7.72+0.23 **6.73 + 0.50
Inactivation Vi2 (mV) -88.51 + 3.18 -85.62 + 1.35 -83.81 + 2.73
Inactivation k (mV) -9.61+£1.52 -6.44 £ 0.57 -6.56 £ 0.73
Tp (Ms) 1.00 + 0.08 0.93+0.11 0.94 +£0.10
RFI T12 (Ms) 6.25+0.42 **4.10 + 0.29 *4.16 + 0.70

Data displayed as mean + SEM (n = 5 unless stated, N = 3). Significance tested using
one-way ANOVA or Mann-Whitney U test. * = P < 0.05, * = P < 0.01, ** =P < 0.001
relative to MDA-MB-231-GFP cells. » = P < 0.05 relative to MDA-MB-231-1GFP cells.
Abbreviations: Cn: membrane capacitance, PCD: peak current density, Va: activation
voltage, Vp: voltage at peak current, Vi2: voltage for half maximal activation/inactivation,
Tp: time to peak, RFI T12: time for half-maximal recovery from inactivation.
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observed in previous chapters and could reflect the smaller sample sizes or anomalous
behaviour of MDA-MB-231-GFP cells in this experiment. Regardless, consistent with the
original hypothesis, f1-GFP expression (-27.2 pA/pF (median, IQR: -36.5 to -14.6), n =
15) induced an enlarged Ina compared to GFP (-8.6 pA/pF (median, IQR: -13.7 —-7.3, n
=15, P <0.001, Kruskal-Wallis test)), whereas B1STOP-GFP did not induce an enlarged
Inacompared to GFP (-10.3 pA/pF (median, IQR: -20.3 —-6.7), n = 15, P = 0.89, Krusal-
Wallis test). However, contrary to the hypothesis, both B1-GFP (4.1 £+ 0.3s,n=6, P <
0.01, one-way ANOVA) and B1STOP-GFP (4.2+ 0.7 s,n=5, P <0.05, one-way ANOVA)
accelerated half-maximal recovery from inactivation relative to GFP-expressing cells (6.3
1+ 0.4 s, n = 8). Whereas the inability of B1STOP to induce an enlarged Ina fits the model
that 1ICD is required for a-p association in MDA-MB-231 cells, the ability of 31STOP to
accelerate recovery from inactivation does not. Perhaps gating of a-subunits are
facilitated by the B1 N-terminus as well as ICD, whereas the increase in Ina magnitude is

dependent on the B1ICD sequence.

5.3 Discussion

This chapter utilised a novel secretase-resistant 1 construct to assess the impact of
secretase cleavage on 1 function in MDA-MB-231 cells. SRB1 recapitulated B1-induced
cell adhesion and morphology characteristics, suggesting it was functional at the plasma
membrane. Typically, the increase in the rate of cell adhesion induced by (1 is greater
than that seen when SRB31 was expressed, however this may be due to differences in
the transfection efficiency or expression levels between different cell lines. SRB1-GFP
and B1-GFP showed similar subcellular distribution within endosomes, lysosomes, ER
and Golgi apparatus and similar lateral mobility at the leading edge and ER. However,

SRB1-GFP expression was more enriched within the ER compared to 31-GFP and 31-
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GFP expression more enriched within the trans-Golgi compared to SRB1-GFP.
Consistent with the hypothesis developed from the first two results chapters that the $1-
ICD sequence is required to induce a 1-like Ina, SRB1 induced a B1-like Ina, Whereas
B1STOP failed to enhance Ina, although B1STOP did accelerate channel recovery from

inactivation.

SRB1 was generated following deletion of six amino acids (142lle — 147Val) that flank
the B-secretase site. Imparting secretase-resistance in a protein through introduction of
a novel mutation has yet to be documented in the literature. However, there are many
characterised familial Alzheimer’s disease mutations of APP that interfere with secretase
cleavage. For instance, a range of mutations within the transmembrane domain of APP
impair y-secretase cleavage through prevention of substrate recognition (Xu et al., 2016).
Introduction of a large amino acid in place of a smaller one (e.g. G1753Y) is a common
mutation within the transmembrane domain of APP that reduces y-secretase cleavage
(Xu et al., 2016). An APP mutation near the B-secretase cleavage site (A673T), known
as the “lcelandic mutation,” reduces APP-CTF formation and is protective against
Alzheimer’s disease and cognitive decline (Jonsson et al., 2012). These APP mutations
that impair secretase processing are typically point mutations, so there were concerns
that deletion of six amino acids within 1 would have more widespread effects on 31
function, such as impaired folding, glycosylation and trafficking. However, SRB1 had a
similar molecular weight to 31, suggesting glycosylation of SRB1 was retained.
Furthermore, SRB1 was capable of inducing B1-like cell adhesion, cell elongation and a-
subunit modulation, suggesting SRB1 was being trafficked to the plasma membrane and
was functionally active. It was notable that the six amino acid deletion within 31
prevented all extracellular secretase cleavage. Either a-secretase does not cleave 31 in
MDA-MB-231 cells or a-secretase cleavage was also inhibited. 32 was the only 3-subunit

verified as an a-secretase substrate, raising the possibility that 31 is not a substrate (Kim
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et al., 2005). The site of a-secretase cleavage of B2 was undetermined, so it is difficult
to compare the homology of the cleavage site between B1 and B2. The enzyme
responsible for a-secretase cleavage of (2, ADAM10, is indeed endogenously
expressed in MDA-MB-231 cells (Mullooly et al.,, 2015). Furthermore, western blot
analysis of MDA-MB-231-1GFP cells has only demonstrated a single band for $1-CTF,
supporting the idea that a-secretase cleavage is absent or occurs very near to [3-
secretase cleavage. To verify a-secretase cleavage of B1 is not occurring, an a-
secretase inhibitor could be used to see if B1CTF-GFP expression is reduced or
ADAM10 could be overexpressed, or a-secretase activity could be stimulated using
phorbol 12-myristate 13-acetate, to see if B1CTF-GFP expression is increased.
Regardless, SRB1 appears to be a functionally active protein and a useful tool in

determining a role of secretase processing in regulating 31 function.

B1-GFP and SRB1-GFP showed a similar subcellular distribution, except B1-GFP
expression in the ER was lower compared to SRB1-GFP. SRB1-GFP was also shown to
be more highly expressed than 31-GFP within their respective cell lines, although other
techniques, such as flow cytometry, are best used to quantify cell fluorescence than
imaging as they are more sensitive and can measure millions of cells within a sample.
The higher total expression could explain the enhanced enrichment of SRB1-GFP within
the ER, if too much is being synthesised and is therefore congesting the ER. Conversely,
the ER is a known site of secretase processing (Chyung et al., 1997; Area-Gomez et al.,
2009), so B1 may be processed and B1ICD-GFP released from the ER and into the
cytoplasm. However, 31ICD-GFP was not detected within the perinuclear region using
FRAP, although B1ICD-GFP has not been detected in any region of the cell using this
FRAP approach during this study, potentially because too little 311CD-GFP is produced
to be detected or B1ICD-GFP is retained at the membrane and not freely mobile,

suggesting a limitation to this FRAP approach.
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As B1-GFP correlated with EEA1 expression more robustly than SRB1-GFP, it could
suggest B1-GFP is retained within the recycling endosomal system more so than SR31-
GFP. However, if a higher proportion of 1 is in post-Golgi compartments, 31-GFP would
have sustained the Ina for longer than SRB1-GFP following BFA treatment, as BFA does
not affect recycling of post-Golgi vesicles to/from the plasma membrane (Caporaso et
al., 1994). Conversely, if B1-GFP enrichment in endosomes is due to a decreased half-
life at the plasma membrane compared to SRB1-GFP, an accelerated Ina decay following
BFA treatment would be expected. The rationale for using BFA was that presence of full-
length 1 at the plasma membrane would be the limiting step for VGSC clearance.
However, as no difference was observed between B1-GFP and SRB1-GFP, secretase
cleavage does not appear to dictate VGSC clearance. Nonetheless, before any
hypotheses are made, it would be important to know if treating MDA-MB-231-B1GFP
cells with a B-secretase inhibitor causes a SRB1-like shift towards ER enrichment and
decreased endosomal expression. Furthermore, it would be informative to know if 31-
GFP is being cleaved by B-secretase within the ER or at the plasma membrane, as our
C-terminal GFP tagged constructs do not report on cleavage of the Ig domain. The
subcellular distribution of APP cleavage has been investigated previously through
subcellular fractionation or dual-labelling the N- and C-terminus with different

fluorophores, to see where they dissociate (Area-Gomez et al., 2009; Parenti et al., 2017).

SRB1 was capable of inducing a B1-like Ina, Supporting the hypothesis that secretase
cleavage does not affect f1-mediated a-subunit modulation. The 31-ICD sequence was
predicted to be responsible for inducing a B1-like Ina (increased Ina magnitude and
accelerated recovery from inactivation), so a B1 construct lacking the B1-ICD sequence,
B1STOP, was generated to test that hypothesis. B1STOP has been used previously to
demonstrate that B1ICD is required for ankyrin recruitment at cell-cell contacts and

required for a-subunit interaction and modulation (McCormick et al., 1998; Malhotra et
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al., 2000; Meadows et al., 2001). When expressed in MDA-MB-231 cells, 1STOP did
not enlarge Ina magnitude, however 1STOP did accelerate the time taken for half-
maximal recovery from inactivation. Unexpected hyperpolarised shifts in the voltage
threshold of activation were observed in B1-GFP and B1STOP-GFP expressing cells
relative to GFP-expressing cells as well. B1-induced hyperpolarisation of activation was
not observed elsewhere in this study, so it is unclear whether it is a genuine gating effect
or perhaps MDA-MB-231-GFP displayed an anomalous depolarised shift in activation for
this experiment. Heterologous studies in Xenopus oocytes have demonstrated that
B1STOP can modulate Nay,1.2 when expressed at high enough concentrations
(Meadows et al., 2001), suggesting B1STOP-induced acceleration of channel recovery
from inactivation may be an artefact of overexpression. Conversely, the N-terminus of
B1STOP may retain the ability to modulate a-subunits already at the plasma membrane,
as B1-ECD is known to modulate Na,1.2 (McCormick et al., 1998; McCormick et al.,
1999). In summary, these results support the hypothesis that B1-ICD is required to
enhance the magnitude of Ina. Quantification of plasma membrane VGSC expression
would be very informative in determining if the increase in f1-induced Ina magnitude is
due to increased VGSC trafficking to the plasma membrane. Biotinylation of cell surface
proteins, antibody labelling of a-subunits, or use of fluorescently conjugated toxins could
be used to detect membrane a-subunit expression. However, low VGSC abundance at
the plasma membrane of MDA-MB-231 cells may be an issue. Overexpression of a-

subunits or using a different cell line may be required.

5.4 Conclusion

The hypothesis of this chapter was that extracellular secretase cleavage regulates 31
function and localisation. To address this, a novel secretase-resistant 31 construct was

designed that is resistant to extracellular secretase cleavage through deletion of six
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amino acids that flank the B-secretase cleavage site. However, SRB1 mostly resembled
B1 in terms of subcellular distribution and function (cell adhesion, cell elongation, a-
subunit modulation). These results implicate SRB1 as a very promising tool in dissecting
the impact of secretase cleavage on B1 function in the future, as the six amino acid
deletion used to create SRB1 appears to have had minimal effect on B1 glycosylation,

folding and localisation.

The ability of SRB1 to induce a B1-like Inaled to the hypothesis that 31-ICD is integral in
a-subunit regulation. A B1 construct lacking the B1-ICD sequence did not induce an
enlarged Ina, suggesting B1-ICD is required for the enlarged Ina seen in MDA-MB-231
cells, potentially through promoting plasma membrane trafficking of TTX-sensitive

VGSCs.
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Chapter 6: Discussion

Despite 1 being identified as a secretase substrate in 2005, little is known about the
functional impact following secretase cleavage (Wong et al., 2005). The only insight
being y-secretase inhibition prevents [B1-mediated neurite outgrowth in primary
cerebellar granule neurons (Brackenbury & Isom, 2011). In recent years, a role for
VGSCs in cancer has emerged (Patel & Brackenbury, 2015). Using MDA-MB-231 cells
in a xenograft model of breast cancer, treatment with phenytoin and knockdown of
Nay1.5 both reduce metastasis, whereas overexpression of 1 increases metastasis and
reduces survival (Nelson et al., 2014; Nelson et al., 2015a; Nelson et al., 2015b). The
mechanism of how 1 is contributing to breast cancer metastasis is still unclear. However,
if secretase cleavage regulated B1-mediated breast cancer metastasis, this would
advance our understanding of VGSCs and secretases in cancer, as well as provide a
potential therapeutic target for cancers overexpressing 1. This led to the hypothesis of
this study: secretase cleavage regulates (1 function in breast cancer cells. This study
aimed to dissect the contribution of secretase cleavage to 1 function by using y-
secretase inhibitors on B1-expressing MDA-MB-231 cells as well as developing various
B1 constructs for expression in MDA-MB-231 cells, specifically $1-ICD and SRB1. By
applying these three approaches in various functional and imaging assays, this work has
provided insight into the contribution of secretase cleavage in regulating 1 function in

breast cancer cells.

6.1 Subcellular distribution of 1

Current knowledge of the subcellular localisation of B1 suggests B1 and (33, but not p2
and B4, associate with a-subunits within the ER and Golgi, where they influence a-

subunit glycosylation (Laedermann et al.,, 2013). Furthermore, B1, unlike B2,
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demonstrates low abundance at the plasma membrane (Dulsat et al., 2017), although all
B-subunits are enriched within lipid raft fractions of primary mouse cortical neurons
(Wong et al., 2005). In the present study, B1 demonstrated co-localisation with markers
for the ER, cis- and trans-Golgi, early endosomes and lysosomes, with particular
enrichment within the ER, endosomes and lysosomes (Figure 6.1). Additionally,
treatment with the lysosomal inhibitor, chloroquine, induced 31 accumulation within
lysosomes, suggesting this is where 1 is degraded. Such analysis of the subcellular
distribution of B1 has not been reported previously. The most surprising aspect of 31
distribution was the low expression at the plasma membrane. In fact, assessing the co-
localisation of 1 with the membrane marker FM4-64 revealed no detectable plasma
membrane expression, with cytoplasmic 1 signal offset to FM4-64 by ~500 nm. The low
B1 plasma membrane expression has been noted before, suggesting it could be an
intrinsic feature of 31 across different cell types (Dulsat et al., 2017). However, the major
roles of 1, namely a-subunit modulation and transcellular adhesion, imply 81 must be
at the plasma membrane and the co-localisation of 1 with endosomal markers, from
this study, implicate B1 is at the plasma membrane before endocytosis. Although, direct
Golgi to early endosome trafficking is observed for APP (Toh et al., 2017). VGSC activity
has previously been linked with potentiation of endocytosis in lung cancer cell lines,
suggesting 1 may be being rapidly internalised due to the Ina generated in MDA-MB-
231 cells (Onganer & Djamgoz, 2005). Additionally, the Ina decay induced by BFA
treatment in the present study was significantly accelerated compared to previous work
conducted in HEK cells (Rougier et al., 2005), supporting the idea that the rate of VGSC
turnover may be relatively high in MDA-MB-231 cells, which may contribute to the low

surface B1 expression.

The B1 construct used in this study is fused to GFP at the 31 C-terminus. This design

allows for monitoring of secretase processing, as 311CD-GFP release from the
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Figure 6.1 Subcellular localisation of 31

1. B1 progresses through the endoplasmic reticulum and Golgi apparatus. The majority
of cellular B1 is sequestered within the ER. 2. A fraction of B1 is trafficked to the cell
surface. 3. B1 is either processed by secretases at the plasma membrane (3a) or is
internalised and processed by secretases on internal membranes (3b). 4. B1-ICD is
produced and may be degraded or possess functional roles. 31-ICD was shown to be
sufficient to induce a B1-like Ina, Suggesting it may remain associated to an a-subunit
upon formation. Alternatively, it may translocate to the nucleus and regulate gene
expression. Otherwise, B1-ICD may possess a currently unidentified role or be degraded
rapidly.
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membrane should result in decreased GFP fluorescence at the respective membrane.
Therefore, in this study, the subcellular distribution of B1 was compared against 31 after
DAPT-treatment or SRB1. Secretase processing occurs at the plasma membrane as well
as at some of the internal membranes examined, such as the ER, trans-Golgi and
lysosomes (Area-Gomez et al., 2009; Choy et al., 2012; Tam et al., 2014). However,
neither SRB1 nor B1 in DAPT-treated cells showed an increase in their endolysosomal
enrichment compared to 1, suggesting y-secretase cleavage is not occurring within
endosomes or lysosomes. However, both SRB1 and 31 in DAPT-treated cells showed
decrease endosome co-localisation compared to 1, suggesting secretase cleavage
regulates 1 membrane clearance. Quantitative differences were detected between 31
and SRpB1 distribution, with B1 demonstrating decreased ER expression compared to
SRB1. This difference could be due to secretase processing of B1-GFP, within the ER,

resulting in decreased fluorescence compared to SRB1-GFP.

To further evaluate y-secretase processing of 1, FRAP was used at various locations
within the cell to attempt to detect B1ICD-GFP in live MDA-MB-231-B1GFP cells. In a
separate experiment, B11CD was estimated to diffuse at ~5 um?s=in a freely mobile state,
similar to that of GFP. SRB1-GFP or 1-GFP in DAPT-treated cells (i.e. no 1ICD-GFP
present), on the other hand, moved at ~0.1 um?s?, typical of a transmembrane protein
(Kusumi et al., 1993), with ~30 % of protein being immobile. Therefore, it was expected
that the presence of B1ICD-GFP within MDA-MB-231-1GFP cells would enhance
mobility parameters, relative to DAPT-treated MDA-MB-231-1GFP or MDA-MB-231-
SRB1GFP cells. FRAP was performed at the cell extremities and within the perinuclear
region. However, no differences in mobility kinetics were detected, suggesting 31-ICD is
not present within these locations or this FRAP technique is not sensitive enough due to
low B1-ICD abundance. The presence of an immobile fraction for 1 and SRB1 is

intriguing and could represent the fraction bound to a-subunits, as a-subunits are known
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to be almost completely immobilised in neuronal membranes (Angelides et al., 1988; Joe
& Angelides, 1993). Alternatively, there is an ankyrin binding site within the 1 C-
terminus, which is inhibited by Tyr181 phosphorylation (Malhotra et al., 2002). Ankyrin
binding of neurofascin, which is also inhibited by tyrosine phosphorylation, is known to
decrease neurofascin lateral mobility (Garver et al., 1997), raising the possibility that
ankyrin binding of 1 may be responsible for immobilisation. If this were the case,
B1STOP should demonstrate unrestricted lateral mobility. Additionally, as the ankyrin
binding site lies within $1-ICD, B1ICD-GFP being generated in MDA-MB-231-1GFP
cells may remain immobilised at the membrane, explaining the lack of increased mobility
kinetics when compared to MDA-MB-231-SRB1GFP cells or MDA-MB-231-B1GFP cells

treated with DAPT.

Assays for transcellular adhesion and cell morphology were used throughout this study.
The functional implications of these results will be discussed later, however these assays
provide an indirect readout of 1 plasma membrane expression, as the extracellular Ig
loop is assumed to underpin both B1-induced transcellular adhesion and cell elongation
(Isom & Catterall, 1996; Chioni et al., 2009). Interestingly, DAPT treatment accelerated
B1-induced cell adhesion, suggesting secretase processing may regulate the expression
of full-length B1 at the plasma membrane. In support of this, SRB1 induced cell
elongation to a significantly greater degree than 1 and SRB1 demonstrates lower
endosomal enrichment compared to B1(discussed in the previous paragraph),
suggesting more SRB1 at the plasma membrane. However, increased surface SRB1 is
also explained by the fact that global SRB1-GFP expression in MDA-MB-231-SRB1-GFP

cells was higher than 1-GFP in MDA-MB-231-B1GFP cells.

221



In conclusion, 31 is found within the endolysosomal pathway, ER and Golgi although it
is still unclear whether secretase cleavage affects B1 localisation. B1 demonstrates
overwhelming intracellular expression with an undetectable fraction at the plasma
membrane, a phenomenon observed for APP, but not for 2 (Caporaso et al., 1994;
Dulsat et al., 2017). Phosphorylation of an intracellular tyrosine dictates subcellular
localisation and mobility of the L1 family of cell adhesion molecules, through limiting
ankyrin binding (Garver et al., 1997). Interestingly, the intracellular tyrosine (Tyr181) that
facilitates ankyrin binding is found within 1 but not present in 32, raising the possibility
that Tyr181 is involved in regulating 31 subcellular localisation and may be responsible
for the differences seen in the spatial expression profile of 1 and 2 (Malhotra et al.,

2002).

B1-ICD was originally hypothesised to translocate to the nucleus where it regulates gene
expression, as proposed for f2-ICD (Kim et al., 2007). Interestingly, ankyrin binding to
Drosophila L1-CAM negatively regulates nuclear levels of L1-CAM, suggesting ankyrin
binding favours membrane targeting (Kakad et al., 2018). Kakad et al. also note that C-
terminal GFP-tagging of L1-CAM significantly interfered with nuclear translocation, an
issue that may be relevant to the present study. Regardless, a small fraction of 31-GFP
fluorescence appeared to originate from the nucleus, supporting the hypothesis of
nuclear B1-ICD translocation. Furthermore, overexpression of 31ICD-GFP alone in
MDA-MB-231 cells demonstrated nuclear localisation. However, this phenomenon could
be attributed to the small size of B1ICD-GFP permitting stochastic diffusion through
nuclear pores, as GFP showed similar nuclear expression. To discern a difference in
nuclear localisation of GFP and B1ICD-GFP, FRAP was used to determine the nuclear
import rates of both proteins, as a slower time course of import was expected for 311CD-
GFP if it is being actively transported into the nucleus as part of a protein complex.

Interestingly, a slower rate of nuclear import was observed for B1ICD-GFP, compared to
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GFP, supporting the hypothesis. However, this slower time course of nuclear import may
still be explained by slower diffusion of B11CD-GFP due to its slightly larger size. Further
work is required to determine if B11CD is trafficked into the nucleus and regulates gene
expression. However, the ability of 1-ICD to induce a p1-like Ina suggests f1-1ICD may
be functionally active at the membrane and may therefore remain associated with the

VGSC following secretase processing of 31 in MDA-MB-231-B1GFP cells.

6.2 Electrophysiological consequences of 1 expression

B1 expression induces a range of different electrophysiological changes depending on
the model system used. Enhanced Ina, Changes in activation/inactivation kinetics, and
accelerated recovery from inactivation have all been reported (Zhao et al., 2011,
Laedermann et al., 2013; Zhu et al., 2017). B1 overexpression in MDA-MB-231 cells
consistently induced an increase in Ina magnitude and an accelerated channel recovery
from inactivation, with some changes in activation/inactivation kinetics sporadically seen.
The increase in Inamagnitude is likely due to surface trafficking of a-subunits (Isom et al.,
1992; Meadows et al., 2001). As B1 is thought to interact with the voltage-sensing domain
of DIl (Yan et al., 2017; Zhu et al., 2017), it may accelerate recovery from inactivation
through a direct interaction with the voltage-sensing domain. Alternatively, N-terminal
glycosylation of 1 has been shown to regulate gating kinetics through the presence of
negatively charged sialic acid (Johnson et al.,, 2004). A TTX-sensitive Ina Was also
observed following B1 expression, an intriguing result that suggests p1 traffics TTX-
sensitive a-subunits that may be retained in intracellular pools within MDA-MB-231 cells.
Na,1.6 and Na,1.7 mRNA expression is present within MDA-MB-231 cells, implicating
one of these channels, unless another TTX-sensitive a-subunit is upregulated following

B1 expression (Chioni et al., 2009).
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An issue with consistency arose across the patch clamp experiments presented in this
study. Four separate experiments are presented here that include MDA-MB-231-GFP
and MDA-MB-231-B1GFP controls. In all four, current density was increased, and time
taken for half-maximal channel recovery from inactivation accelerated, in B1-GFP
expressing cells compared to GFP expressing cells, resulting in these two features
characterising the “B1-like Ina.” However, in two experiments each, the voltage threshold
for half-maximal channel inactivation was depolarised and the voltage at peak Inawas
hyperpolarised. Similarly, in one experiment each, the voltage threshold for channel
activation was hyperpolarised and the voltage threshold for half-maximal channel
activation hyperpolarised. Due to the inconsistent appearance of these changes in gating
kinetics, it is difficult to conclude whether they are genuinely induced by B1 or are
technical issues. As the Ina detected in MDA-MB-231 is relatively smaller than that seen
in other cell models used in VGSC research, slight changes in gating kinetics may be
difficult to detect. Alternatively, voltage clamping requires a very stable seal between cell
membrane and the pipette mounted on the electrode. If one of the control cell lines used
is more difficult to seal onto than the other, or if MDA-MB-231 are difficult to seal onto in
general, it would make precise voltage control of the cell membrane more difficult for the
amplifier and may contribute to erratic gating kinetic results. As peak current density and
recovery from inactivation were the most reliable parameters, they became the focus of

the project.

The impact of secretase processing on $1-induced a-subunit modulation remained an
exciting, unexplored area of research prior to this study. So far, emerging evidence has
linked secretases to B2 electrophysiology. Overexpression of 32-ICD in SH-SY-5Y cells
demonstrates nucleus expression and causes upregulation of Na,1.1 expression (Kim et
al., 2007). In BACE1-null mice neurons, both B2 proteolysis and Na,1.1 expression is

reduced (Kim et al., 2011). Additionally, a-subunit interaction sites are found within B1-
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ICD and B1-ECD (McCormick et al., 1999; Meadows et al., 2001), the two domains
released following secretase processing, further supporting the possibility of a role of
secretase cleavage in B1-induced a-subunit modulation. However, the effect of
secretase processing on B1-induced a-subunit modulation was examined in this study
thoroughly, using pharmacology and 31 constructs, yet no link was detected. Initially,
MDA-MB-231-B1GFP were treated with a range of y-secretase inhibitors (DAPT,
L685,458 and Avagacestat) and no changes in Ina magnitude or channel recovery from
inactivation were detected, relative to untreated cells. Furthermore, SRB1 expression
also induced a B1-like Ina, SUpporting the previous result that secretase cleavage does
not regulate 1-medatied a-subunit modulation. Interestingly, B1-ICD, alone, could
induce a B1-like Ina. This result suggests that even following secretase processing, B1-
induced a-subunit modulation may be maintained through B1-ICD. The ability of $1-1CD
to increase Ina magnitude and TTX-sensitivity was surprising, as it suggests soluble p1-
ICD is capable of enhancing surface trafficking of a-subunits. Additionally, B1-1CD
accelerated channel recovery from inactivation, suggesting that if f1-induced recovery
from inactivation is a result of direct modulation, it occurs on the cytoplasmic side of the
channel. Importantly, 31-ICD did not induce B1-like transcellular adhesion or cell
elongation, confirming that B1-ICD was not functioning via endogenous full-length 1, for
instance through upregulation of SCN1B expression. Soluble ion channel auxiliary
subunits do exist, Ca/8s, KiBs and K*-channel interacting proteins (KChIPs) are all
soluble proteins that can modulate channel activation/inactivation kinetics and increase
channel surface expression (in the case of Ca,s and KChIPs) (Pragnell et al., 1994; An
et al., 2000; Yang et al., 2001; Altier et al., 2011). Furthermore, many mutations that
occur on the cytoplasmic surface of Nay a-subunits disrupt channel activation/inactivation
kinetics (Chapter 1), supporting the idea that alterations to the structure of the
cytoplasmic side of a-subunits induced by interaction with f1-ICD could regulate channel

recovery from inactivation. Together, these data suggest secretase processing does not
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regulate B1-mediated a-subunit modulation but the B1-ICD sequence itself is sufficient

to induce a B1-like Inain MDA-MB-231 cells.

To validate the importance of B1-1CD, B1STOP-GFP was constructed and expressed in
MDA-MB-231 cells. B1STOP has been used previously to demonstrate an a-subunit
interaction site, as well as the ankyrin binding site, within 31-1CD (Meadows et al., 2001,
Malhotra et al., 2002). As hypothesised, 31STOP failed to enhance Ina Wwhen expressed
in MDA-MB-231 cells, underlining the importance of B1-ICD in B1-like Ina induction
(Figure 6.2). However, B1STOP was able to accelerate channel recovery from
inactivation. Mechanistic insight into how 31 accelerates recovery from inactivation is
lacking, making this result difficult to explain. However, an a-subunit interaction within
the N-terminus has been characterised (McCormick et al., 1999), so potentially there is
functional redundancy between the Ig domain and the ICD in regard to a-subunit
modulation. Endogenous B-subunits are lowly expressed in MDA-MB-231 cells (Chioni
et al., 2009), thus another possibility is that f1-ICD or B1-STOP are imparting their
modulatory effect via these subunits. Alternatively, the construct design may be
responsible. $1-ICD and B1STOP share a three amino acid overlap in the N-terminus of
B1-ICD/ C-terminus of B1STOP, as the original creators of B1STOP observed that
maintaining the first three amino acids of B1-ICD was required for correct folding and
membrane insertion (McCormick et al., 1998). Similarly, both proteins share the same
linker to GFP. Either of these two shared sequences between 1-1CD and 1-STOP may
be contributing to inducing channel recovery from inactivation. Despite the recovery from
inactivation result, the inability of B1STOP to induce an enlarged Ina verified the
hypothesis that B1-ICD is responsible for enlarging Ina, potentially through increased
surface expression of a-subunits. No further assays were performed with B1STOP in this
thesis, but it would be informative to test TTX sensitivity in B1STOP-expressing cells to

verify whether B1STOP is altering the surface expression of TTX-sensitive a-subunits.
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Figure 6.2 B1-mediated regulation of a-subunits

The B1-ICD is required and sufficient to increase Ina current density, presumably through
cell surface trafficking of a-subunits, including TTX-sensitive (TTX-S) channels. B1STOP
(B1 lacking its ICD sequence) is unable to increase current density, supporting the model.
However, B1, B1-ICD and B1STOP are able to accelerate channel recovery from
inactivation, suggesting the mechanism to induce this gating effect is more complex than
a simple reliance on 31-ICD. B1STOP may potentially be interacting with TTX-resistant
(TTX-R) channels, which are present at the plasma membrane independently of B1, via
its N-terminus.
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How B1-ICD is enhancing Ina is an interesting question. As discussed in chapter 6.1,
Tyrl81 is a potential regulator of B1 function, by preventing ankyrin binding when
phosphorylated (Malhotra et al., 2002). B1 interacts with the tyrosine kinase, Fyn kinase
and receptor protein tyrosine phosphatase 3, RPTPB, which are thought to regulate
Tyrl81 phosphorylation status (Ratcliffe et al., 2000; Brackenbury et al., 2008). Ankyrin
already has a documented involvement in regulating VGSCs, as ankyrin also binds a-
subunits (Mohler et al., 2004). Ankyrin is an adaptor protein that couples a protein to
actin filaments and is involved in facilitating Na,1.5 surface expression in cardiomyocytes
and VGSC clustering at axon initial segments (Zhou et al., 1998; Mohler et al., 2004).
Additionally, in heterologous CHL cells, Na,1.2 interaction with ankyrin is enhanced
following B1 expression, leading to increased surface expression of Nay1.2 (McEwen et
al., 2004). This process is dependent on contactin and reversed when a phosphomimetic
construct of B1 is used (B1Y181E), suggesting f1 binding to ankyrin is also required
(McEwen et al., 2004). Interestingly, B1Y181E still interacts with Na,1.2 but fails to
modulate channel activation/inactivation kinetics (McEwen et al., 2004). The importance
of the cytoskeleton in Na,1.5 activity has already been reported. Treatment of rat
ventricular myocytes with cytochalasin-D, an inhibitor of actin polymerisation, decreases
single channel open probability and slows inactivation (Undrovinas et al., 1995).
Furthermore, treatment of HEK293 cells expressing Na,1.5 with Taxol, a tubulin
polymerising agent decreases current density (Casini et al., 2010). The authors
speculated ankyrin-mediated coupling of VGSCs to microtubules facilitates microtubule-
dependent internalisation of Na,1.5. Therefore, B11CD-ankyrin binding may be the
mechanism required for surface trafficking of VGSCs in MDA-MB-231 cells. In summary,
B1-1CD underpins the f1-induced Ina in MDA-MB-231 cells. Investigating the involvement

of Tyr181 phosphorylation would be an informative next step.
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6.3 B1-induced metastatic cell behaviour

B1 expression is known to increase the metastatic potential of MDA-MB-231 cells,
particularly to the liver and lungs, when implanted into mice (Nelson et al., 2014). The
increased metastatic potential is accompanied by decreased apoptosis, increased
process outgrowth and increased VEGF secretion in vivo, as well as an increase in
invasion in vitro, when compared to control MDA-MB-231 cells (Nelson et al., 2014).
However, the relationship between B-subunits and cancer may be complicated, as 31
expression decreases mobility of MDA-MB-231 cells and cervical cancer cell lines in vitro
(Chioni et al., 2009; Sanchez-Sandoval & Gomora, 2019). Similarly, B2 is considered
oncogenic, as its expression is increased in highly metastatic prostate cancer cell lines
and overexpression in prostate cancer LNCaP cells increases migration, invasion and
growth in vitro and increases perineural invasion in an ex vivo assay; yet LNCaP-B2 cells
show decreased tumour growth, compared to LNCaP cells, when implanted into mice
(Jansson et al., 2012; Jansson et al., 2014). The complexity of the involvement of 3-
subunits in cancer may reflect a tumour stage-dependency, as LNCaP cells are
considered weakly metastatic whereas MDA-MB-231 cells are considered strongly
metastatic (lorns et al., 2012; Jansson et al., 2012). This is supported by patient cohort
data that indicates SCN1B overexpression is seen in invasive breast tumours, whereas
high SCN1B expression does not correlate with a change in survival in subtype non-
specific breast cancer patients (Nelson et al., 2014). The uncertain contribution of 1 in

breast cancer highlights the need for deeper mechanistic understanding of 31 function.

6.3.1 Theinvolvement of Bl in cell adhesion

One explanation for the involvement of 31 in breast cancer could be via cell adhesion.
CAMs have a diverse involvement in cancer due to their role in regulating transcellular

coordination and communication, with some CAMs, for example glialICAM (Du et al.,
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2018), being downregulated and others, such as epithelial CAM (Zeng et al., 2019),
being upregulated (Farahani et al., 2014). E-cadherin is a CAM with a complex
involvement in cancer. E-cadherin is the major CAM involved in maintaining epithelial
integrity and loss of E-cadherin is thought to be a prerequisite for tumour invasion,
demonstrated by loss of E-cadherin causing pancreatic tumour progression from well
differentiated adenoma to invasive carcinoma (Perl et al., 1998). Conversely, E-cadherin
expression is increased in distant metastases disseminated from breast tumours
(Kowalski et al., 2003). E-cadherin expression is required for formation of secondary
tumours, and to prevent apoptosis, in a mouse model of invasive ductal carcinoma,
leading the authors to conclude E-cadherin expression is stage-specific (Padmanaban
et al., 2019). It is therefore possible 1 may increase the metastatic potential of MDA-
MB-231 cells, an already strongly metastatic cell line, through increased transcellular
adhesion, necessary for growth of secondary tumours. Whereas weakly metastatic
breast cancer MCF-7 cells still maintain characteristics of differentiated epithelial cells,
while demonstrating high 1 expression (Chioni et al., 2009), as B1 keeps MCF-7 cells
compact at the primary site. In the present study, y-secretase inhibition increased the
transcellular adhesiveness of MDA-MB-231-B1GFP cells, suggesting secretase
inhibition may potentiate the B1-mediated cell adhesion process. Consistent with this,
SRB1 expression increased transcellular adhesion compared to GFP, although SRf(31
was not compared to 1. An increase in cell adhesion is likely caused by more 31 Ig
loops at the cell surface, however if y-secretase inhibition increases cell adhesion, there
is the possibility that 1-ICD may negatively regulate cell adhesion. However, 31ICD-
GFP expression did not affect cell adhesion compared to GFP expression. These data
underscore the importance of the Ig loop in B1-mediated cell adhesion and exclude the
possibility that 31-ICD is involved in regulating cell adhesion. These data also suggest
y-secretase inhibitor treatment may have negative consequences as an anti-cancer drug,

if transcellular adhesion is the mechanism underpinning 31-mediated metastasis.
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6.3.2 Theinvolvement of 1 in regulating cell morphology

MDA-MB-231 cells have a biphasic cell morphology when grown in culture. Cells can
possess a rounded morphology or an elongated morphology, characteristic of a
mesenchymal, polarised cell with lamellipodia at the leading edge and an elongated
process at the trailing edge. When B1 is expressed in MDA-MB-231 cells, process
elongation and narrowing occurs as the cells adopt a more mesenchymal-like
morphology (Chioni et al., 2009). A mesenchymal-like morphology is associated with cell
migration and this is supported by experimental data demonstrating that MDA-MB-231
cells cultured in astrocyte-conditioned medium displayed reduced circularity (as the cells
elongate), increased velocity and increased displacement (Shumakovich et al., 2017).
However, the link between morphology and cell motility may not be that straightforward
as B1 reduces lateral motility in MDA-MB-231 cells and 34 similarly induces an elongated
cell morphology while preventing migration through RhoA inhibition (Chioni et al., 2009;
Bon et al., 2016). B1-induced process outgrowth of MDA-MB-231-B1GFP cells is also
observed following skeletal muscle invasion of disseminated cancer cells in mouse
xenograft models, suggesting morphology changes may be linked to 1-mediated
metastatic cancer cell behaviour (Nelson et al., 2014). In tumour cells, processes
extending from the cell body are associated with chemosensing and invasion (Meyer et
al., 2012; Williams et al., 2019). In fact, process outgrowth correlates with 3D in vitro
invasion more robustly than 2D lateral motility does (Meyer et al., 2012), suggesting the
B1-induced process may be priming the cell for directed motility/invasion instead of
random 2D movement. Interestingly, B1 induces neurite outgrowth in cerebellar granule
neurons, raising the possibility of functional recapitulation in breast cancer cells
(Brackenbury et al., 2008). Furthermore, B1-induced neurite outgrowth is y-secretase
dependent, implicating a potential role for secretase processing in f1-induced breast
cancer cell morphology changes (Brackenbury & Isom, 2011). However, in the present

study, SRB1 expression in MDA-MB-231 cells increased cell length and reduced cell

231



circularity compared to GFP expression, similar to 1, suggesting secretase processing
is not required for these morphology changes. This is supported by the observation that
B1-ICD did not induce B1-like morphology changes in MDA-MB-231 cells. These data
implicate full-length B1 in B1-induced morphology changes, probably via lg loop-
mediated adhesion. In fact, SRB1-induced cell elongation was significantly greater than
B1-induced cell elongation, possibly through higher SRB1 membrane expression
compared to B1. Results from this study do not necessarily contradict the literature;
outgrowth assays performed on MDA-MB-231 cells and cerebellar granule neurons
previously have used a co-culture model, employing a monolayer of $1-expressing or
B1-null cells to focus on B1-induced, transhomophilic process/neurite outgrowth
(Brackenbury et al., 2008; Brackenbury & Isom, 2011). Therefore, the results from the
present study suggest the mechanism involved in B1-induced cell elongation in cultured
cells is secretase-independent, unlike for B1-mediated neurite outgrowth, and may not
be fully representative of in vivo conditions. The fact that y-secretase is required for 1-
mediated, trans-homophilic neurite outgrowth is intriguing, as it suggests both the
extracellular and intracellular domains are required. Trans-homophilic B1 interactions
may represent a co-ordinated, signal transduction response initiated by 31-1 Ig loop
interactions and ending with B1-ICD release. If this is occurring in breast cancer cells
expressing B1, and process outgrowth is clinically relevant, it could signify a role for y-

secretase in B1-induced metastasis.

6.3.3 The involvement of B1-induced Na* current in tumour progression

The potential contribution of Ina in tumour progression is an emerging, compelling field
of research, discussed in detail in chapter 1. In mouse xenograft models of breast cancer,
Nay1.5 knockdown or treatment with phenytoin decreases tumour metastasis (Nelson et

al., 2015a; Nelson et al., 2015b). This result directly implicated Ina in breast tumour
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metastasis, which is intriguing considering 1 expression enhances Ina When expressed
in breast cancer cells (Chioni et al., 2009). However, the present study demonstrates
that B1-induced Ina is not secretase-dependent, so secretase inhibitors would not be a
viable treatment option if 1 is contributing to metastasis through enlargement of Iya. A
causal relationship between B1-induced Ina and metastasis seems a likely possibility,
however, 34 also enlarges Ina in MDA-MB-231 cells, yet has a tumour suppressive effect
when 4-overexpressing cells are implanted into mice (Bon et al., 2016). The inhibitory
effect of B4 on breast cancer cell invasion was demonstrated to be Ina-independent and
is thought to occur through inhibition of RhoA-mediated migration through intracellular
interactions instead (Bon et al., 2016). The present study demonstrated 1 also
accelerated channel recovery from inactivation and upregulated TTX-sensitive to the
plasma membrane, parameters that were not investigated for 4. Therefore, it is possible
that one of these parameters underlies 1-induced metastasis. For instance, Na,1.6 and
Nay1.7 transcripts, along with B1 transcripts, are overexpressed in cervical cancer
biopsies and inhibition of Na,1.6 in a cervical cancer cell line reduces cell invasive
capacity (Diaz et al., 2007; Hernandez-Plata et al., 2012). Additionally, other parameters
were not measured in this study that may clarify how the $1-induced Ina contributes to
breast cancer metastasis. The persistent Ina is generated following incomplete
inactivation of VGSCs and results in a small intracellular flow of Na*. The persistent Ina
has been proposed as the major constituent of the inward Ina in breast cancer cells, as
cancer cells do not experience large fluctuations in membrane potential like neurons.
Hence, VGSCs in cancer cells are not able to cycle through open, inactivated and closed
states as they conventionally do in neurons. As cancer cells possess a relatively
depolarised membrane potential, it is thought VGSCs are mostly inactivated, with a
fraction of VGSCs carrying a persistent Ina (Yang et al., 2012). A persistent Ina, carried
by Na,1.5, is observable in MDA-MB-231 cells (Yang et al., 2012). The contribution of
the persistent Ina in breast cancer metastasis has not been directly dissected, yet as it
may be the most physiologically relevant component of the cancer associated Ina, it
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would be informative to measure in 31-expressing cells. Likewise, membrane potential
itself may contribute to tumour progression (Yang & Brackenbury, 2013). Membrane
potential is proportional to the sum of the extracellular and intracellular concentrations of
all ions present, including Na*, and their respective permeabilities across the plasma
membrane. A depolarised membrane potential is observed in proliferative cells (Yang &
Brackenbury, 2013). Likewise, depolarisation of mouse lymphocytes induces cell
proliferation, whereas hyperpolarisation of CHO cells induces mitotic arrest (Cone &
Tongier, 1973; Kiefer et al., 1980). Membrane potential has been further linked as a
regulator of cell migration and differentiation (Sundelacruz et al., 2009; Schwab et al.,
2012). A depolarised membrane potential is also observed in tumour cells, suggesting a
potential direct link between ion flux and migration, proliferation and differentiation in
tumour cells (Yang & Brackenbury, 2013). If the p1-induced enlargement of Ina is
contributing to membrane potential depolarisation, it provides another possible
mechanism for the involvement of f1 in breast tumour metastasis. In summary, there are
several potential ways in which the B1-induced Ina may be contributing to breast tumour
metastasis, however this study suggests there is no involvement of secretase cleavage

in regulating B1-mediated a-subunit modulation.

6.3.4 Theinvolvement of intracellular domain signalling

The last potential mechanism to explain the involvement of 31 in breast cancer is through
ICD signalling. ICDs, generated from y-secretase cleavage of other substrates, have
been implicated in cancer. For example, elevated Notch signalling is observed in over
50 % of T lymphoblastic leukaemia cases and has demonstrated the ability to upregulate
c-Myc and downregulate PTEN (Ellisen et al., 1991; Weng et al., 2004; Palomero et al.,
2006; Palomero et al., 2007). The contribution of Notch signalling in tumour progression
has garnered so much attention that y-secretase inhibitors have even progressed to

clinical trials to treat various cancers (Kummar et al., 2017; Aung et al., 2018). The ICD

234



of Epithelial CAM (EpICD) interacts with (-catenin and directs gene transcription
(Maetzel et al., 2009). EpICD induces oncogenesis in mice and is observed within the
nuclei of patient colon cancer cells, but not in the nuclei of cells in normal tissue (Maetzel
et al., 2009). Gene transcription may not be the only oncogenic function of ICDs, as a
B4CTF-like protein inhibits RhoA-dependent migration of MDA-MB-231 cells, potentially
through intracellular protein-protein interactions (Bon et al., 2016). Preliminary evidence
in the present study suggests 31-ICD may be translocating to the nucleus. If 31-ICD is
involved in regulating a gene expression network or regulating Rho GTPase function that
is contributing to breast cancer metastasis, y-secretase inhibition may represent a

desirable method of clinical intervention.

To summarise, various secretase dependent and independent mechanisms may
contribute to B1-induced breast tumour metastasis (Figure 6.3). In this study, most effort
was invested into gaining an insight into secretase-dependent (1 function and
localisation in MDA-MB-231 cells and not into the effect of secretase processing on B1-
induced metastatic cell behaviour. However, various 1 constructs have been produced
and characterised that could now be used in a range of in vitro cancer behavioural assays
and in vivo mouse xenograft experiments to thoroughly dissect the involvement of

secretase processing and the Ina in f1-induced breast tumour metastasis.

6.4 Translational implications for breast cancer

This study aimed to address the possible viability or consequences of using secretase
inhibitors as treatment for breast cancers overexpressing 1. As the mechanistic
involvement of 1 in breast tumour metastasis is not known, it is not possible to fully
translate the effect of secretase inhibition on 1-induced in vitro behaviour to in vivo
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Figure 6.3 Potential secretase-dependent and -independent mechanisms of B1-
induced metastatic cancer cell behaviour

In this study, y-secretase inhibition enhanced B1-induced transcellular adhesion,
suggesting secretase cleavage of B1 may regulate cell surface B1 expression.
Alternatively, B1-ICD may be involved in various cell signalling pathways. For instance,
nuclear localisation and gene regulation underlie the pro-metastatic capacity of Notch-
ICD and EpICD (Maetzel et al., 2009; Gokulan & Halagowder, 2014). The requirement
of y-secretase cleavage for 31-induced neurite outgrowth has raised the possibility that
the same pathway is recapitulated in breast cancer cells (Brackenbury & Isom, 2011).
However, there are secretase-independent pathways that may underlie f1-induced
metastasis. For instance, if the B1-induced Ina is implicit, which was shown to be
secretase-independent in this study. Or if the cell morphology changes induced by (31
and SRB1 are associated with cancer cell behaviour.
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tumour metastasis, however, it is still possible to make some predictions. This study
demonstrated that secretase inhibition had no effect on the B1-induced Na* current,
suggesting if the enlarged B1-induced Na* current is implicit in B1-induced tumour
metastasis, then secretase inhibitors will be ineffective. Additionally, secretase cleavage
appeared to not be involved in B1-induced cell morphology changes, so if changes in cell
morphology are a prerequisite for B1-induced metastasis, then secretase inhibition will
also be ineffective. On the other hand, y-secretase inhibition enhanced 1-induced cell
adhesion, which may be a physiologically relevant result, as enhancing primary tumour
cell adhesion may reduce dissemination, whereas enhancing metastatic tumour cell
adhesion may induce colonisation at secondary sites. Therefore, the effect of secretase

inhibition on tumour cell adhesion may have a tumour grade-specific effect.

In summary, this study has yet to fully elucidate the role of secretase cleavage in
regulating B1 function, making it difficult to understand the translational impact of
secretase cleavage in regulating B1-induced breast tumour metastasis. The following
chapter will outline possible future experiments to uncover the role of secretase cleavage

in regulating B1-induced breast tumour metastasis.

6.5 Future directions

Further work is required to fully understood the role of 1 in MDA-MB-231 cells and the
subsequent involvement of secretase processing. This can be divided into three projects:
understanding the subcellular distribution of 31, understanding the electrophysiological

properties of 1 and understanding the metastatic cell behaviour induced by (31.
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Regarding the subcellular distribution of B1, one of the most intriguing observations was
the low abundance of 31 at the plasma membrane. The ability to quantify surface (31
expression would be informative, as it would allow for investigation of whether secretase
cleavage impacts 1 dynamics at the plasma membrane. Quantification of surface 1
expression could be achieved through biotinylation and purification of all surface proteins
and analysis via western blot. Various imaging techniques also exist to selectively image
surface proteins. For instance, extracellularly tagged proteins can be selectively labelled
with a fluorophore to prevent fluorescence from intracellular proteins (Bedbrook et al.,
2015), which was an issue in this study. Other fluorophores are selectively fluorescent
when exposed to the extracellular environment and can be used to selectively image
surface proteins, such as phluorin, which has been used to visualise surface APP
(Bauereiss et al., 2015). The possibility remains that secretase processing is occurring
intracellularly. Subcellular fractionation could be used to assess which cleavage products
are present in which compartment. A technique used to assess APP proteolysis involved
dual-labelling APP with an extracellular and intracellular fluorophore to determine where
the fluorophores dissociate and would provide a spatial profile of B-secretase cleavage

(Parenti et al., 2017).

Determining the intracellular fate of 31-ICD may be key to understanding the role of
secretase processing of B1. This study uncovered a possible difference in nuclear import
between B1ICD-GFP and GFP, using FRAP. Further use of this nuclear import assay
could be used to determine if 311CD-GFP is being actively imported into the nucleus, for
instance by decreasing temperature or depleting cellular ATP (Adam et al., 1990).
Alternatively, nuclear fractionation is the most common method used to assess nuclear
expression and could be used to determine whether B1ICD-GFP is present within the
nuclei of MDA-MB-231-B1GFP cells and to verify B11CD-GFP nuclear localisation is

secretase-dependent. If 31-1CD nuclear localisation is confirmed, techniques such as
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mass spectrometry of B1ICD-GFP interacting partners could be used to determine if
B11CD-GFP is translocating as part of a complex. Furthermore, gPCR of suspected
cDNAs (such as that of a-subunits) or RNAseq could then be used to assess the changes

in gene expression elicited by 31-ICD.

Regarding the electrophysiological properties induced by 31 in MDA-MB-231 cells, this
study highlights B1-ICD as the responsible domain in enhancing Ina. To fully understand
the involvement of B1-ICD, investigating the phosphorylation state of Tyrl81 was
proposed in chapter 6.2. To investigate this, a range of phosphomimetic and
phosphodead mutations have been previously characterised and would be beneficial to
use in this study (Malhotra et al., 2002). Alternatively, inhibition of Fyn kinase, the kinase
implicated in phosphorylation of Tyrl81, in MDA-MB-231-1GFP cells would also
uncover the involvement of Tyr 181 phosphorylation in B1-mediated a-subunit
modulation. a-subunit selective toxins could be used to determine the TTX-sensitive
channels that are upregulated at the plasma membrane in 31-expressing cells. Lastly,
quantification of the surface expression of VGSCs would verify a trafficking effect
induced by B1, e.g. through biontinylation, however a-subunits are difficult to quantify
due to their low abundance and poor antibodies. If this is the case, a-subunits would

have to be overexpressed or an alternate cell system used.

Regarding investigating the mechanistic involvement of 31 in breast tumour metastasis,
the B1 constructs designed in this study would be informative. For instance, 31-ICD
produces a B1-like Ina and is the final secretase product of 31, however it does not
possess the ability to induce cell adhesion or morphology changes. On the other hand,
SRpB1 produces a B1-like Inaand is able to induce cell adhesion and morphology changes

but lacks ICD production. 31-STOP does not produce a 31-like Inaand does not produce
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ICD but may still be able to induce cell adhesion and morphology changes, due to its Ig
loop. Use of these constructs can therefore be used to isolate different functions of 31
and test their involvement in 1-induced cancer cell behaviour. In vitro assays, such as
proliferation, apoptosis, migration and invasion assays, could be used to investigate how
B1 induces oncogenic properties in MDA-MB-231 cells. Lastly, the mouse xenograft
model of breast cancer, used to implicate 31 in breast cancer metastasis (Nelson et al.,
2014), could be repeated for MDA-MB-231-31ICDGFP, MDA-MB-231-SRB1GFP or
MDA-MB-231-B1STOPGFP cells, to study the involvement of secretase processing in

B1-induced breast cancer metastasis.

6.6 Conclusion

This study aimed to understand the involvement of secretase processing in regulating
B1 function in breast cancer MDA-MB-231 cells. The most complete set of experiments
implicated 31-ICD in the B1-induced Ina, however the involvement of 1-ICD appeared
to be secretase-independent. Imaging analysis of 1 demonstrated 1 expression within
the ER, Golgi, early endosomes and lysosomes, raising the intriguing observation that
B1 is not enriched at the plasma membrane. Locating y-secretase cleavage in MDA-MB-
231 cells was thoroughly investigated with various imaging approaches, however no
clear location was found. To date, no thorough investigation into the subcellular
distribution of 31 has been reported in the literature and this study has raised many
interesting questions, such as: Where is y-secretase cleavage occurring? What is the
fate of 31-ICD? Why is B1 expression at the plasma membrane so low and is plasma
membrane expression regulated by secretase cleavage? This study has uncovered a
range of interesting in vitro results that have explored the mechanism of 1 function in

MDA-MB-231 cells but has also established the foundations for potential in vivo
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experimentation to fully understand the involvement of secretase cleavage in regulating

B1-induced breast cancer cell behaviour.
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Abbreviations

ADAM: a disintegrin and metalloprotease
AIS: axon initial segment

ALS: amyotrophic lateral sclerosis
AmpR: Ampicillin resistance
ANOVA: analysis of variance
APH-1: anterior pharynx-defective 1
APP: amyloid precursor protein
ATP: adenosine triphosphate

Ava: Avagacestat

BACE: B-amyloid cleaving enzyme
BFA: brefeldin-A

BGH-polyA: bovine growth hormone polyadenylation

BFNIS: benign familial neonatal-infantile seizures

BKca: large-conductance Ca**-activated K*

BPS: BSA, PB, saponin

BRCAL1/2: Breast cancer type 1/2 susceptibility protein

BrS: Brugada syndrome

BSA: bovine serum albumin
BSCM: B-secretase cleavage motif
CaM: calmodulin

CAM: cell adhesion molecule
CBF1: C-repeat/DRE binding factor 1
CCD: charge-coupled device

CD: cluster of differentiation

CGN: cerebellar granule neuron
CHO: Chinese hamster ovary
CHL: Chinese hamster lung

CIP: chronic insensitivity to pain
CK2: casein kinase 2

Cm: membrane capacitance
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CNS: central nervous system

COS: CV-1 (simian) in Origin, and carrying the SV40 genetic material
CSL: CBF1, suppressor of Hairless, Lag-1

CTF: C-terminal fragment

D2p: diffusion coefficient/ rate of 2D diffusion

DAPI: 4’,6-diamidino-2-phenylindole

DAPT: n-[n-(3,5-difluorophenacetyl)-I-alanyl]-s-phenylglycine t-butyl ester
DMEM: Dulbecco’s modified eagle medium
DMSO: dimethyl sulfoxide

dNTP: deoxyribonucleotide triphosphate

DRG: dorsal root ganglion

DS: Dravet syndrome

DTT: dithiothreitol

EAE: experiment autoimmune encephalomyelitis
ECD: extracellular domain

EDTA: ethylenediaminetetraacetic acid

EEAL: early endosome antigen 1

EEG: electroencephalogram

EGF: epidermal growth factor

eGFP: enhanced GFP

EGTA: ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
EIEE11: early infantile epileptic encephalopathy 11
EM: electron microscopy

EpICD: epithelialCAM intracellular domain

ER: endoplasmic reticulum

FBS: foetal bovine serum

FDA: food & drug administration

FGF: fibroblast growth factor

FKBP52: FK506-binding protein 4

FRAP: fluorescence recovery after photobleaching
FRET: Forster resonance energy transfer

GABA: y-aminobutyric acid
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GEFS+: generalised epilepsy with febrile seizures plus
GFP: green fluorescent protein

Gl: gastrointestinal

GSKa: glycogen synthase kinase 3

GSI: y-secretase inhibitor

GSM: y-secretase modifier

HEK: human embryonic kidney

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HF: high fidelity

HRP: horseradish peroxidase

HSP90: heat shock protein 90

hyperPP: hyperkaliaemic periodic paralysis
hypoPP: hypokaliaemic periodic paralysis

ICD: intracellular domain

IFM: isoleucine, phenylalanine, methionine

Ig: immunoglobulin

IL: interleukin

Ina: Na* current

InaP: persistent Na* current

IPS: intracellular pipette solution

IQR: interquartile range

KChIP: K* channel interacting protein

KDa: kilodalton

LAMP1: lysosome associated membrane protein 1
LB: Luria/lysogeny broth

LNCaP: lymph node carcinoma of the prostate
LQTS: long QT syndrome

LRP8: Low-density lipoprotein receptor-related protein 8
MaM: mastermind

MAPK: mitogen-activated protein kinase

MCF-7: Michigan cancer foundation-7

MDA-MB-231: M.D. Anderson metastatic breast cancer 231
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MS: multiple sclerosis

Nav: voltage-gated Na* channel

N:C: nuclear: cytoplasmic ratio

NF: neurofascin

NHE1: Na'™-H* exchanger 1

NLS: nuclear localisation signal

NPC: neuronal progenitor cell

nrCAM: neuronalCAM

NSAID: non-steroidal anti-inflammatory drug
NTF: N-terminal fragment

NTR: neurotrophic receptor

PB: phosphate buffer

PBTGS: PB, Triton X-100, goat serum
PBS: phosphate-buffered saline

PCC: Pearson’s correlation coefficient
PCD: peak current density

pCMV: cytomegalovirus promoter

PCR: polymerase chain reaction

PEN: presenilin enhancer

PEPD: paroxysmal extreme pain disorder
PFA: paraformaldehyde

PKA: protein kinase A

PKC: protein kinase C

PMA: Phorbol 12-myristate 13-acetate
PNS: peripheral nervous system
ProTx-II: protoxin-II

PS: presenilin

PSS: physiological saline solution
PTEN: phosphate and tensin homologue
PY motif: polyproline tyrosine motif

Ru: background region fluorescence (time x)

Rc: control region fluorescence (time x)
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RFI: recovery from inactivation

RhoA: Ras homolog gene family, member A

Rn: normalised ROI fluorescence

ROI: region of interest

Ryx: photobleached region fluorescence (time x)
RPTP-B: receptor-type protein tyrosine phosphatase-3
SCN(xa/b): Na* channel type (xa/b)

SDF-1: stromal cell derived factor 1

SDS: sodium dodecyl sulphate

SEM: standard error of the mean

SIDS: sudden infantile death syndrome

SR: secretase-resistant

STX: saxitoxin

SUDEP: sudden unexplained death in epilepsy patients
SV40: simian virus 40

Ta: annealing temperature

TBS: tris-buffered saline

TBS-T: TBS-tween

TEMED: Tetramethylethylenediamine

TGN: trans-Golgi network

TLL: T-cell leukaemia lymphoma

TMD: transmembrane domain

TNBC: triple negative breast cancer

Tp: time to peak

TSA: tumour-specific antigen

TTX (-S/R): tetrodotoxin (-sensitive/resistant)
V12: voltage threshold for half-maximal response
Va: activation voltage

VEGF: vascular endothelial growth factor
VGSC: voltage-gated Na* channel

Vh: holding voltage

Vp: voltage at peak
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Vs: stimulation voltage

VSD: voltage sensing domain

Vm: membrane voltage/potential

YENTPY motif: tyrosine-glutamic acid-asparagine-threonine-proline-tyrosine motif

YLAI motif: tyrosine-leucine-alanine-isoleucine motif
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