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Abstract 

Voltage-gated sodium channels (VGSCs), classically responsible for action potential firing in excitable 

cells, also play an important role in non-excitable cells and in particular, cancer cells. VGSCs contain a 

pore-forming a subunit and one or more auxiliary b subunits, which contain immunoglobulin (Ig) 

loops and function as cell adhesion molecules (CAMs). The VGSC a subunit, NaV1.5, and its auxiliary 

b1 subunit have been shown to increase invasion of breast cancer cells and metastasis in a xenograft 

mouse model of breast cancer. In addition, b1 expression is increased in breast cancer specimens 

relative to control samples. Thus, b1 may serve as a valuable therapeutic target to inhibit metastasis. 

The hypothesis of this project was that the Ig domain of b1 is critical for regulating its function as an 

auxiliary channel subunit and a cell adhesion molecule (CAM) in breast cancer cells such that 

aptamers targeting the Ig domain would abrogate its function. This project used various approaches 

to block the function of the Ig loop, including truncations, amino acid substitutions, antibodies and 

aptamers, and evaluated these perturbations in adhesion assays and whole cell patch clamp 

recordings of the INa. The data presented in this Thesis demonstrate: (1) the ability of the b1 subunit 

to act as a CAM in breast cancer cells through homophilic interactions between the extracellularly 

located Ig loop of β1; (2) a mechanism by which b1 may increase the Na+ current in breast cancer 

cells via regulation of Nav1.7 expression, through cleavage of the intracellular domain; (3) the 

importance of the b1 Ig loop to support its function as both a CAM and modulator of Na+ current; (4) 

the potential interplay between b1 and L1CAM, another CAM whose expression is increased in 

breast cancer, in regulating adhesion and invasion; and (5) that aptamers raised using the cell-SELEX 

approach to target the Ig domain of b1 can inhibit its adhesion-dependent activity. The data thus 

underscore the potential utility of inhibiting b1 function in breast cancer cells using Ig domain-

directed aptamers and highlight a potential mechanism through which increased expression of β1 

and Na+ current may potentiate invasion and/or migration. 
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1. Introduction  



16 
 

1.1. Overview 

 

The overarching focus of the research described in this Thesis is to understand the functional role of 

the auxiliary b1 subunit of the voltage-gated Na+ channel (VGSC) in metastatic breast cancer cells. 

The literature review in this Introduction, therefore, brings together key aspects of both ion channel 

physiology and breast cancer biology. The Introduction is thus subdivided into four main sections. 

The first section summarises the structure and function of VGSCs. The second section describes the 

role of VGSCs in normal physiological and cellular function during development. The third section 

provides a basic overview of breast cancer and briefly introduces the involvement of ion channels in 

cancer cell biology. The last section covers the specific involvement of VGSC a and b subunits in 

cancer progression and how these subunits may be targeted therapeutically using existing drugs 

and/or novel approaches, including aptamers. 

 

1.2. Structure and function of Voltage-gated Na+ channels 

 

Parts of the following text have been published in a recent review article (Patel & Brackenbury, 

2015). VGSCs are heteromeric transmembrane protein complexes containing pore-forming a 

subunits in association with non-pore-forming b subunits (Figure 1.1A) (Catterall, 2000). The b 

subunits regulate channel gating. All b subunits contain an extracellular immunoglobulin (Ig) domain 

and are thus also cell adhesion molecules (CAMs) (Brackenbury & Isom, 2011). The classical role of 

VGSCs is the initiation and conduction of action potentials in electrically excitable cells, e.g. neurons 

(Hille, 1992). However, VGSCs are also expressed in a number of “non-excitable” cells, including 

fibroblasts, glia, immune cells, and cancer cells, where their role is less well understood 

(Brackenbury et al., 2008b). Clearly, in both excitable and non-excitable cells, VGSCs regulate a 

number of key cellular processes, through a combination of conducting (i.e. via Na+ current) and 

non-conducting mechanisms. 



17 
 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Topology of VGSCs 

(A) VGSCs contain a pore-forming a subunit that has four homologous domains, each containing six 
transmembrane segments. The voltage sensor is in segment 4 (Catterall, 2000). The b subunits contain an 
extracellular immunoglobulin (Ig) loop, transmembrane domain, and an intracellular C-terminal domain, with 
the exception of b1B, which lacks a transmembrane domain, and is thus a soluble protein (Patino et al., 2011). 
Red P, tyrosine phosphorylation site in b1 C-terminus (Malhotra et al., 2004); y, glycosylation sites. (B) Crystal 
structure of bacterial NaVAb channel as seen from the extracellular side. The voltage-sensing domain (VSD) is 
formed of S1-S4 and the pore module (PM) is formed of S5-S6. The four repeating domains (coloured blue, 
purple, orange and green) collectively form the pore and the opening of the pore is mediated through all the 
VSDs. Figure 1.1A as originally published in Brackenbury WJ and Isom LL (2011). Figure 1.1B adapted from 
Catterall WA and Zheng N (2015). 
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1.2.1. VGSC a subunits 

The pore-forming a subunit consists of four homologous domains, each with six transmembrane 

segments. The pore is formed from the membrane dipping loop between the 5th and 6th 

transmembrane segments of each domain (Figure 1.1A, B) (Catterall, 2000). There are nine a 

subunits, Nav1.1-Nav1.9, encoded by SCN1A-SCN11A (Catterall, 2000). The different a subunits have 

unique, but often overlapping, tissue-specific expression patterns (Table 1.1) (Goldin et al., 2000). 

There is considerable electrophysiological and pharmacological diversity between a subunits, which 

may, in part explain their tissue specificity (Catterall, 2000). Alternative splicing of a subunits 

provides additional functional, developmental, and tissue-specific variability (Diss et al., 2004). The a 

subunits can be broadly subdivided into two categories based on their sensitivity to blockage by the 

potent and specific neurotoxin tetrodotoxin (TTX; Table 1.1), with TTX-sensitive VGSCs being blocked 

in the nanomolar range and TTX-resistant VGSCs being blocked in the micromolar range. Typically, 

the TTX-sensitive a subunits display faster kinetics of activation and inactivation compared to their 

TTX-resistant counterparts (Elliott & Elliott, 1993). However, it is important to note that many 

factors, such as the presence of auxiliary subunits and glycosylation patterns, all alter channel 

kinetics.  

 

VGSC a subunits exist in three confirmations: closed, open and inactivated. At negative resting 

membrane voltages below ~-60 mV, VGSCs are in the closed state and are impermeable to the 

conductance of Na+ (Ahern, 2013). Following depolarisation of the membrane, VGSCs change their 

conformation to the ‘open’ state and allow the flow of Na+ down its electrochemical gradient as 

calculated by the Nernst equation (Section 2.15.6). The electrochemical gradient takes into account 

the both the concentration gradient of the ions and the relative difference in charge across the 

membrane which is generated as a result of unequal distribution of ions (Kaback, 1974). A short 

period (~1 ms) following activation and opening, VGSCs enter the inactivated state in which they are 

again impermeable to the conductance of Na+. VGSCs are unlikely to open in response to further 
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membrane depolarisations until the membrane potential returns to a more negative value and the 

channels enter the closed state again (Ahern, 2013). The time required for the conformational 

changes needed to enter each stage, and the time spent in each stage, are collectively referred to as 

the channel kinetics and determines the biophysical properties of each a subunit subtype and 

therefore the shape of the action potential waveform. 

 

Table 1.1 Tissue and cancer expression of VGSC a subunits. 

Protein Gene Tissue location1 Cancer type1 TTX sensitivity2 

Nav1.1 SCN1A  CNS, PNS, heart Ovarian Sensitive 

Nav1.2 SCN2A CNS, PNS Cervical, mesothelioma, 
ovarian, prostate Sensitive 

Nav1.3 SCN3A CNS, PNS Ovarian, prostate, small cell 
lung cancer Sensitive 

Nav1.4 SCN4A Skeletal muscle Cervical, ovarian, prostate Sensitive 

Nav1.5 SCN5A 
Uninnervated 
skeletal muscle, 
heart, brain 

Breast, colon, lymphoma, 
neuroblastoma, non-small cell 
lung cancer, ovarian, small 
cell lung cancer 

Resistant 

Nav1.6 SCN8A CNS, PNS, heart 

Breast, cervical, lymphoma, 
melanoma, mesothelioma, 
non-small cell lung cancer, 
prostate, small cell lung 
cancer 

Sensitive 

Nav1.7 SCN9A 

PNS, 
neuroendocrine 
cells, sensory 
neurons 

Breast, cervical, lymphoma, 
mesothelioma, non-small cell 
lung cancer, ovarian, prostate 

Sensitive 

Nav1.8 SCN10A  sensory 
neurons Prostate Resistant 

Nav1.9 SCN11A sensory 
neurons 

Lymphoma, small-cell lung 
cancer Resistant 

1(Goldin et al., 2000; Brackenbury, 2012). 

2(Bagal et al., 2015) 

 



20 
 

Through resolving the crystal structure of the three bacterial VGSCs and by comparing the homology 

of these channels to their mammalian counterparts, the 3D structure of the mammalian VGSC has 

been estimated (Payandeh et al., 2011; McCusker et al., 2012; Catterall & Zheng, 2015). The 

centrally located S5-S6 segments and membrane-dipping linker form the pore (McCusker et al., 

2012). The voltage-sensing domain (VSD), which is made up of S1-S4 in each domain, is located 

externally to the pore (Payandeh et al., 2011). The pore itself contains a large externally-facing 

funnel followed by the ion selectivity filter which relies on charged residues to determine selectivity, 

a water-filled central cavity which is lined by the S6 segments, and an internally-facing inactivation 

gate where the S6 segments overlap (Figure 1.1B) (Catterall & Zheng, 2015). 

 

In the VSD, S4, which is responsible for voltage dependent activation, contains repeating motifs of a 

positively charged residue followed by two hydrophobic residues. There are four such repeating 

motifs in the mammalian VGSC, termed gating charges (R1-R4), with a hydrophobic constriction site 

(HCS) (in either S1 or S3) present between R3 and R4 (Payandeh et al., 2011). In the closed state, R1-

R3 interact with an externally located negatively charged cluster of amino acids in S1-S3 whilst R4 

interacts with an internally located negatively charged cluster of residues again in S1-S3 (Payandeh 

et al., 2011). The HCS is proposed to ‘seal’ the VSD and prevent transmembrane movement of ions 

or water. Upon membrane depolarisation, S4 moves through the HCS transferring the gating charges 

of R4 from the intracellular negatively-charged cluster (INC) to the extracellular negatively-charged 

cluster ENC (Payandeh et al., 2011). The linker between S3 and S4 lacks rigidity allowing for the large 

dynamic movements of S4 which ultimately allow for activation of the channel (Payandeh et al., 

2011).  

 

Unlike VGSCs in prokaryotes, mammalian VGSCs can undergo fast inactivation. During fast 

inactivation, the domain-linking loop between DIII:DIV folds into the intracellularly-facing mouth of 

the pore, resulting in its block (Catterall & Zheng, 2015). Fast inactivation is required for the fast 
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spiking seen in neuronal action potentials and allows for the repetitive firing of action potentials 

typical of neural circuits (Catterall, 2012). Slow inactivation is seen in both prokaryotic and 

eukaryotic VGSCs and in cardiac tissue is proposed to regulate excitability through sustained 

depolarisation (Richmond et al., 1998). Slow inactivation occurs through a ‘collapse’ of the pore 

wherein two of the S6 segments lining the pore move towards the centre of the pore and the other 

two S6 segments move away (Zhao et al., 2004). 

 

1.2.2. Pharmacology of VGSC a subunits  

In addition to TTX, VGSCs are targets for a number of channel-modulating toxins, including other 

pore blockers, e.g. saxitoxin, µ-conotoxins, persistent activators, e.g. aconitine, veratridine, and 

voltage sensor-trapping toxins, e.g. scorpion toxins (Catterall et al., 2005; Munasinghe & Christie, 

2015; Ghovanloo et al., 2016; Israel et al., 2017). Given the widespread expression of a subunits in 

excitable cells and their key role in action potential initiation and conduction, aberrant VGSC 

expression and/or function, e.g. through conductance-altering channel mutations, is responsible for 

a number of excitability-related pathologies, including epilepsy, cardiac arrhythmia, affective 

disorders, and chronic pain (An et al., 1998; Escayg & Goldin, 2010; Estacion et al., 2010). Therefore, 

there is a number of therapeutically-relevant pharmacological agents in widespread clinical use 

which block VGSC a subunits (Catterall, 2012). An important set of VGSC blockers is the Class Ib 

antiarrhythmic agents, e.g. carbamazepine, lidocaine, and phenytoin, which preferentially bind to 

the inner pore surface at DIV:S6 of VGSCs in the inactivated state, thus providing specificity for 

hyperexcitable neurons, and ameliorating seizure activity in epilepsy patients (Kowey, 1998).  These 

inhibitors commonly enhance fast inactivation and are referred to as use-dependent inhibitors 

(Brodie, 2017).  

 

 

 



22 
 

1.2.3. Functional recording of VGSC activity using the whole-cell patch clamp technique 

Whole-cell patch clamp recording in voltage clamp mode is a frequently used method to record 

VGSC currents in mammalian cells (Brackenbury et al., 2007; Aman et al., 2009; Chioni et al., 2009; 

Lin et al., 2015). A glass pipette is used to form a tight seal with the cell membrane by applying a 

small amount of suction forming a tight seal which prevents the flow of ions between the solution in 

the pipette and the extracellular solution. By further applying a small amount of suction, the 

membrane present within the mouth of the tip is ruptured allowing the intracellular pipette solution 

and the cytoplasmic solution to dialyse.  The intracellular pipette solution is usually designed such 

that the concentrations of the various ions replicate as closely as possible those of the cytoplasm. 

The voltage can then be clamped by injecting current and changing the voltage as required. In the 

voltage clamp mode, the current injected to maintain the set voltage is measured by the amplifier 

and is equal and opposite to the current flowing through ion channels across the plasma membrane. 

When the membrane voltage is depolarised, the probability of VGSCs opening will increase, 

permitting the flow of Na+ down its electrochemical gradient, thus increasing transmembrane 

current (Perkins, 2006). A typical voltage-clamp protocol, such as the protocol used to measure the 

current voltage relationship of VGSCs in this Thesis, depolarises the voltage clamp in a stepwise 

manner. The resultant current is recorded at each voltage, and a current-voltage (IV) curve can be 

compiled (Figure 1.2A). The availability of VGSCs present in the membrane, calculated using a steady 

state inactivation protocol, allows the researcher to determine the fraction of VGSCs available to 

open at a given voltage (Figure 1.2B). By calculating the conductance and availability at each voltage 

and fitting Boltzmann curves to both parameters and overlapping these curves, the window current 

can be visualised (Figure 1.2B). This is the window, or range of voltages, within which both a 

proportion of the VGSCs are available for opening and not fully inactivated. If the resting membrane 

potential lies within this voltage window a steady-state persistent Na+ current will occur.  



23 
 

 

 

Figure 1.2 VGSC current, conductance and availability curves. 

(A) Current-voltage (IV) curve which would occur from VGSCs recorded in a whole-cell patch clamp. 
Depolarisation activates the channels generating in an inward current. As the voltage is further depolarised the 
magnitude of the current decreases approaching the reversal potential (Vrev) of Na+. (B) The proportion of 
channels available for opening (red line) and the percentage of maximal conductance (blue line) plotted as a 
function of voltage. The window current occurs where the membrane voltage is above the activation threshold 
and the VGSCs are incompletely inactivated (yellow area). 

 

1.2.4. VGSC b subunits 

Four genes (SCN1B-SCN4B) encode five different b subunits, b1, and its splice variant b1B, and b2-4 

(Table 1.2) (Brackenbury & Isom, 2011). With the exception of b1B, the b subunits are type 1 

topology transmembrane proteins, with a small intracellular C-terminus, and an extracellular N-  
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Table 1.2 b subunits. 

 

 

 

 

 

 

 

 

 

 

 

 

terminus containing an Ig loop (Figure 1.3) (Isom et al., 1992; Gilchrist et al., 2013; Namadurai et al., 

2014). b1B is a splice variant of b1, which, through the retention of exon 3A, transcribes an early 

stop codon and does not contain the transmembrane region of b1 (Kazen-Gillespie et al., 2000; Qin 

et al., 2003). b1 and b3 are non-covalently linked to a subunits, whereas b2 and b4 are covalently 

linked (Isom et al., 1992; Isom et al., 1995; Morgan et al., 2000; Yu et al., 2003). Charged residues in 

the extracellular domain of β1 have been shown using mutagenesis studies to be responsible for 

regulating α subunit gating. Thus, the Ig loop is proposed to function as a platform from which these 

charged residues are able to interact with the α subunit (McCormick et al., 1998).  

 

Classically, the b subunits modulate the biophysical properties and trafficking of the a subunit. For 

example, in cardiomyocytes, colocalization of b1 with Nav1.5 in the endoplasmic reticulum is 

proposed to enhance trafficking to the cell membrane resulting in an increase in Na+ current density 

(Zimmer et al., 2002). b1 and b2 increase current density, accelerate inactivation, and hyperpolarize 

Protein Gene Tissue location1 Cancer type1 

b1 SCN1B Heart, skeletal muscle, 

adrenal gland, CNS, 

glia, PNS 

Breast, cervical, non-small cell lung cancer, 

prostate 

b2 SCN2B CNS, PNS, heart, glia Breast, cervical, non-small cell lung cancer, 

prostate 

b3 SCN3B CNS, adrenal gland, 

kidney, PNS 

Non-small cell lung cancer, prostate 

b4 SCN4B Heart, skeletal muscle, 

CNS, PNS 

Breast, cervical, non-small cell lung cancer, 

prostate 

1(Brackenbury & Isom, 2011; Brackenbury, 2012). 

 



25 
 

the voltage-dependence of inactivation in heterologous Xenopus laevis oocytes (Isom et al., 1992; 

Isom et al., 1995). In contrast, b3 depolarizes the voltage dependence of activation and inactivation 

of Nav1.3 in HEK-293 cells (Cusdin et al., 2010), and increases Na+ current density by enhancing 

trafficking of Nav1.5 to the plasma membrane in cardiomyocytes (Ishikawa et al., 2013). The V110I 

mutation inhibits the ability of b3 to traffic NaV1.5 to the plasma membrane, reducing channel 

conductance and resulting in Brugada syndrome, highlighting the importance of b3 for cardiac 

function (Ishikawa et al., 2013). b4 hyperpolarizes the voltage-dependence of activation of Nav1.2 in 

tsA-201 cells and is able to override the modulatory effects of both b1 and b3 (Qu et al., 2001; Yu et 

al., 2003). In addition, the intracellular domain of b4 has been proposed to act as an open-channel 

blocker in cerebellar Purkinje neurones preventing resurgent Na+ current (Grieco et al., 2005).  

 

Importantly, however, there have been inconsistent reports on the type and magnitude of alteration 

of the Na+ current by individual b subunits, which may be dependent on the cell line/type used 

and/or the specific combination of the a and b subunit examined (Moran et al., 2003; Meadows & 

Isom, 2005). This variability may also be due to differences in the endogenous levels of a subunits 

and b subunits as well as different glycosylation states. For example, b1 and b3 have recently been 

shown to alter the expression and glycosylation of Nav1.7 in HEK293 cells. b1 increases the 

expression and glycosylation of NaV1.7 whilst b3 increases expression of core glycosylated NaV1.7 

(Laedermann et al., 2013). The β1-mediated increase in glycosylation was hypothesized to increase 

retention of NaV1.7 at the cell membrane by reducing proteasomal degradation, although this was 

not shown (Laedermann et al., 2013). 

 

The b subunits are also substrates for proteolytic processing by a, b and g-secretases (Figure 1.3) 

(Kim et al., 2005; Wong et al., 2005). Sequential cleavage by b-secretase (BACE1) and g-secretase 

first releases the Ig domain, leaving a short membrane-bound C-terminal fragment, and then 

releases a soluble intracellular domain (Kim et al., 2005; Kim et al., 2007).  
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Figure 1.3 Functional map of b1. 

The extracellular immunoglobulin loop interacts with other cell adhesion molecules and extracellular matrix 
proteins (Xiao et al., 1999; Malhotra et al., 2000; Kazarinova-Noyes et al., 2001; Ratcliffe et al., 2001; McEwen 
& Isom, 2004). A number of mutations at the indicated sites in and adjacent to the immunoglobulin loop have 
been identified as responsible for causing temporal lobe epilepsy (TLE) and genetic epilepsy with febrile 
seizures plus (GEFS+) (Patino & Isom, 2010). Other sites indicated: alternative splice site, putative 
palmitoylation site, secretase cleavage sites, glycosylation sites (ψ), sites for interaction with ankyrin, receptor 
tyrosine phosphatase b (RPTPb), and fyn kinase (Malhotra et al., 2002; Malhotra et al., 2004; Wong et al., 
2005; Brackenbury et al., 2008a; Patino et al., 2011). Figure as originally published in Brackenbury WJ and Isom 
LL (2011). 

 

 

Interestingly, the b subunits may also regulate other classes of ion channels. For example, b1 has 

been shown to regulate A-type K+ currents in isolated cortical neurons by increasing channel 

retention at the membrane resulting in an increased K+ current (Marionneau et al., 2012). b1 also 

speeds up KV4.3 inactivation whilst slowing down recovery from inactivation in cardiomyocytes 

(Deschenes & Tomaselli, 2002; Deschenes et al., 2008). b1 has also been demonstrated to accelerate 

activation of Kv1.2, depolarise voltage dependence of activation and speed up the fast component of 

deactivation. Additionally, β1 hyperpolarised voltage dependence of activation and slowed 

deactivation of Kv1.1 (Nguyen et al., 2012). 
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In addition to regulating Na+/K+ current, the presence of the Ig loop means that the b subunits are 

also CAMs. Cell-based adhesion assays have shown that b1 can interact both homophilically and 

heterophilically with a number of extracellular proteins and other CAMs, including b2, contactin, 

neurofascin-186, NrCAM and N-cadherin (Figure 1.3) (Xiao et al., 1999; Malhotra et al., 2000; 

Kazarinova-Noyes et al., 2001; Ratcliffe et al., 2001; McEwen & Isom, 2004). It has been proposed 

that such heterophilic adhesion interactions may regulate intracellular signalling downstream of b1. 

In Drosophila S2 cells, trans-homophilic interactions through b1 enhances interaction with ankyrin 

and recruits the actin cytoskeleton to points of cell-cell contact (Figure 1.3) (Malhotra et al., 2000). 

In Chinese hamster lung cells, phosphorylation of Y181 on b1 abolishes recruitment of ankyrinG and 

ankyrinB (Malhotra et al., 2002). Further, phosphorylation of Y181 regulates subcellular localization 

of b1 to the intercalated disk in cardiomyocytes (Malhotra et al., 2004). b2 interacts with the 

extracellular matrix proteins tenascin-C and tenascin-R (Srinivasan et al., 1998). Although b1 has 

been shown to interact with tenascin-R only, it has been proposed that β subunits initially recognise 

and interact with tenascins, but are then repelled, which may serve an important function in 

neuronal pathfinding (Srinivasan et al., 1998; Xiao et al., 1999). 

 

b3 shows significant homology to b1, however, when expressed in Drosophila S2 cells, b3 does not 

participate in trans-homophilic adhesion, nor does it interact with b1 or contactin in Chinese 

hamster lung cells, although it does interact with neurofascin-186 (McEwen & Isom, 2004; McEwen 

et al., 2009). In contrast, another study has shown that in HEK-293 cells, the Ig domain of b3 can 

indeed participate in trans-homophilic binding and can interact heterophilically with b1 (Yereddi et 

al., 2013). Clearly, further work is required to resolve these conflicting observations. It is possible 

that b3-mediated adhesive interactions may be dependent on species/cell type, although the 

physiological implications of this were not considered in these studies. Heterophilic binding of β1 

and β3 may serve unique functions in the tissues where co-expression of both subunits is seen, such 
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as the hippocampus (Yereddi et al., 2013). The ability b4 to interact heterophilically with possible 

binding partners also remains untested. 

 

1.3. Role of VGSCs in central nervous system development and function 

1.3.1. Developmental expression and function of VGSC a subunits 

Electrical activity is required for axonal and dendritic development and synaptogenesis in the 

retinogeniculate pathway, visual cortex and development of the lateral geniculate nucleus is 

significantly slowed in mice injected with TTX (Riccio & Matthews, 1985; Casagrande & Condo, 

1988). Similarly, deletion of Nav1.1, Nav1.2, or Nav1.6 in mice results in central nervous system (CNS) 

defects and premature lethality (Harris & Pollard, 1986; Planells-Cases et al., 2000; Yu et al., 2006). 

Thus, a subunit expression and activity appear to be critical for normal CNS development. Fine-

tuning of electrical activity via VGSC a subunit expression is tightly regulated during development. 

For example, Nav1.3 is expressed during foetal development and is replaced by Nav1.1, Nav1.2, and 

Nav1.6 in the CNS from postnatal day 7 in the mouse (Beckh et al., 1989; Schaller & Caldwell, 2000).  

 

Later in postnatal development, Nav1.6 replaces Nav1.2 at the axon initial segment, and nodes of 

Ranvier following myelination (Boiko et al., 2001; Kaplan et al., 2001; Boiko et al., 2003). 

Interestingly however, a subunits may also play a non-conducting role (independent of Na+ current) 

in regulating tissue development. For example, although Nav1.5 expression is required for normal 

heart development in zebrafish, TTX did not perturb early cardiomyocyte development, however, 

NaV1.5 knockout did, suggesting involvement of a non-conducting mechanism (Chopra et al., 2010).  

 

Further developmental regulation of VGSCs is achieved by alternative splicing. Alternative splicing in 

domain I segment 3 (DI:S3) occurs in a number of the a subunits, and is developmentally regulated 

for Nav1.2, Nav1.3 and Nav1.5 (Diss et al., 2004). NaV1.7 has four splice variants, all of which show 

different β1-mediated alterations to their kinetic properties (Farmer et al., 2012). Finally, the 
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developmentally regulated expression profile of VGSCs is disrupted in CNS diseases. For example, in 

multiple sclerosis (MS), Nav1.2, Nav1.6 and Nav1.8 are up-regulated in CNS neurons in response to 

demyelination (Black et al., 2000; Craner et al., 2004). 

 

1.3.2. Developmental expression and function of VGSC b subunits 

b subunit expression is also developmentally regulated. During CNS development, the SCN1B splice 

variant b1B is predominantly expressed embryonically (Kazen-Gillespie et al., 2000; Patino et al., 

2011). In contrast, b1 expression increases from birth, peaking at postnatal day 14 in mice (Kazen-

Gillespie et al., 2000). The b1 subunit plays a critical role in CNS development. Scn1b null mice are 

ataxic and display spontaneous generalized seizures (Klugbauer et al., 2003). In the CNS of β1 null 

mice, expression of NaV1.1 is reduced and NaV1.3 is increased. Postnatal NaV1.3 expression is 

predicted to give rise to an epileptic phenotype, although the β1 subunit itself may also play a 

critical role (Chen et al., 2004).  

 

Mutations in SCN1B result in genetic epilepsy with febrile seizures plus (GEFS+) or temporal lobe 

epilepsy (Patino & Isom, 2010) (Figure 1.3). The first, and best characterised heritable mutation in 

the b1 subunit is C121W, which results in a mutation of the second cysteine required to form the 

disulphide bond of the Ig loop. This mutation, which causes epileptic seizures in humans and mice, 

results in a loss of channel modulating and adhesive function compared to wild type b1 (Meadows et 

al., 2002; Wimmer et al., 2010; Kruger et al., 2016). Interestingly, the C121W mutant displays a 

lower molecular weight compared to wild type b1, possibly as a result of incomplete glycosylation 

(Kruger et al., 2016). The C121W mutant is expressed at the plasma membrane although it does not 

associate with a subunits, and its localisation to the axon initial segment is disrupted (Wimmer et al., 

2015; Kruger et al., 2016). 
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Two additional heritable mutations, R85C and R85H, were subsequently identified as associated with 

epilepsy (Scheffer et al., 2007; Thomas et al., 2007). Mutation of R85 to either cysteine or histidine 

results in a loss of b1 membrane expression (Xu et al., 2007). The R85C mutation results in a loss of 

the ability of b1 to modulate the kinetics of the Na+ current, whereas the R85H mutant maintains the 

ability to modulate the voltage-dependence of steady-state slow inactivation similar to wild type b1 

(Xu et al., 2007). More recently, a recessive mutation, R125C, has been shown to cause Dravet 

Syndrome, a severe form of paediatric epilepsy, in humans, (Patino et al., 2009). The mutant β1 is 

not expressed at the plasma membrane, thus disrupting b1 function (Patino et al., 2009). The 

epilepsy-related mutation G257R, unique to the b1B splice variant, also results in loss of secretion 

and expression at the plasma membrane, generating a loss of b1B function (Patino et al., 2011). 

Thus, different mutations in residues in the Ig loop of b1/b1B appear to have slightly different 

effects on functionality, however, in general, the mutations do result in at least a partial loss of 

function, thus explaining the epileptogenic phenotype.  

 

In cerebellar granule neurons (CGNs), b1 promotes neurite outgrowth via trans-homophilic adhesion 

(Davis et al., 2004). b1B can also promote neurite outgrowth (Patino et al., 2011). b1-mediated 

neurite outgrowth also requires fyn kinase and contactin and although β1 deletion does not affect 

fyn kinase expression it does reduce contactin levels (Brackenbury et al., 2008a). b1 is required for 

neuronal pathfinding and fasciculation in the postnatally developing CNS (Brackenbury et al., 2008a; 

Brackenbury et al., 2013). b1 is also required for normal localization of Nav1.6 to the axon initial 

segment in CGNs and the resultant inward Na+ current is required for b1 mediated neurite 

outgrowth, suggesting a specific reciprocal relationship between these two subunits (Figure 1.4A) 

(Brackenbury et al., 2010). 
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Figure 1.4 Functional reciprocity between a and b subunits regulating neurite outgrowth and migration during 
CNS development and metastasis.  

(A) b1 is required for localization of Nav1.6 to the axon initial segment and high frequency action potential 
firing. The electrical activity and resultant membrane depolarisation promotes b1-mediated neurite outgrowth 
towards the growth cone. (B) A similar mechanism is proposed for b1-mediated process outgrowth in breast 
cancer cells. b1 from an adjacent fibroblast or cancer cell interacts with b1 on the cancer cell, initiating a 
signalling cascade that requires Na+ current and fyn kinase. Figure panels as originally published (Brackenbury 
et al., 2010; Nelson et al., 2014). 

 

Scn2b null mice appear normal in neurological tests, although they display increased seizure 

susceptibility, and altered sensitivity to pain stimuli (Chen et al., 2002; Lopez-Santiago et al., 2006). 
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Physiologically, β2 increases Nav1.7 expression and β2 null mice display a more sensitive response to 

noxious thermal stimuli (Chen et al., 2002; Lopez-Santiago et al., 2006). Electrical activity is reduced 

in the optic nerve of Scn2b null mice, and Na+ current is reduced in hippocampal and dorsal root 

ganglion neurons, compared to wildtype animals (Chen et al., 2002; Lopez-Santiago et al., 2006). 

Interestingly, Scn2b deletion is neuroprotective in the experimental allergic encephalomyelitis MS 

model in mice, possibly by reducing a subunit up-regulation (O'Malley et al., 2009). 

 

In cardiac electrocardiograms, Scn3b null mice display longer P waves and prolonged QR intervals, 

which ultimately resulted in a slower heart rate, but show no abnormalities in the CNS (Hakim et al., 

2008). It is possible that b1 may compensate for the lack of b3 allowing for an apparently normal 

neurological phenotype, although this has not been investigated. Overexpression of b4 in Neuro2a 

cells increases neurite outgrowth, dendrite formation, and filopodia-like protrusions (Oyama et al., 

2006), suggesting that, like b1, b4 may regulate migration and pathfinding in vivo. b4 is 

downregulated in the striatum of Huntington’s Disease patients and knockout of Scn4b in mice leads 

to abnormal VGSC expression, reduced resurgent current and repetitive action potential firing in 

striatal neurons, suggesting a possible pathological role for b4 down-regulation in 

neurodegeneration (Oyama et al., 2006; Tamura et al., 2014). 

 

Finally, the b subunits may play a role in downstream signalling pathways and gene transcription 

following proteolytic processing by secretases (Kim et al., 2005; Wong et al., 2005). The soluble 

cleaved b2 intracellular domain is proposed to translocate to the nucleus and regulate expression of 

Nav1.1 although the means of translocation is currently unknown (Kim et al., 2005; Kim et al., 2007). 

Secretase-mediated cleavage of b1 regulates neurite outgrowth, suggesting that proteolytic 

processing of b subunits may be an essential step in transducing the adhesion signal to promote 

migration (Brackenbury & Isom, 2011). 
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In summary, VGSC a and b subunit expression is temporally regulated during CNS development. 

Regulated expression of specific subtypes is critical for maintaining electrical excitability and activity-

dependent synaptic connections on the one hand, and adhesive interactions, neurite outgrowth, 

fasciculation and migration on the other. Several studies point towards a potential causal 

relationship between altered VGSC expression, developmental aberrations, and CNS 

pathophysiologies, which requires further investigation. 

 

1.4. Ion transport and cancer 

1.4.1. Breast cancer 

Cancer is a disease of uncontrolled proliferation and survival. Hanahan and Weinberg (2011) laid out 

eight hallmarks healthy cells must attain to become cancerous (sustaining proliferative signalling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, and activating invasion and metastasis) and two further emerging hallmarks 

(reprogramming of energy metabolism and evading immune destruction) (Hanahan & Weinberg, 

2011). Breast adenocarcinoma has its origin in glandular epithelial cells (Cetin & Topcul, 2014) and is 

the leading cause of cancer related death in women worldwide (Jemal et al., 2011). Importantly, 

most breast cancer deaths are the result of metastasis, where the primary tumour invades and 

spreads to distant sites (Figure 1.5). The metastatic cascade is a complex multistep process in which 

cancerous cells within a tumour become detached from the initial tumour, invade the surrounding 

tissues, intravasate into the lymphatic or blood circulatory system, extravasate at a different location 

in the body and form a new tumour at the distant location (Figure 1.5). An important distinction to 

be made here is between the processes of migration and invasion. Migration denotes the movement 

of cells across a substrate (e.g. dish in cell culture, or adjacent stroma in a tumour), whereas invasion 

describes the process by which tumour cells proteolytically digest the extracellular matrix (ECM) via 

protease activity (e.g. through secretion of cathepsins or matrix metalloproteinases). By digesting  
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the ECM, the invading cancer cells can ‘break free’ from the tumour and facilitate migration to 

distant sites (van Zijl et al., 2011; Yang & Lin, 2017).  

 

Breast cancer can be classified into distinct subtypes based on the expression profile of the estrogen 

receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor type 2 

(HER2) (Cetin & Topcul, 2014). Classification of breast cancer into these subtypes allows for better 

Figure 1.5 The metastatic cascade. 

Metastasis is a complex, multi-step process involving proliferation, angiogenesis, detachment, migration, 
invasion, intravasation, transport in the circulation, extravasation, adhesion, and establishment of a secondary 
tumour. Figure reproduced from (Fidler, 2003). 
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patient management and prediction of outcome (Zubeda et al., 2013). Triple negative breast cancer  

(TNBC), in which expression of ER, PR and HER2 is absent, is an aggressive, often lethal, subtype for 

which there are no curative therapies and so treatment is often limited to palliative care (Cetin & 

Topcul, 2014). Through the use of whole-genome sequencing studies, breast cancers have been 

further subclassified based on their genetic and molecular profiles. This could potentially lead to 

better personalised medicine for individual patients. However, accessing repeated tumour samples 

over time is difficult although this may be somewhat remediated through analysis of circulating 

tumour DNA analysis in blood samples (Baird & Caldas, 2013). Another major challenge in 

understanding and treating breast cancer, is the origin of the cancer itself. Currently it is not possible 

to detect dormant cancer stem cells (CSCs) and there are no clear markers for all breast CSCs, 

suggesting the possibility that breast CSCs adapt to the specific niche and do not represent a fixed 

population (Eccles et al., 2013). Arguably the biggest challenge faced when treating breast cancer is 

that of metastasis. If we could better understand the role of the environment at the secondary 

tumour sites, especially the similarities between permissive metastatic microenvironments such as 

the bone, liver and brain, we may be able to tailor treatment to patients and at the same time 

reduce the risk of overtreating patients who do not develop metastases (Eccles et al., 2013). 

 

1.4.2. Ion channels and cancer 

Over the past two decades it has become apparent that ion channels play a diverse range of 

functions in cancer cells. Thus, specific ion channels have been shown to play roles in the 

deregulation of the ‘normal’ mechanics of cells allowing for the development of a cancerous 

phenotype (Prevarskaya et al., 2010). Importantly, ion channels, including VGSCs, have been shown 

to play key roles in all the cancer hallmarks (Prevarskaya et al., 2010). For example, aberrant 

expression of voltage-gated calcium channels alters cell cycle progression, promoting proliferation 

(Lu et al., 2008; Buchanan & McCloskey, 2016). A similar role has been shown for certain classes of 

transient receptor potential (TRP) channels (Bodding, 2007). Abnormal K+ channel expression or 
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function in cancer cells also results in altered cell cycle progression although this may be a 

consequence of indirect effects of altered membrane potential on Ca2+ influx (Gentile, 2016). K+ 

channel activity, in conjunction with Cl- transport, allows for increased invasion through regulation of 

cytosolic osmolarity, movement of water and altered cell shape. Such a mechanism has been 

proposed to promote glioma invasion into surrounding brain parenchyma (Turner & Sontheimer, 

2014).  

 

Ion channels play key roles in facilitating invasion, migration and metastasis (Figure 1.6). Ion 

channel-dependent mechanisms promote the formation of invadopodia, filopodia and lamellipodia, 

as well as facilitating secretion of ECM-degrading proteins, commonly associated with an increase in 

the metastatic potential of a cancer cell (Klemke, 2012; Hoshino et al., 2013). Given the diversity of 

channels expressed, across a range of tumour types, a potentially unique ion channel expression 

profile of each cancer may permit a tailored therapeutic approach. However, a challenge will be to 

accurately delineate these profiles within tumours. The next section of the Introduction will focus on 

VGSC a and b subunits in cancer. 

 

1.5. VGSCs and cancer 

1.5.1. a subunit expression in cancer 

VGSC a subunits are widely expressed in a range of different types of cancer, including breast 

cancer, cervical cancer, colon cancer, glioma, leukaemia, lung cancer, lymphoma, melanoma, 

mesothelioma, neuroblastoma, ovarian cancer and prostate cancer (Table 1.1) (Brackenbury, 2012). 

Although the majority of evidence is based on studies using cell lines cultured in vitro, a number of 

reports have now confirmed that a subunit expression occurs in tumours in vivo, e.g. (Fraser et al., 

2005; Gao et al., 2010; House et al., 2010; Hernandez-Plata et al., 2012). In several cancers where 

multiple a subunits have been detected, one a subunit has been identified as most highly expressed, 

e.g. Nav1.5 is predominant in breast cancer (Fraser et al., 2005), whereas Nav1.7 is predominant in 
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Figure 1.6 Involvement of ion channels in migration, invasion and metastasis of cancer cells. 

Centre: metastatic cancer cell with morphological changes common to invasive, metastatic and migratory 
phenotypes. Boxes A-G depict ion channel-dependent processes which promote metastatic behaviours in the 
tumour areas outlined by the same colour box. Gradients of blue indicate a change in Ca2+ concentration. ECM, 
extracellular matrix; ER, endoplasmic reticulum; PM, plasma membrane. Figure reproduced from (Prevarskaya 
et al., 2018). 
 

prostate and non-small cell lung cancer (Diss et al., 2004; Campbell et al., 2013). Interestingly, Nav1.5 

and Nav1.7 have been shown to be mainly expressed in their neonatal DI:S3 splice forms in several 

cancers (Brackenbury, 2012). However, this splicing pattern is not conserved across all the tumour 

types studied, e.g., the neonatal DI:S3 splice form is absent in colon cancer cells, and the adult 

variant is expressed instead (House et al., 2010). There also appears to be a cancer type-specific 

relationship between a subunit expression and metastatic propensity. For example, Nav1.5 is more 

highly expressed in strongly metastatic MDA-MB-231 breast cancer cells than weakly metastatic 
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MCF-7 cells, and elevated Nav1.5 expression in tumours correlates with increased risk of recurrence, 

metastasis and reduced overall survival (Fraser et al., 2005; Yang et al., 2012; Nelson et al., 2014). A 

similar pattern has been shown for a subunit expression in colon, prostate, ovarian and non-small 

cell lung cancers (Brackenbury & Djamgoz, 2006; Gao et al., 2010; House et al., 2010; Campbell et al., 

2013). However, there is an inverse correlation between a subunit expression and clinical grade in 

glioma (Brackenbury, 2012). 

 

The mechanisms by which VGSCs are up-regulated in cancer cells are not well understood. Several 

studies suggest that growth factors may play a role (Fraser et al., 2014). Epidermal growth factor 

(EGF) and nerve growth factor (NGF) both increase Na+ current in rat Mat-LyLu prostate cancer cells, 

the latter via activation of protein kinase A (PKA) (Brackenbury & Djamgoz, 2007; Ding et al., 2008). 

Similarly, EGF signalling via the extracellular signal-regulated kinase (ERK)1/2 pathway increases 

expression of Nav1.7 and Na+ current in H460 non-small cell lung cancer cells (Campbell et al., 2013). 

In MDA-MB-231 breast cancer cells, external application of β-Estradiol (E2) activates the G-protein 

coupled estrogen receptor GPR30, increasing VGSC expression. Application of the PKA inhibitor, PKI 

abrogates the effect of E2 on VGSC expression whereas the adenylate cyclase activator, forskolin, 

increases VGSC expression, suggesting the E2/GPR30-mediated upregulation of VGSC expression is 

PKA-dependent (Fraser et al., 2010). E2 also increases adhesion in MDA-MB-231 cells, suggesting a 

possible role in upregulating CAM expression/activity (Fraser et al., 2010). Further fine-tuning of 

VGSC expression in cancer cells is achieved through positive feedback auto-regulation. In both 

metastatic human MDA-MB-231 breast and rat Mat-LyLu prostate cancer cells, Na+ current activates 

PKA, which in turn, promotes functional expression of Nav1.5 and Nav1.7, respectively, possibly 

through promoting trafficking of the channels to the plasma membrane (Brackenbury & Djamgoz, 

2006; Chioni et al., 2010). 
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1.5.2. Function of a subunits in cancer cells 

In vitro, pharmacological blockage of VGSC a subunits with TTX has been shown to inhibit various 

cellular behaviours associated with metastasis, including endocytosis (Mycielska et al., 2003), 

galvanotaxis (Djamgoz et al., 2001), gene expression (Mycielska et al., 2005), invasion (Grimes et al., 

1995), migration (Fraser et al., 2003), and process outgrowth (Fraser et al., 1999). These results 

suggest that functional activity of VGSCs is necessary to promote metastatic cell behaviour. The 

functional consequences of VGSC activity in cancer cells are intriguing given that these cells are non-

excitable. Thus, how is a VGSC functional in non-excitable cells with relatively depolarised 

membrane potentials? A clue to this comes from the electrophysiological properties of VGSCs 

discussed above. In strongly metastatic cells, the resting membrane potential is relatively 

depolarised compared to weakly metastatic cells, and thus, the NaV channels are partially activated, 

carrying a small inward Na+ current. The window current of Nav1.5 channels in MDA-MB-231 cells 

implies that there is a persistent inward Na+ current at the resting membrane potential (~-15 mV) 

(Roger et al., 2003). This persistent inward current, whilst a fraction of the transient current 

observed in excitable cells, or under voltage clamp conditions, is likely to be functionally significant. 

Indeed, it has been shown that VGSC activity elevates the intracellular Na+ level in H460 non-small 

cell lung cancer cells, as the persistent Na+ current maintains a depolarised resting membrane 

potential, keeping the Na+ channels open, and thus allowing Na+ to come in, creating a positive 

feedback loop (Campbell et al., 2013). 

 

Conflicting reports suggest that a subunits may, or may not, also regulate proliferation. In the Mat-

LyLu prostate cancer cell line, TTX application has no effect on proliferation but the VGSC opener 

veratridine increases proliferation (Fraser et al., 2000). In addition, the VGSC blockers flunarizine and 

riluzole have been shown to inhibit proliferation of PC3, DU145, LNCaP and MDA-PCA-2B prostate 

cancer cell lines (Abdul & Hoosein, 2001). On the other hand, TTX does not inhibit proliferation of 

MDA-MB-231 cells in 2D culture (Roger et al., 2003). These discrepancies may be due to the differing 
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specificity of the various pharmacological approaches used in different studies and further work is 

required to resolve these discrepancies. 

 

Several studies have indicated that specific a subunits contribute to the invasive capacity of different 

cancer cell types. For example, the neonatal DI:S3 splice variant of Nav1.5 enhances migration and 

invasion of metastatic MDA-MB-231 breast cancer cells (Brackenbury et al., 2007). In contrast, 

Nav1.6 enhances invasion of primary cervical cancer cells (Hernandez-Plata et al., 2012), and Nav1.6 

and Nav1.7 enhance invasion and endocytosis in PC-3 and Mat-LyLu prostate cancer cells (Nakajima 

et al., 2009). Nonetheless, expression of any subtype may be sufficient to promote invasion. For 

example, overexpression of Nav1.4 increases the invasiveness of LNCaP prostate cancer cells 

(Bennett et al., 2004) suggesting that the Na+ current itself is more important for promoting an 

invasive phenotype than the specific α subunit expressed.  

 

Several theories have been proposed to explain how Na+ flux through VGSCs contributes to invasion 

and metastasis. In MDA-MB-231 breast cancer cells, Nav1.5-mediated Na+ influx has been shown to 

increase H+ efflux through modification of activity of the Na+/H+ exchanger (NHE1), causing 

intracellular alkalinisation and extracellular perimembrane acidification, thus enhancing the activity 

of pH-dependent cathepsin proteases and invadopodia formation (Gillet et al., 2009; Brisson et al., 

2013). Several questions remain unresolved surrounding this mechanism, however. For example, 

how does Nav1.5 activity regulate NHE1? Could Na+ influx via other mechanisms also play a role? 

NHE1 activation is mediated by the RhoA signalling pathway which is itself modulated by PKA 

mediated phosphorylation (Cardone et al., 2005). RhoA phosphorylation by PKA results in its 

inhibition which ultimately results in a remodelling of the cytoskeleton leading to altered expression 

of plasma membrane proteins (Brisson et al., 2011). Thus, one possibility is that VGSCs may impact 

on NHE1 activity at the plasma membrane via PKA activation. 
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VGSCs may also regulate gene expression in cancer cells (Brackenbury & Djamgoz, 2006). In SW620, 

SW480 and HT29 colon cancer cells, Nav1.5 has been proposed to be a key regulator of a network of 

invasion-promoting genes (House et al., 2010). However, the intermediate steps between Na+ 

current and gene transcription remain to be elucidated. A third possibility is that VGSCs may regulate 

intracellular Ca2+ levels. For example, activation of VGSCs present on intracellular membranes in 

macrophages and melanoma cells causes Na+ release from cationic stores, followed by Na+ uptake by 

mitochondria, and Ca2+ release, which then increases podosome and invadopodia formation, and 

enhanced invasiveness and this can be prevented by EGTA-mediated chelation of Ca2+ (Carrithers et 

al., 2009). An additional, untested possibility is that Na+ influx via Nav1.5 could lead to reverse mode 

operation of the Na+/Ca2+ exchanger NCX, thus resulting in Ca2+ influx. Such VGSC-mediated Ca2+-

dependent mechanisms have been largely ignored and need to be tested in cancer cells. Finally, a 

significant number of somatic mutations have been identified in SCN5A in tumours (Figure 1.7A). 

These mutations span all functional domains of the channel, including the pore module, the VSD and 

the inactivation gate (Figure 1.1A). Such mutations may impact on channel activity, regulation, 

and/or interaction with intracellular signalling partners. Further work is required to establish 

whether and how these mutations may confer a functional advantage on the VGSC to promote 

invasive behaviour. 

 

1.5.3. Therapeutic value of a subunits 

The fact that α subunits appear to be up-regulated in cancer cells and promote metastasis-like 

behaviour suggests that they may be useful therapeutic targets. Indeed, the VGSC-inhibiting drugs 

ranolazine, which blocks the persistent Na+ current, and phenytoin, a therapeutic used to treat 

epilepsy, have both recently been shown to inhibit metastasis in xenograft mouse models of breast 

cancer (Driffort et al., 2014; Nelson et al., 2015). In support of this, several other VGSC-targeting 

antiepileptic drugs, including phenytoin, carbamazepine and riluzole, have been shown to inhibit 

secretory activity, cellular migration, proliferation and invasion in cell lines from several different  
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Figure 1.7 Nav1.5 and b1 mutations in cancer. 

(A) Nav1.5: (i) Number of mutations reported in the COSMIC database 
(http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/) for each amino acid position on x-axis. (ii) 
Location of Domains 1-4 (yellow) (Catterall, 2000). (iii) Putative phosphorylation (red) and glycosylation sites 
(blue). (B) b1: (i) Number of mutations reported in the COSMIC database for each amino acid position. (ii) 
Location of immunoglobulin (Ig) domain (blue), transmembrane (TM) domain (yellow) and cytoplasmic domain 
(red) (Brackenbury & Isom, 2011). (iii) Phosphorylation (red) and glycosylation sites (blue). 

 

cancers, including prostate and breast cancer (Abdul & Hoosein, 2001, 2002; Fraser et al., 2003; Yang 

et al., 2012). Given that the membrane potential (Vm) of cancer cells is relatively depolarised (~-10 to 

-50 mV) compared with terminally differentiated cells (less than -50 mV) (Yang & Brackenbury, 

2013), the persistent Na+ current is likely to be predominant and may prove to be an important 

therapeutic target (Yang et al., 2012).  

 

Together, these data suggest that repurposing approved antiarrhythmic and antiepileptic drugs to 

breast cancer may have therapeutic value. However, in a recent retrospective cohort analysis of 

breast, bowel and prostate cancer patients, it was shown that those prescribed antiarrhythmic and 

antiepileptic drugs did not live as long as those not exposed to such medications (Fairhurst et al., 

2015). Nonetheless, confounding factors such as missing information on the cancer stage, co-

morbidities and the cause of death from these patients made it difficult to a draw a conclusion from 
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this observation. A better way to test the hypothesis would be in a properly controlled prospective 

clinical trial. 

 

An alternative approach would be to target VGSCs in breast cancer cells using new drugs. A potential 

advantage is that in MDA-MB-231 breast cancer cells, the culprit VGSC, Nav1.5, is expressed 

predominantly in its neonatal splice form (Fraser et al., 2005). Given the lack of physiological 

expression of the neonatal Nav1.5 splice variant elsewhere in adult tissues, including the heart 

(Fraser et al., 2005), the neonatal Nav1.5 splice variant provides a unique target for development of 

new compounds without unwanted side effects on the Nav1.5 in non-cancer tissues.  

 

1.5.4. b subunit expression in cancer 

VGSC b subunits have been detected in prostate, breast, lung, and cervical cancers (Table 1.2) 

(Brackenbury, 2012). Subtype-specific expression varies across cancer types: b3 is present in 

prostate and lung cancer cells but is absent in breast and cervical cancer cells. In contrast, b1 is 

predominant in breast, prostate, and cervical cancer cells (Diss et al., 2008; Chioni et al., 2009; 

Hernandez-Plata et al., 2012). b1 and b2 expression levels correlate with metastatic potential in 

prostate cancer (Diss et al., 2008; Jansson et al., 2012). However, this pattern is not reflected in 

breast cancer. b1 is upregulated in breast cancer specimens compared to normal breast tissue 

samples, but without any relationship to subtype or grade (Nelson et al., 2014). b1 is variably 

expressed in breast cancer cell lines (Chioni et al., 2009; Nelson et al., 2014). b1 expression is 

significantly higher in the weakly metastatic MCF-7 cells compared to strongly metastatic MDA-MB-

231 cells. Thus, b subunit expression may vary across cancer type and grade, dependent on specific 

functional specialisations and heterotypic interactions. 

 

Similar to SCN5A, a number of somatic mutations have been identified in SCN1B in tumours (Figure 

1.7B), in both the Ig and cytoplasmic domains (Figure 1.3). Given that b1 is expressed in breast 



44 
 

cancer cells and plays a role in regulating VGSC activity and cancer cell behaviour (detailed in next 

Section), cancer-associated somatic mutations in b1 which affect its function may therefore impact 

on tumour progression. Further work is required to characterise the functional consequences of 

these mutations on adhesion, Na+ current and b1-mediated cancer cell behaviour. 

 

 

1.5.5. Function of b subunits in breast cancer cells 

In MCF-7 and MDA-MB-231 breast cancer cells cultured in vitro, b1 enhances cell-cell and cell-

substrate adhesion (Chioni et al., 2009; Nelson et al., 2014). In an orthotopic xenograft model of 

breast cancer, b1 over-expression increases tumour growth and metastasis (Nelson et al., 2014). 

Interestingly, b1 promotes neurite-like process outgrowth from MDA-MB-231 breast cancer cells via 

trans-homophilic adhesion. This process outgrowth contributes to the generation of a more 

metastatic mesenchymal-like phenotype and increases the cells’ invasive capacity (Nelson et al., 

2014). b1-mediated process outgrowth in breast cancer cells requires fyn kinase activity and Na+ 

current, thus recapitulating the mechanism by which b1 promotes neurite outgrowth in cerebellar 

granule neurons (Figure 1.4B) (Brackenbury et al., 2008a; Brackenbury et al., 2010). Thus, it appears 

that b1 plays parallel roles in regulating neuronal migration during CNS development, on the one 

hand, and cancer cell invasion during metastasis, on the other. However, the specific role of the Ig 

domain in this tumour progression-promoting behaviour has not been delineated. Nonetheless, 

targeting the adhesive function of b1 may provide a novel approach to anti-cancer therapy 

(Brackenbury & Isom, 2008). 

 

In LNCaP prostate cancer cells, over-expression of b2 induces a bipolar morphology and increases 

overall length with a concurrent reduction in volume (Jansson et al., 2012). These changes could 

allow for greater invasion and motility. In agreement with this, b2 over-expressing cells have 

increased migratory capability compared to control cells in a wound healing assay (Jansson et al., 
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2012). b2 over-expressing cells plated on various substrates preferentially adhere to vitronectin and 

Matrigel over fibronectin, suggesting that b2 may selectively increase adhesion dependent on the 

surrounding tissue/substrate (Jansson et al., 2012). In contrast, b2 over-expression reduces tumour 

size and growth following subcutaneous implantation of LNCaP cells into nude mice (Jansson et al., 

2012). Thus, b2 may enhance invasion and metastasis whilst also reducing the ability of tumours to 

form localized masses. In support of this notion, b2 over-expression increases invasion and growth 

on laminin, and enhances association between prostate cancer cells and nerve axons in organotypic 

cultures (Jansson et al., 2014). Therefore, b2 may permit association between prostate cancer cells 

and neural matrices, enhancing perineural invasion, thus enabling glandular egress and subsequent 

metastatic dissemination. However, the relevance of these observations to other cancer types 

where b2 may be expressed are not clear. Further work is required to evaluate the functional 

consequences of b2 expression across other tumour types. 

 

In contrast to b1 and b2, b3 may function as a tumour suppressor. SCN3B (encoding b3) contains 

two functional p53 response elements, suggesting that it may be directly regulated by the tumour 

suppressor p53 (Adachi et al., 2004). In addition, Scn3b is up-regulated in wildtype mouse embryo 

fibroblasts (MEFs), but not p53 null MEFs following treatment with Adriamycin, which induces 

apoptosis and p53 activation (Adachi et al., 2004). Furthermore, b3 suppresses colony formation, 

and promotes apoptosis in a p53-dependent manner in response to anticancer agents (Adachi et al., 

2004). This mechanism may explain why β3 is not expressed in MDA-MB-231 cells. 

 

Less is known about the expression/function of b4 in cancers. Interestingly, a strong down-

regulation of b4 has been reported in primary cultures of cervical cancer cells relative to cells from 

noncancerous cervix (Hernandez-Plata et al., 2012). A similar pattern of expression has also been 

reported in prostate cancer cell lines and breast tumours (Diss et al., 2008; Bon et al., 2016). 

However, b4 expression is increased in cervical cancer biopsies compared to noncancerous cervix 
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(Hernandez-Plata et al., 2012). On the other hand, b4 overexpression MDA-MB-231 cells reduces 

invasion and tumour progression, suggesting that b4 may represent a novel metastasis suppressor 

gene (Bon et al., 2016). The difference in relative expression levels between biopsies and primary 

cell cultures is unresolved. This discrepancy may be due to the adhesive function differing in vivo as 

opposed to in vitro and further work is required to investigate this possibility. In summary, VGSCs are 

up-regulated in a number of different types of cancer. Increasing evidence suggests that a and b 

subunits both play an important role in promoting various aspects of cancer progression and 

metastasis (Figure 1.8). The role(s) played by specific subtypes appears to be complex and may be 

dependent on tumour type. A common theme is that a subunits regulate invasion via Na+ current, 

whereas b subunits also regulate adhesion interactions. The next step is to establish the extent and 

distribution of expression of VGSCs across tumour types, and the precise involvement of different a 

and b subunits, with the goal of harnessing their therapeutic potential. 

 

1.5.6. L1CAM and its similarity to b1 

Changes in the expression profile of CAMs have been directly linked to the progress of breast cancer 

from the more manageable epithelial phenotype to the invasive and metastatic mesenchymal 

phenotype (Cavallaro & Christofori, 2004; Kiefel et al., 2012b). In addition, interactions between 

abnormally expressed CAMs on cancer cells and CAMs expressed on cancer associated fibroblasts 

(CAFs) may enable invasion of cancer cells into the surrounding tissues and ultimately intravasation 

into either the lymphatic or circulatory system (McCarthy et al., 2018). Therefore, targeting and 

inhibiting the function of various CAMs has been suggested as a means of preventing metastasis  

(Wolterink et al., 2010; Doberstein et al., 2015). 

 

L1CAM is a member of the L1 family of the immunoglobulin super family of proteins. Similar to b1, 

L1CAM plays a significant role in neuronal pathfinding during development, facilitating neurite 

outgrowth through trans heterophilic interactions (Peng et al., 2016). L1CAM is also expressed in  
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Figure 1.8 A model for VGSC involvement in cancer progression. 

b subunits are expressed in proliferating primary tumours, contributing to adhesion (Chioni et al., 2009), and in 
the case of b1, promoting angiogenesis and resistance to apoptosis (Nelson et al., 2014). Up-regulation of a 
subunits, e.g. Nav1.5, promotes a mesenchymal-like phenotype (Brisson et al., 2013; Nelson et al., 2014), 
activation of proteases (Gillet et al., 2009) and local invasion from the primary tumour (Roger et al., 2003; 
Fraser et al., 2005; Brackenbury et al., 2007). VGSC-expressing cells subsequently intravasate and metastasise 
to distant sites (Fraser et al., 2005; Jansson et al., 2012; Nelson et al., 2014). Figure adapted from (Brackenbury 
et al., 2008b). 
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non-neuronal cells including cells of the lymphatic and renal system (Debiec et al., 1998). L1CAM 

consists of six Ig-like loops and five fibronectin type III domains which are located extracellularly and 

a conserved intracellular tail domain and is thus a significantly larger CAM than b1 (Figure 1.9) 

(Samatov et al., 2016). The interactions of the Ig-loops in L1CAM are cooperative such that if one is 

disrupted, the rest would also be disrupted. Alcohol binding to two residues inhibits adhesion of the 

whole protein by disrupting the adhesion between Ig-loop 1 and 4 (Dou et al., 2011). L1CAM 

interacts homophilically in trans through interactions between Ig-loops 1-4 (Gouveia et al., 2008). A 

conserved arginine-glycine-aspartic acid domain in the sixth Ig-loop is responsible for heterophilic cis 

interactions of L1CAM with aVb3 integrin (Yip et al., 1998) and these cis interactions are proposed to 

Figure 1.9 Structure of L1CAM 

Topological map of the L1 cell adhesion molecule. Blue motifs depict the immunoglobulin domains and the 
green motifs depict the fibronectin III repeats. These are followed by a transmembrane domain and a 
conserved intracellular tail. Figure adapted from (Samatov et al., 2016). 
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take place between the ectodomain of L1CAM and aVb3 integrin (Friedli et al., 2009). Like b1, L1CAM 

is a glycosylated protein. Ig-loops 1-4 have 4 glycosylation sites, Ig-loops 5-6 have 5 glycosylation 

sites and the fibronectin domains have 12 (Wei & Ryu, 2012). The sites of glycosylation in Ig-loops 1-

4 are highly conserved across species and modifications of these sites disrupt adhesion (Wei & Ryu, 

2012). Similar to b1, L1CAM binds heterophilically to other cell adhesion molecules, including NCAM 

and contactin. In addition, L1CAM also interacts with the epidermal growth factor receptor (EGFR) 

and the fibroblast growth factor receptor 1 (FGFR1) (Kulahin et al., 2008; Donier et al., 2012; Mualla 

et al., 2013).  

 

L1CAM can exist as two splice variants. In neurons and MCF-7 breast cancer cells, the full-length 

neurooncological ventral antigen 2 (NOVA-2) variant is expressed (Shtutman et al., 2006; Mikulak et 

al., 2012). In other cells, such as cells in the renal system, two exons are removed, one each from the 

N and C terminals of L1CAM (Samatov et al., 2016). The N-terminal exon, which is removed, is 

responsible for binding homophilically and heterophilically to other neural CAMs whereas the C-

terminal exon may be involved in clathrin-mediated endocytosis (Samatov et al., 2016). In 

hippocampal excitatory neurons, siRNA-mediated knockdown of L1CAM decreases single cell spiking 

frequency and reduces Na+ current density (Valente et al., 2016). The latter was attributed to the 

reduced expression of VGSCs in the absence of L1CAM (Valente et al., 2016). Thus, like b1, L1CAM 

may modulate VGSC expression. 

 

L1CAM is expressed in various cancers, including ovarian cancer, prostate cancer, neuroblastoma, 

colorectal cancer and breast cancer (Samatov et al., 2016). In the Oncomine database, L1CAM ranks 

in the top 2 % of genes that are overexpressed and advanced cancers have higher L1CAM expression 

(Li & Galileo, 2010). L1CAM is a substrate for a disintegrase and metalloproteinase 10 (ADAM10) -

mediated cleavage and the soluble extracellular region has been found in serum from patients with 

ovarian cancer (Gutwein et al., 2000; Fogel et al., 2003; Finas et al., 2008). Cells which are further 
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advanced along the epithelial to mesenchymal transition (EMT) have a higher level of expression of 

L1CAM compared to more epithelial-like cells (Kiefel et al., 2012b). L1CAM also disrupts E-cadherin 

interactions at adherens junctions, thus promoting a more mesenchymal-like phenotype (Gavert et 

al., 2005; Weidle et al., 2009). L1CAM expression also increases b-catenin levels in MCF-7 cells, 

increasing motility (Shtutman et al., 2006). On the other hand, silencing of L1CAM in MDA-MB-231 

cells results in a reversion to an epithelial phenotype (Shtutman et al., 2006). In migrating 

monolayers of uterine and ovarian carcinoma cells, L1CAM expression is found at increased levels in 

the leading cells, consistent with other findings showing elevated L1CAM expression in cells at the 

invasive perimeter of tumours (Fogel et al., 2003; Gavert et al., 2005). Overexpressing L1CAM in 

MDA-MB-468 breast cancer cells increases adhesion and migration but interestingly does not affect 

invasion (Li & Galileo, 2010). On the other hand, silencing of L1CAM expression in MDA-MB-231 cells 

decreases adhesion and migration (Li & Galileo, 2010).  

 

Given that L1CAM can interact with EGFR, this may play a role in EGF-mediated up-regulation of 

VGSC a-subunit expression in cancer cells (Fraser et al., 2014). L1CAM and b1 both share a number 

of the same adhesion partners and so an intriguing possibility is that interaction of b1 with L1CAM 

may enhance cell-cell adhesion. Furthermore, such an interaction may localise the VGSC complex to 

membranes where other regulatory partners, e.g. EGFR, may be expressed.  

 

In summary, there are clear parallels between β1 and L1CAM function. Both promote cell-cell 

adhesion and are both neuronally expressed. Similarly, both have shown to modulate VGSC currents, 

although the evidence showing L1CAM-mediated channel modulation is very limited compared to 

β1. Finally, expression of both proteins is increased in breast cancer and promotes invasion, and 

both CAMs are substrates for cleavage by secretases. However, although the role of L1CAM in 

regulating adhesion and motility in neurons and breast cancer cells is well established, and a link has 

been previously made between L1CAM and VGSCs, no work has been done to investigate the impact 
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of L1CAM on Na+ current in breast cancer cells. Similarly, although the heterophilic interaction 

between b1 and a number of other CAMs and ECM proteins has been delineated, including for N-

cadherin, contactin, neurofascin-155, neurofascin-186, NrCAM, b2, tenascin-C and tenascin-R 

(Srinivasan et al., 1998; Kazarinova-Noyes et al., 2001; Malhotra et al., 2004; McEwen & Isom, 2004; 

McEwen et al., 2004), possible interaction between b1 and L1CAM has not been previously 

investigated. 

 

1.5.7. Therapeutic targeting of b1 subunits in breast cancer – possible use of aptamers 

Given the functional contribution of b1 subunits to enhancing Na+ current, invasion and metastasis 

in breast cancer cells (Chioni et al., 2009; Nelson et al., 2014; Nelson et al., 2015), an intriguing 

possibility is that b1 subunits may be novel targets for breast cancer treatment. No drugs have been 

developed to target b1. However, other CAMs have been targeted in a cancer context using 

antibodies or peptides. For example, monoclonal antibodies to the L1CAM extracellular domain 

reduced tumour burden and prolonged survival in a mouse model of ovarian cancer (Wolterink et 

al., 2010; Fischer et al., 2012). 

 

An alternative approach would be to use aptamers. Aptamers are uniquely folded short 

oligonucleotide or peptide sequences which are selected to recognise a specific protein. 

Oligonucleotide aptamers have the advantage over peptide aptamers in that they are considerably 

more stable (Song et al., 2012; Zhu et al., 2012). Conceptually, aptamers function in a similar manner 

to antibodies but with some advantages, most notably the much greater specificity of recognition, 

such that aptamers may even distinguish between the same protein between cancerous and healthy 

cells (Kim et al., 2017). In addition, oligonucleotide aptamers are less immunogenic compared to 

non-humanized antibodies (Zhu et al., 2012; Radom et al., 2013). 
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The two general methods for aptamer selection against a protein are systematic evolution of ligands 

by exponential enrichment (SELEX) (Blackwell & Weintraub, 1990; Tuerk et al., 1992) and cell-SELEX 

(Cooper, 1999; Hicke et al., 2001; Darmostuk et al., 2015). Aptamers are allowed to bind to the 

target and bound aptamers are then amplified (Sections 2.24, 2.25). Through iterative rounds with 

stricter binding conditions, the specificity of aptamers is increased. SELEX is usually carried out on 

purified proteins, so aptamers are selected against a protein which is not in its native environment. 

Cell-SELEX aims to alleviate this problem, at least for transmembrane proteins, by selecting aptamers 

against a protein expressed on live cells, thus proteins would be expected to be in their native state 

with relevant post-translational modifications (Cooper, 1999). A further problem is that post-

translational modifications may differ between cell types, especially if the cell line is of a different 

species to that in which the aptamers will ultimately be used (Croset et al., 2012; Kannicht et al., 

2013). Therefore, it is desirable to select against a protein in a cell line which closely resembles the 

environment in which the aptamers will be used. Another problem with cell-SELEX is that aptamers 

may bind to any protein expressed on the cell. Thus, a cell line negative for the target protein is 

often used to remove aptamers which are not binding to the protein of interest (Shangguan et al., 

2006). It is possible to combine both SELEX and cell-SELEX, such that initially aptamers are selected 

against purified protein and then against a cell line expressing the protein of interest. 

 

Aptamers can be used in a variety of ways, including as emerging therapeutic or diagnostic tools. For 

example, aptamers targeting vascular endothelial growth factor (VEGF) have been used as a novel 

therapy in mice for the treatment of macular degeneration in diabetic retinopathy (Eyetech Study, 

2002). In this study, 80% of treated patients showed stable or improved eyesight after three years. 

Aptamers have also been developed to act as delivery agents for both imaging probes or drug 

substances to cancer cells (Cerchia & de Franciscis, 2010). Using breast cancer cell lines, aptamers 

have been selected which bind HER2, using the HER2-expressing SKBR3 cell line for positive selection 

and the HER2-negative MDA-MB-231 cell line for negative selection (Kang et al., 2009). Another 
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study used a similar approach, although MDA-MB-468 cells were used for negative selection 

(Dastjerdi et al., 2011). Aptamers have also been raised against CAMs, including the epithelial CAM 

(EpCAM), which is expressed on cancer cells (Shigdar et al., 2011). The same group propose that the 

development of aptamers targeting proteins which are upregulated in cancer stem cells may allow 

delivery of targeted therapeutics to tumours (Shigdar et al., 2013). Aptamers have been raised to 

target the IgV-like N-domain of the carcinoembryonic antigen (CEA) (Orava et al., 2013). Like b1, CEA 

functions as a CAM possibly through its Ig-like region. By using aptamers to block the adhesive 

functions of CEA, it was possible to inhibit peritoneal tumour nodule formation in vivo (Orava et al., 

2013). 

 

A recent advancement in aptamer selection technology is the incorporation of fluorescence-

activated cell sorting (FACS) into the selection process. FACS is used in conjunction with 

fluorescently-modified aptamers for cell-SELEX. Use of FACS can reduce the number of rounds 

required for selection as it results in a much greater partitioning efficiency of cells binding aptamers 

from cells that are not binding aptamers (Zhang et al., 2010). One possible drawback with the use of 

FACS is the increased possibility of losing sequences which could potentially bind with a greater 

affinity. In the first round of selection there will only be one copy of each sequence. Thus, a cell with 

only a few fluorescently-labelled aptamers bound may not be retained as it may not be sufficiently 

fluorescent to be detected by the cell sorter. This is not a problem in later rounds where there are 

multiple copies of each sequence. A further issue complicating cell-SELEX is dead cells, which must 

be removed prior to FACS, as these would otherwise non-specifically internalise aptamers, resulting 

in false positives (Mayer et al., 2010; Li et al., 2018). Finally, one issue, which has not been 

considered in the field, is the possibility of apoptotic cells taking up aptamers and acting as 

additional non-specific sinks. 
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1.6. Hypothesis and aims 

 

It is generally accepted that VGSCs function as macromolecular signalling complexes in which Na+ 

current through the a subunit pore is coupled with non-conducting signalling via the b subunits. 

Thus, complexes of Nav1.5 and b1 may occur in breast cancer cells, regulating morphological 

changes and metastasis. The overall hypothesis under test in this Thesis is that, through the Ig 

domain, b1 functions as both a CAM and a modulator of VGSC a subunits in cancer cells. This 

hypothesis was tested in this Thesis through three main approaches, described in the three results 

Chapters. 

 

The aim of Chapter 3 was to test the hypothesis that deletion of the Ig loop of the b1 subunit would 

reduce Na+ current and adhesion in MDA-MB-231 breast cancer cells. This was tested using whole-

cell patch clamp recording, pharmacology, adhesion and morphology assays. 

 

The aims of Chapter 4 were twofold: (1) to test the hypothesis that the cancer-associated somatic 

R89C mutation in the b1 Ig domain reduced Na+ current and adhesion, and (2) given, the parallels 

between b1 and L1CAM expression and function, to test the hypothesis that L1CAM over-expression 

would increase adhesive properties and Na+ current. These hypotheses were again tested by 

expressing wildtype vs. mutant b1 or L1CAM in MDA-MB-231 cells and using whole-cell patch clamp 

recording, pharmacology and adhesion and morphology assays. 

 

The aim of Chapter 5 was to test the hypothesis that aptamers targeting the extracellular Ig domain 

of b1 could be used to inhibit adhesion. This was tested by raising aptamers to the Ig domain of b1 

using cell-SELEX with MCF-7 breast cancer cells, which express high endogenous levels of b1. The 

approach was refined using FACS and the functional effect of the aptamers was tested using 

adhesion assays.   
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2. Materials and Methods 
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An overview of the experimental approaches used summarised in relation to the specific research 

questions addressed in this Thesis is shown in Figure 2.1. 

 

2.1. Cell culture 

 

HEK293T cells (a variant of HEK293 cells stably expressing the SV40 large T antigen to increase 

protein production from expression vectors containing SV40 enhancers) were a gift from J. 

Cartwright (University of York). Chinese hamster lung (CHL) and CHL-β1 cells were a gift from L. Isom 

(University of Michigan). MDA-MB-231 and MCF-7 human breast cancer cells were a gift from M. B. 

A. Djamgoz (Imperial College London) (Fraser et al., 2005). Variants of MDA-MB-231 cells stably 

expressing enhanced green fluorescent protein (MDA-MB-231-GFP), overexpressing b1 (MDA-MB-

231-b1-GFP), and overexpressing a truncated b1 mutant lacking the Ig loop (MDA-MB-231-b1DIg40-

124-GFP) were generated previously (Chioni et al., 2009; Nelson et al., 2014). All cell lines were grown 

in Dulbecco’s modified eagle medium (DMEM) supplemented with 5% FBS and L-glutamine at 37 oC 

and 5 % CO2 (Yang et al., 2012). Cells were discarded after they had been passaged 10 times. 

Antibiotics were used in the maintenance of MDA-MB-231-GFP cells (G418, 0.2 mg/ml), MDA-MB-

231-b1-GFP cells (hygromycin, 0.1 mg/ml) and MDA-MB-231-b1ΔIg40–124-GFP cells (G418, 0.2 mg/ml). 

Table 2.1 shows the properties of each cell line used in this Thesis and the use cases. 

 

2.2. Plasmids 

 

pcDNA3.1-Hygro containing b1B with a V5-peptide tag and a 6x His-tag was a gift from L. Isom 

(University of Michigan) (Patino et al., 2011). The plasmid pcDNA3.1-Hygro containing L1CAM was a 

gift from Dr G. Evans (University of York) (Figure 2.2). The pOPINTTGNeo vectors contained either a 

6X His-tag, an FC-tag or a CD4-tag both followed by a 6X His-tag and were created with the help of 

the MRC Oxford Protein Production Facility (OPPF) (Figure 2.3). 
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Figure 2.1 Flow
chart of the experim

ental goals of the thesis. 

The flow
chart show

s the m
ain experim

ental goals of this thesis and is further broken dow
n into core aim

s and experim
ental approaches used.   
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Table 2.1 Cell lines used in this Thesis 

Cell line Properties Antibiotic Use case 

CHL Adherent fibroblast cell line - Previously used as a 

monolayer upon which process outgrowth of 

breast cancer cells is measured. Lacks b1 

expression (Davis et al., 2004). 

- As a monolayer upon which 

to assess the role of β1 

mediated interactions on 

process outgrowth 

CHL-b1 CHL cells stably expressing b1 (Davis et al., 2004). G418 As a monolayer upon which 

to assess the role of β1 

mediated interactions on 

process outgrowth 

HEK293T A Variant of HEK293 cells stably overexpressing the 

SV40 antigen. When transfected with plasmids 

containing SV40 origin of replication, this cell line 

will greatly increase the expression of the 

recombinant protein. 

- For transient transfection 

for purification of 

recombinant proteins. 

MDA-MB-

231 

Strongly metastatic triple negative breast cancer 

cell line which displays a high invasive capacity 

both in vitro and in vivo. Endogenously, the 

expression of b1 is very low (Nelson et al., 2014). 

 

The parental cell line from 

which the various stably 

overexpressing lines 

(below) were produced.  

MDA-MB-

231-GFP 

Stably overexpressing the GFP protein.  G418 As a negative control to 

assess the role of the Ig 

loop of β1 in breast cancer 

cells. 

MDA-MB-

231-b1-GFP 

Stably overexpressing b1-GFP. Hygromycin As a positive control to 

assess the role of the Ig 

loop of β1 in breast cancer 

cells. 

MDA-MB-

231-b1-DIg-

GFP 

Stably overexpressing truncated variant of b1 

lacking the Ig loop, in which residues 40-124 have 

been deleted (Nelson et al., 2014). 

G418 To assess the role of the Ig 

loop of β1 in breast cancer 

cells. 

MDA-MB-

231-b1R89C 

Stably overexpressing the b1R89C mutant. Hygromycin To assess the effects of the 

R89C mutation in breast 

cancer cells. 

MDA-MB-

231-

pcDNA3.1 

Stably overexpressing empty pcDNA3.1 vector Hygromycin As a negative control for 

L1CAM overexpressing cells 

(below) 

MDA-MB-

231-L1CAM 

Stably overexpressing L1CAM Hygromycin To assess the role of 

L1CAM in breast cancer 

cells. 

MCF-7 A weakly metastatic breast cancer cell line with 

high level of endogenous b1 expression. 

- Used as a positive cell line 

for aptamer selection for 

β1. 

MCF-7-Db1 MCF-7 cells in which b1 was deleted using CRISPR. - Used as a negative counter 

cell line for aptamer 

selection for β1. 
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Figure 2.2 Plasmid map of pcDNA3.1-Hygro. 

The plasmid has had either (i) the human b1B gene followed by a V5-tag and a 6x His-tag, or (ii) the human 

L1CAM gene with no tags, inserted into it between the T7 promoter and the bGH poly(A) signal. The CMV 

enhancer/promoter allows for expression in mammalian systems. The plasmid confers ampicillin resistance 

(AmpR) in bacterial expression systems and hygromycin resistance (HygR) in mammalian expression systems. 

Simian virus 40 origin of replication (SV40 ori) allows for expression of the hygromycin resistance gene in 

mammalian expression systems expressing T-antigen. Map was created using SnapGene software. 

 

Vectors of the pOPIN suite containing either control proteins 6218, 9816 or eGFP were obtained 

from OPPF. The identities of 6218 and 9816 were not disclosed by the OPPF for confidentiality 

reasons. The pOPIN suite of vectors developed by the OPPF allows for single step cloning with no 

extra amino acids between the inserted gene and tag, a cleavable His-tag and easy transfection into 

HEK293T cells with high amounts of protein expressed. For the CRSIPR/cas9 experiment the guide 

RNAs (gRNAs) were present in pSpCas9 BB-2A-GFP vectors (GenScript). This commercially available  
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vector has the advantage that the gRNAs and the cas9 gene are present within the same plasmid. In 

addition, the presence of eGFP allowed for selection of successfully transfected cells by FACS (Figure 

2.4). 

 

 

 

 

 

Figure 2.3 Schematic map of pOPINTTGneo vectors used for expression of b1B. 

The plasmids contain one of two tags (* CD4 or FC) followed by a 6xHis tag. The CMV enhancer/promoter 

allows for expression in mammalian systems. The plasmid confers ampicillin resistance (AmpR) in bacterial 

expression systems and neomycin resistance (NeoR) in mammalian expression systems. SV40 allows for 

expression of the hygromycin resistance gene in mammalian expression systems expressing T-antigen. Map 

was created using SnapGene software. 
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2.3. PCR 

 

RNA was extracted from cell samples using RNA extraction kits (Qiagen) according to the 

manufacturer’s instructions. cDNA synthesis was performed as described previously (Nelson et al., 

2014).PCR was performed as described (Nelson et al., 2014) with the following modifications. 

Different PCR protocols were used to amplify b1B, NaV1.7 and GAPDH. For b1B, the PCR was carried 

out according to the OPPF protocol (25 units (u) Recombinant Thermococcus kodakaraensis (KOD) 

BbsI(245)

EcoRI(6302)

EcoRI(5519)

BbsI (267)

pSpCas9(BB)-2A-GFP (PX458)
9288 bp

Figure 2.4 Schematic map of pSpCas9 BB-2A-GFP vectors used for CRSIPR/cas9-mediated knockdown of β1. 

The plasmid contains the two gRNAs used present after the U6 promoter, the cas9 gene with a nuclear 

localisation signal (NLS) and eGFP which is used for selection of successfully transfected cells. The plasmid also 

enables ampicillin resistance in transformed bacteria. 
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Hot Start Buffer (Novagen), 10 µM dNTP mix, 1 u KOD Hot Start Taq (Novagen), 10 µM primers, 10 

ng template and made to 50 µl with sterile water). For NaV1.7 and GAPDH, the PCR contained 5 u 5x 

Taq hot start buffer (Promega), 1.25 mM MgCl2 (Promega), 10 µM dNTP mix, 1.25 u Taq DNA 

polymerase (Promega), 10 µM primers and 20 ng template and made to 50 µl with sterile water. 

Primers, annealing temperature, and expected product size are in Table 2.2. Amplification conditions 

for the b1B primers were: 94 oC for 2 minutes followed by 30 cycles of 98 oC for 10 s, 60 oC for 30 s 

and 68 oC for 1 minute, followed by 68 oC for 2 minutes. Amplification conditions for NaV1.7 and 

GAPDH were: 98 oC for 2 minutes followed by 35 cycles of 98oC for 30 s, 55 oC (GAPDH) or 59 oC 

(NaV1.7) for 30 s followed by 72 oC for 30 s with a final extension step at 72 oC for 10 minutes. The 

b1B PCR products were then run on a 1.25 % agarose gel at 100 V for 30 minutes. The NaV1.7 and 

GAPDH PCR products were run on a 1.5 % agarose gel at 80 V for 45 minutes. 

 

2.4. Quantitative PCR 

 

Quantitative PCR (QPCR) was performed as described previously (Nelson et al., 2014). QPCR was 

carried out using a Bio-Rad thermal cycler. Triplicate 12 µl reactions containing 20 ng cDNA were 

amplified by 35 cycles of 95 ˚C for 5 seconds and 60 ˚C for 10 seconds. Primer sequences expected 

product lengths and annealing temperatures are given in Table 2.2. Relative gene expression was 

quantified using the DDCT method with GAPDH as a control (Livak & Schmittgen, 2001). 

 

 

2.5. Creation of a His, Fc or CD4 tagged b1B construct and a truncated b1B construct lacking 

the C-terminal tail region 

Three new b1B vectors were created by cloning the SCN1B gene from the pcDNA3.1 plasmid (Figure 

2.2) into three pOPINTGneo vectors (Figure 2.3). Three of the pOPINTGneo vectors contained the full  
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 Table 2.2 PCR Prim

ers 

Target 
Sense prim

er (5' - 3') 
Anti-sense prim

er (5' - 3') 
T

a a ( o C) 
Product Size (bp) 

 
 

 
 

 
b1B F

c  
gcgtagctgaaaccggcgcctgcgggggctgcgtgg 

cagaacttccagtttaaccacaccccgagaaacacatcgg  
60 

447 

b1B CD
4 

gcgtagctgaaaccggcgcctgcgggggctgcgtgg 
gtgatggtgatgtttaaccacaccccgagaaacacatcgg  

60 
447 

b1B H
is 

gcgtagctgaaaccggcgcctgcgggggctgcgtgg 
gtgatggtgatgtttaaccacaccccgagaaacacatcgg 

60 
447 

N
a

v 1.7 
tatgaccatgaataacccac 

tcaggtttcccatgaacagc 
59 

389 

b1 (Q
PCR) 

gtcgtcaagaagatccacattgaggt 
ttcggccacctggacgcccgtgcag 

60 
243 

G
A

PD
H

 
aaggtgaaggtcggagtcaac 

ccagagttaaaagcagccctg 
55 

71 

 a Abbreviations: T
a , annealing tem

perature. 
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length b1B gene. In each case, b1B was inserted into a vector containing either a 6xHis-tag, a C-

terminal Fc tag followed by a 6xHis-tag or a CD4 tag followed by a 6xHis-tag (pOPINTTGneo-3C-His, 

pOPINTTGneo-3C-FC and pOPINTTGneo-3C-CD4 respectively). Primer sequences expected product 

lengths and annealing temperatures are given in Table 2.2. 

 

The b1B PCR products were treated with DpnI to digest any methylated DNA without digesting the 

PCR products. Products were purified using AMPure XP magnetic beads (Beckman Coulter). Beads 

were washed with 70 % ethanol and allowed to air dry. Bound DNA was eluted using 10 mM Tris pH 

8.0. The purified products were infused into the pOPINTGneo vectors (100 ng of the vector and 100 

ng of the PCR product) by reaction with the infusion enzyme (Clontech) for 30 minutes at 42 oC. 

Infusion products were diluted with Tris-EDTA and 5 µl of the diluted product was added to 50 µl of 

OmniMaxII competent E. coli according to manufacturer’s instructions (Invitrogen). The E. coli were 

plated on LB Agar plates supplemented with Ampicillin, X-Gal and IPTG and allowed to incubate at 

37 oC overnight. Successfully transformed colonies (white colonies) were picked and grown in LB 

Broth overnight at 37 oC with shaking (225 rpm). The following day the DNA was extracted from the 

E. coli using a Qiagen miniprep kit following the manufacturer’s instructions. 

 

2.6. Transfections 

 

Cells were transfected as described in (Tom et al., 2008). HEK293T, MCF-7, cells or MDA-MB-231 

cells were passaged 24 hours before transfection to a density such that they would achieve 60 % 

confluency the next day. Cells were transfected with PEI (gift from J. Cartwright, University of York) 

or Fugene (Promega) according to the protocol described in (Tom et al., 2008). A 1:3 

DNA:transfection reagent ratio was used (unless otherwise stated). Medium was changed after 24 

hours and cells were harvested after 96 hours when transfected with the pcDNA3.1-b1BV5/His 

vector (unless otherwise stated), after 72 hours when transfected with pcDNA3.1-L1CAM or the 
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pOPINTTGneo vectors or 24 hours when transfected with the pSpCas9 BB-2A-GFP vectors. In some 

experiments, stable clones were selected by growing cells in the presence of selection antibiotic at 

low density to allow colonies to form, which were then picked using the ring approach. In this 

approach, the larger end of a cut 1 ml pipette tip was dipped in vacuum grease then placed around 

an individual colony of cells after removing the medium. Trypsin was added into the tip and then 

dissociated cells were removed after differing periods of time dependent on the cell line (a few 

seconds for HEK239T cells and one minute for MCF-7 and MDA-MB-231 cells).    

 

2.7. Protein extraction 

 

Proteins were extracted as described by (Nelson et al., 2014) with the following modifications. 

HEK293T cells were harvested in PBS using a cell scraper. Harvested cells were spun at 5000X g for 

10 minutes at 4 oC and the supernatant discarded. Cells were resuspended in PBS supplemented 

with EDTA-free Complete Protease Inhibitors (Roche) and homogenized. Samples were spun at 

2500X g for 10 minutes at 4 oC to pellet out the nuclei. For crude separation of the soluble and 

insoluble fractions, cells were harvested in Tris-EGTA supplemented with Protease Inhibitors and 

after removal of the nuclei, further spun at 18000X g for 20 minutes at 4 oC. The supernatant 

(soluble fraction) was collected and the pellet (insoluble fraction) was resuspended in an equivalent 

volume of Tris-EGTA. Protein concentration was measured using the Bradford assay. Absorbance 

was measured at 590 nm and compared against a standard curve created from known 

concentrations of BSA (Figure 2.5). 

 

2.8. Small-scale protein purification 

 

GE Healthcare Ni SepharoseTM 6 Fast Flow (Ni2+ bead) suspension (100 µl) containing 15 µl of packed 

bead slurry was washed twice with PBS. The supernatant was carefully removed from the Ni2+ beads  
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and the clarified cell lysate (soluble fraction), harvested in 20 mM imidazole elution buffer (20 mM 

phosphate buffer, 20 mM imidazole, 0.3 M NaCl, pH 7.4) was added. The sample was allowed to bind 

for 20 minutes, inverting the tube every 5 minutes. The solution was transferred to a 750 µl spin 

column (Sigma) and spun briefly until a speed of 2000X g was reached. Flow-through was collected 

Each wash was collected and stored at -80 oC. Beads were resuspended in PBS and transferred to an 

Eppendorf tube and spun down. PBS was removed, and the beads were resuspended in elution 

buffer (five minutes each) of increasing imidazole concentrations (50 mM, 100 mM, 200 mM, 300 

mM, 500 mM and 1 M) to further decouple His-rich proteins. After the elution stages, beads were 

resuspended in 80 µl PBS. Sample buffer (1:4) was added to each wash, elution stage and the 

resuspended beads. Samples were run on a 12 % SDS-PAGE gel and either transferred onto a 

nitrocellulose membrane for western blotting using the anti-V5 antibody or the gel was stained using 

Fairbanks Coomassie solutions. 

Figure 2.5 Standard curve for Bradford Assay. 

Absorbance at 590 nm was measured for BSA concentrations in the range 1-10 µg/ml measured by the 
Bradford assay. Data are mean ± S.E.M., n=3. 
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2.9. Large scale purification of secreted protein at OPPF 

 

Two 5 L roller bottles of HEK293T cells at 50 % confluency grown in 0.25 L of medium were 

transfected with PEI and the pcDNA3.1-b1BV5/His plasmid in Figure 2.2, as described above. Cells 

were left for four days, after which the medium was collected, filtered and degassed. Medium was 

purified by automated Ni2+ affinity purification using an AKTApurifier (GE Healthcare). The His-Trap 

column (Invitrogen) was washed and equilibrated using a Ni2+ wash buffer: 50 mM Tris pH 7.5, 500 

mM NaCl and 30 mM imidazole. Medium was fed through the His-Trap column. The column was 

washed again with the Ni2+ wash buffer to remove unbound proteins. The contents of the His-Trap 

column were eluted using a Ni2+ elution buffer: 20 mM Tris pH 7.5, 200 mM NaCl and 500 mM 

imidazole. 

 

2.10. SDS-PAGE 

 

SDS-PAGE and western blotting were performed as described (Nelson et al., 2014) with the following 

modifications. One-part sample buffer (0.25 M Tris HCl pH 8.8, 0.5 M glycerol, 167.8 mM SDS, 2.87 

mM bromophenol blue, 97.25 mM dithiothreitol, 3.6 M b-mercaptoethanol) was added to four parts 

of protein sample of interest. The samples were heated at 80 oC for 10 minutes and 50 µg protein 

loaded per lane on a stacking gel (0.25 M Tris pH 6.8, 12.9 % (v/v) Protogel (National Diagnostics), 

8.79 mM ammonium persulfate, 1 % (v/v) TEMED). A 12 % SDS-PAGE gel (0.25 M Tris pH 8.8, 42.5 % 

(v/v) Protogel (National Diagnostics), 43.9 mM ammonium persulfate, 0.13% (v/v) TEMED (Sigma)) 

was used to resolve the proteins and was run at 120 V until the 10 kDa marker in the ladder 

(PageRuler Plus, Thermoscientific) had run off the bottom. 
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2.11. Western blotting 

 

Wet transfer was used to transfer proteins onto a nitrocellulose membrane (GE Healthcare Life 

Sciences). After transfer, the membrane was placed in blocking solution (0.1 M Tris-buffered saline 

with 1 % Tween-20 (TBST), 1 % (w/v) bovine serum albumin, 2.5 % (w/v) non-fat dry milk). For the 

L1CAM antibody, a different blocking solution was used (3 % (w/v) non-fat dry milk). Blocking was 

for 10 minutes at room temperature on a shaker. Primary antibody, diluted in blocking solution, was 

then added, and left shaking overnight at 4 oC. The primary antibodies were: mouse anti-V5 antibody 

(1:1000, AbD Serotec), mouse anti-GAPDH (1:5000, Sigma), mouse anti-CD71 (1:5000, Sigma), mouse 

anti-a-tubulin (1:10,000, Sigma), mouse anti-His (1:1000, GE Healthcare), mouse anti-L1CAM 

(1:1000, Abcam), mouse anti-GFP (1:1000, NeuroMab) or rabbit anti-β1 (1:500, Abgent).  

 

Following incubation with the primary antibody, the membrane was washed three times with TBST 

for 10 minutes. The membrane was placed in blocking solution with diluted secondary goat anti-

mouse antibody (1:800; Thermo Scientific) for one hour at room temperature. West-Dura (Pierce) 

was used for chemiluminescence detection and the blot was exposed to Fujifilm Fuji Medical X-Ray 

Film. In typical experiments, membranes were stripped in stripping solution (69.4 mM SDS, 62.5 mM 

Tris, 100 mM 2-mercaptoethanol), and probed with mouse anti-a-tubulin as a loading control. For 

the large-scale purification experiments conducted at the OPPF, some alterations to the protocol 

were used, following OPPF guidelines, and these are indicated in the applicable Figure legends. 

 

2.12. Fairbanks Coomassie staining 

 

Following SDS-PAGE, the gel was washed three times with distilled water, 10 minutes each, to 

remove any residual SDS. Enough Fairbanks solution A (0.05 % (w/v) Coomassie Brilliant Blue G-250 

(Serva), 10 % (v/v) acetic acid and 25 % (v/v) isopropanol made to a final volume of 500 ml with 
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water) was added to cover the gel and microwaved for 1 minute. The gel was placed on a rocker for 

10 minutes. Solution A was removed, the gel was washed briefly with distilled water and placed in 

Fairbanks solution B (0.005 % (w/v) Coomassie, 10 % acetic acid and 10 % (v/v) isopropanol) and 

microwaved for 1 minute. Solution B was removed, the gel was washed and microwaved in 

Fairbanks solution C (0.002 % (w/v) Coomassie, and 10 % (v/v) acetic acid) for 1 minute. Solution C 

was removed and a larger volume of Fairbanks solution D (10 % (v/v) acetic acid) was added and 

microwaved for 1 minute. The gel was left in solution D overnight at room temperature with shaking 

to de-stain, after which the gel was imaged using a G:Box Chemi Imager (Syngene) (Fairbanks et al., 

1971). 

 

2.13. Sodium azide viability assay 

 

The viability assay was performed as described (Yang et al., 2012). MDA-MB-231-b1 cells were 

incubated in medium ± sodium azide (11.7 µM) for two hours. After incubation, the medium was 

removed and replaced with trypan blue medium (20 % v/v trypan blue: DMEM) for 10 minutes. The 

trypan blue medium was removed and replaced with medium and the number of live and dead cells 

in 10 fields of view was counted at 10X zoom using an inverted cell culture microscope. 

 

2.14. Cell-cell adhesion assays 

 

Adhesion assays were performed as described (Chioni et al., 2009). MDA-MB-231-GFP, MDA-MB-

231-b1-GFP or MDA-MB-231-b1ΔIg40–124-GFP cells were trypsinised and gently dissociated using cell 

culture medium. Cells were counted using a haemocytometer and 1 x 106 cells were placed in a 15 

ml falcon tube. Medium was then added to the tube to a final volume of 2 ml. Where an N-terminal 

b1 antibody was used (Abgent) to functionally block b1 mediated adhesion, or rabbit anti-IgG 

antibody (control antibody), antibody was added to a final concentration of 10 µg/ml to the 2 ml of 
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cell medium mix and equivalent concentration (11.7 µM) Na+ azide in PBS was added to the 

comparison cells. Where aptamers were used, 15 pmol of the FITC tagged aptamers in PBS was 

added at time 0 and an equivalent volume of PBS with no aptamers was added to the control cells. 

Cells were shaken at 25 rpm at 37 oC for 2 hours. A 50 µl sample was taken every 30 minutes 

including a sample before shaking, using a cut tip to prevent shearing of cell clumps. Samples were 

placed on a microscope slide and a glass coverslip placed on top. The number of particles (of size 

one cell or more) in 10 fields of view at 10X were counted and images (4272 x 2848 pixels) acquired 

using a Canon EOS Rebel T3 attached to a Zeiss Axiovert 135 microscope. A minimum of three 

technical repeats per condition were carried out. 

 

2.15. Electrophysiology 

2.15.1. Cell preparation 

Two days prior to recording, 6 x 104 cells were plated on two coverslips in a 35 mm culture dish in 2 

ml of medium. The medium was changed on the morning of the recording and cells left to incubate 

for at least two hours prior to recording. 

 

2.15.2. Solutions 

The extracellular physiological saline solution (PSS) contained 144 mM NaCl, 5.4 mM KCl, 1 mM 

MgCl2, 5 mM HEPES, 2.5 mM CaCl2 and 5.6 mM D-glucose and the pH was adjusted to 7.2 with NaOH 

with an osmolarity of 312 milliosmol/L. The intracellular pipette solution (IPS) contained 5 mM NaCl, 

145 mM CsCl, 2 mM MgCl2, 1 mM CaCl2, 10 mM HEPES and 11 mM EGTA at pH 7.4 adjusted with 

CsOH with an osmolarity of 330 milliosmol/L. In some experiments, cells were perfused with either 1 

µM tetrodotoxin (TTX) or 1 µM PF-04856042 in PSS. 
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2.15.3. Equipment and software 

Data were acquired using an Axopatch 200B amplifier and an Axon Digidata 1550 digitizer with a 

low-pass filter at 10 KHz, compensating for series resistance (typically ~5-10 MW; the sum of all the 

resistances between the amplifier circuitry and the cytosol) by 40 %. Clampex 10.5 software 

(Molecular Devices) was used to programme the voltage clamp protocols and record the currents, 

and the data were analysed using Clampfit 10.5 (Molecular Devices). Pipette tips were pulled using a 

Sutter Instrument Co. Model P-97 Micropipette puller and the tips were fire-polished using a 

Narashige MF-830 micro-forge to a resistance of 4.0 – 5.0 MW. Where cells were perfused with 

drugs, a switchable 4-channel gravity perfusion system (ValveLink 8.2, Automate Scientific) was 

used. 

 

2.15.4. Whole cell voltage clamp Na+ current recording 

Whole cell patch clamp was used to record VGSC currents in voltage clamp mode (Yang et al., 2012). 

Pipettes containing IPS solution were lowered under positive pressure onto target cells visualised 

using brightfield microscopy at 40x magnification. The pipette was progressively moved closer to the 

target single cell, first by moving the pipette closer to the coverslip at 10X magnification and then 

further moved closer to the top of the cell at 40X magnification. When the pipette was sufficiently 

close to the membrane of the target cell, a dimple became visible, at which point, the positive 

pressure was released, and a small amount of negative pressure applied to facilitate gigaseal 

formation. To achieve a whole-cell configuration, further negative pressure was applied to rupture 

the patch of membrane in the pipette tip. The whole-cell capacitance and the fast and slow pipette 

capacitance were manually adjusted for using Axopatch 200B amplifier. For each condition, 

recordings were made from ≥3, but typically 18-19 cells, dependent on experiment. 

 

2.15.5. Whole-cell voltage-clamp recording protocols 

A 250 ms prepulse at -120 mV was applied prior to the start of each protocol to remove inactivation. 



 

 72 

(1) Current-Voltage protocol: Depolarising voltages in +5 mV increments for 50 ms from -80 mV 

to +30 mV.  

(2) Steady-state inactivation: Depolarising prepulse voltages in +10 mV increments from -120 

mV to -10 mV for 250 ms followed by a test pulse to -10 mV for 60 ms.  

(3) Simple stimulation protocol (SSP): 10 repeat depolarising steps to +10 mV for 50 ms from a 

holding potential of -120 mV. 

(4) Ramp protocol: Ramp depolarisation at a rate of 1 mV/ms from -100 mV to -50 mV. 

(5) Extended ramp protocol: Ramp depolarisation at a rate of 1 mV/ms from -100 mV to +30 

mV. 

 

2.15.6. Curve fitting  

Membrane current was converted to conductance, and activation-inactivation curves were fitted to 

Boltzmann functions, as described previously (Chioni et al., 2009). Curve fitting was carried out in 

GraphPad Prism. The conductance-voltage relationship was calculated using the following equation: 

 

where G is the conductance, I is the current, V is the membrane voltage and Vrev is the reversal 

potential calculated using the Nernst equation: 

 

  

where R is the gas constant (8.31 J⋅mol−1⋅K−1), T the temperature in Kelvin, z the valence of the ion 

(in the case of Na+ always +1) and F the Faraday constant (96485.3 C mol−1).  
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A Boltzmann equation was used to fit the availability and conductance-voltage relationships: 

 

 

 

where X is the fitted parameter, V1/2 the voltage for half-maximal conductance or availability, k the 

slope factor and V the membrane voltage. 

 

2.15.7. Predicting Vrev 

 

Vrev for each IV curve was predicted by plotting each value after the peak current and fitting a linear 

regression with these points. The equation for the line of best fit was calculated using Microsoft 

Excel 2019. Using Y=0, the equation was rearranged to calculated x which was used as the measured 

Vrev for that individual IV curve.     

 

2.16. Inhibition of g-secretase cleavage 

 

To inhibit g-secretase mediated cleavage of b1, MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells 

were treated with 0.5 µM N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester 

(DAPT) (Sigma-Aldrich) (Kim et al., 2005) and an equivalent amount of DMSO (0.1 % v/v) was added 

to control cells, 24 hours before recording. The current-voltage relationship and steady-state 

inactivation of VGSC currents were recorded as described above. 

 

2.17. Creation of b1R89C by site-directed mutagenesis 

 

Site-directed mutagenesis was carried out using a Phusion site directed mutagenesis kit 

(Thermoscientific) according to the manufacturer’s instructions (Nelson et al., 2014). pcDNA3.1 
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containing b1-V5/His was used at the template for site-directed mutagenesis. Primers were designed 

to mutate the 89th arginine residue of b1 to cysteine. PCR products were run on a 0.1 % agarose gel. 

Ligation of the plasmid was carried out using the Phusion site directed mutagenesis kit according to 

manufacturer’s instructions. Ligated products were transformed into Xl-1 ultracompetent cells 

(Agilent) according to the manufacturer’s instructions and resultant bacteria were grown in 

ampicillin. DNA was minipreppred using a Machery-Nagel DNA purification kit according to the 

manufacturer’s instructions. Samples were sequenced using the Sanger sequencing service (Source 

Bioscience). 

 

2.18. Deletion of b1 using CRISPR/CAS9 technology 

 

b1 was deleted from MCF-7 cells using CRISPR-CAS9 (Ran et al., 2013). Two commercially-available 

guide RNAs (gRNA) targeting b1 in pSpCas9 BB-2A-GFP vectors (Genscript) were transfected in to 

MCF-7 cells using Fugene 6 reagent according to the protocol described in (Tom et al., 2008). A 1:3 

DNA:transfection reagent ratio was used. Medium was changed after 24 hours and cells were 

harvested after 72 hours for collection of GFP-positive cells containing the gRNA vectors by 

fluorescence-activated cell sorting (FACS). As controls, MCF-7 cells were either not transfected or 

mock transfected (no plasmid). 

 

2.19. Fluorescence activated cell sorting 

 

MCF-7 cells were trypsinized and resuspended in DMEM. A Beckman Coulter MoFlo Astrios 

fluorescence activated cell sorter was used to separate transiently transfected, dead and apoptotic 

cells based on fluorescence in APC-Cy7, PE Texas Red and FITC channels. As a negative control, mock 

transfected and non-transfected MCF-7 cells were used to determine the window of live non-GFP 

expressing cells in the PE and FITC channels. Positively sorted cells were considered as MCF-7 cells 
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successfully transfected with the pSpCas9 BB-2A-GFP due to the GFP transcript in the vector. Mock 

transfected cells which had been sorted were considered the negatively sorted cells and were used 

as the negative control for all subsequent experiments. 

 

For selection of aptamer-bound cells, live, non-apoptotic cells and cells fluorescing in the 488 nm 

range were sorted and collected in DMEM using the Beckman-Coulter MoFlo Astrios. Live cells were 

selected using 3 µM DRAQ-7 which stains dead cells and is detected at 660 nm (PE Texas Red). Non-

apoptotic cells were sorted using 1 µM Tetramethylrhodamine, ethyl ester (TMRE) which stains non-

apoptotic cells and is detected at 561 nm (APC-Cy7). TMRE was added to the resuspended cells for 

the final 30 minutes during the aptamer binding period after which both unbound aptamers and 

TMRE were removed. Gates for live and non-apoptotic cells were set using a series of control 

samples: cells only, cells with DRAQ-7, cells with TMRE and cells with DRAQ-7 + TMRE. Cells with 

bound FITC-tagged aptamers were detected in the 488 nm range (FITC) and only the strongest 

fluorescing 40 % of the live ‘green’ cells were collected. 

 

2.20. Surveyor mutation assay 

 

The surveyor mutation assay is used to detect single or multiple nucleotide mutations in the gDNA of 

a cell line. The assay was performed as described (Ran et al., 2013). Briefly, DNA was extracted from 

cells using Qiagen DNA extraction kits and diluted to a final concentration of 100 ng/µl. A PCR was 

then set up using this DNA template and surveyor primers, followed by purification of PCR products 

using QIAQuick PCR purification kits. DNA homoduplex and heteroduplex formation using reactions 

containing 20 ng/µl PCR product was then achieved using a reaction series starting at 95 ˚C in ramps 

of 10 ˚C at a rate of -0.3 ˚C/s, finishing at 4 ˚C. The formed heteroduplexes were then subjected to 

Surveyor Nuclease S digestion at 42 ˚C for 30 min. Surveyor nuclease digestion products were then 

visualised on a 2 % (v/v) agarose gel.  
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2.21. Modelling the structure of b1 

 

The structures of both the wildtype b1 and b1R89C were modelled using the Phyre2 Protein Fold 

Recognition Server (http://www.sbg.bio.ic.ac.uk/) based of the resolved structure of myelin p0 

(Patino et al., 2009; Patino & Isom, 2010; Patino et al., 2011). 

 

 

 

2.22. Cell morphology assay 

 

The cell morphology assay was performed as described (Chioni et al., 2009). Cells (1 x 105) were 

grown on glass coverslips for 24 hours. Cells were then fixed in 4 % paraformaldehyde for 10 

minutes followed by three 5-minute washes with PBS. Coverslips were then mounted onto slides 

using Prolong Gold mounting medium (Invitrogen). Bright field images were taken of the cell lines at 

40X magnification using a Nikon Eclipse TE200 microscope equipped with a RoleraXR Fast1394 

charge-coupled device (CCD) camera (QImaging) and SimplePCI 6.0 image control software. Images 

were exported to ImageJ (NIH) for downstream analysis. The process length on individual cells was 

calculated by manually drawing a segmented line along the middle of the longest process extension 

on each cell. The area and circularity of cells were calculated using ImageJ after manually drawing 

around the perimeter of the cell using the freehand tool (Brisson et al., 2013). Circularity was 

calculated using the following equation:  

 

 

and is used as a measure of roundness (Brisson et al., 2013). For each condition, 20 cells were 

analysed across at least 3 technical repeats. 
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2.23. Immunocytochemistry and confocal microscopy 

 

Immunocytochemistry and confocal microscopy were performed as described (Nelson et al., 2014). 

Cells (1.6 x 105) were grown on glass coverslips for 24-48 hours. Cells were then fixed in 4 % 

paraformaldehyde for 10 minutes followed by three 5-minute washes with 0.1M phosphate buffer 

(PB). Cells were blocked in PB containing 10 % normal goat serum and 0.1 % Tween-20 for 1 hour. 

Blocking solution containing diluted primary antibody was then added to the cells for 24 hours at 

room temperature. The following primary antibodies were used: mouse anti-V5 antibody (1:500, 

AbD Serotec) mouse anti-GFP antibody (1:1000, NeuroMab) or mouse anti-CD44 antibody (1:500, 

AbD Serotec). The cells were then washed 3X in PB for 10 minutes, followed by incubation in Alexa 

Fluor-conjugated secondary antibodies (1:500; Invitrogen), for 2 hours at room temperature in the 

dark. Where aptamers were used, 15 pmol of the FITC tagged aptamers in PBS was added for 30 

minutes and an equivalent volume of PBS with no aptamers was added to the control cells. In some 

experiments, cells were counter-stained using Alexa-488-conjugated wheat-germ agglutinin 

(Invitrogen) according to the manufacturer’s protocol. Cells were then washed 3X in PB for 5 

minutes and then mounted on slides using Prolong Gold mounting medium with DAPI (Invitrogen). 

Labelled cells were visualised using a Zeiss LSM 880 laser scanning confocal microscope with a 40X 

oil immersion objective. Acquired images (1024 x 1024 pixels) were exported to ImageJ for 

downstream analysis. 

 

2.24. Aptamer folding and binding 

 

An N40B DNA aptamer library tagged with FITC was obtained from Aptamer Solutions Ltd and was 

used for the first round of aptamer selection. Aptamer concentration was determined using a 

Nanodrop-1000 and 166 pM was added to a 2x PBS solution. Aptamers were heated at 95 oC for 10 
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minutes then cooled for 2 minutes to allow optimal folding. MCF-7 cells were dissociated using cell 

dissociation buffer (Sigma) and lifted in DMEM. Cells were then spun down at 500 xg and medium 

replaced with diluted aptamers. Folded aptamers were added to the resuspended cells and allowed 

to bind at 37 oC and 5% CO2 with constant rocking for 30 minutes – 2 hours dependent on round: 2 

hours for the first two rounds, 1 hour for the third and fourth rounds and 30 minutes for the fifth 

and sixth rounds.  

 

2.25. Elution of aptamers and initial amplification 

 

Following aptamer binding, cells were spun down at 10,000 xg for 20 minutes and the medium was 

replaced with 2.4 ml of distilled water. However, this volume was halved in the third round and 

halved again in the fifth round. Cells were then heated at 95 oC for 10 minutes to elute aptamers. 

The eluate containing removed aptamers was added to an equal volume of PCR solution containing a 

1x Solis BioDyne HOT FIREPol DNA Polymerase, 50 µM each of both forward and reverse primers 

(N40B primers) and made to a final volume equivalent to the volume of the eluted sample with DNA 

and RNA free water. Aliquots of 10 µl were amplified, semi-quantitatively, in cycles of 2 from 10-22 

cycles. The optimal number of cycles for specific aptamer amplification was determined by running 

the aliquots on a 10 % (w/v) denaturing polyacrylamide gel. Once the optimum number of cycles had 

been determined, the remaining mixture of eluted aptamers and PCR solution was amplified to this 

optimum number of cycles and pooled for subsequent purification. 

 

2.26. Purification of aptamers 

 

Aptamers were purified from the PCR reaction using magnetic beads. A 400 µl sample of aptamers 

was stored at -20 oC and the remaining volume of amplified aptamers added to magnetic beads and 

70 % (v/v) isopropanol (isopropanol added last). The aptamers were allowed to bind for 5 minutes, 
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after which, the tubes were placed on a magnetic rack to separate out the magnetic beads. The 

beads were washed 3x with 80 % ethanol and allowed to dry for 1 minute. Bound aptamers were 

eluted in 50 µl Ambion nuclease-free water for 5 minutes and the beads were removed using the 

magnetic rack. Eluted aptamers in water were collected and used for asymmetric amplification by 

PCR. 

 

2.27. Statistical analyses 

 

All data are presented as the mean ± SEM. Statistical analysis and curve fitting were performed using 

GraphPad Prism 6. A Kolmogorov Smirnov test was used to test for normal distribution. For analysis 

of the adhesion assays, the data were normalized against the starting ‘particle’ count and plotted 

against time. For each time point, a t-test was used to test for significance against the control in each 

condition. Multiple comparisons were made using one-way ANOVA with a post-hoc Tukey tests for 

normally distributed data, or Kruskal-Wallis with a post-hoc Dunn’s test for nonparametric data. 

Repeated measures one-way ANOVA, assuming sphericity, with a post-hoc Tukey’s test or a paired t-

test were used to test for significance for the drug perfusion electrophysiological recordings. 
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3. Assessing the effect of the Ig domain on b1 function 
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3.1. Introduction 

 

VGSC b subunits, with one exception, are type I transmembrane proteins and are also members of 

the Ig superfamily (Patel & Brackenbury, 2015). The extracellular Ig loop in the b1 subunit allows it 

to function as a CAM (Isom, 2001), interact with heterophilic adhesion partners, and regulate 

neuronal migration via trans-homophilic adhesion interactions (Xiao et al., 1999; Malhotra et al., 

2000; Davis et al., 2004; McEwen & Isom, 2004; Brackenbury et al., 2008a; Brackenbury et al., 2010). 

In addition, mutagenesis studies have indicated that the extracellular Ig domain of b1 is critical for 

regulating gating of the pore-forming a subunit (McCormick et al., 1998). Thus, the Ig domain of b1 

appears to play dual roles: regulating adhesion on the one hand, and channel activity on the other. 

 

In addition to its dual roles in excitable cells, b1 is also present in metastatic breast cancer cells 

(Chioni et al., 2009). In breast cancer specimens, β1 expression is elevated compared to control 

tissue (Nelson et al., 2014). In a xenograft mouse model of breast cancer, implanting β1-

overexpressing MDA-MB-231 cells significantly increased both tumour size and metastasis, 

suggesting that b1 plays a key role in promoting tumour progression (Nelson et al., 2014). Weakly 

metastatic MCF-7 cells express significantly higher levels of endogenous β1 compared to strongly 

metastatic MDA-MB-231 cells (Nelson et al., 2014). On the other hand,  MDA-MB-231 cells express 

significantly higher levels of Nav1.5 compared to MCF-7 cells, suggesting that there may be an 

inverse relationship between b1 and Nav1.5 in these breast cancer cell lines (Fraser et al., 2005; 

Brackenbury et al., 2007). Silencing β1 in MCF-7 cells with siRNA reduces adhesion, increases 

migration and increases the plasma membrane expression of Nav1.5 without affecting the mRNA 

levels of SCN5A (Chioni et al., 2009). Overexpressing β1 in MDA-MB-231 cells increases Na+ current 

density and adhesion (Chioni et al., 2009). However, the identity of the increased Na+
 current is not 

known. Similarly, the functional significance of the Ig domain in regulating adhesion and Na+ current 

in breast cancer cells has not been studied. 
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The β subunits are substrates for cleavage by α, β and γ secretase. For β2, BACE1-mediated cleavage 

has been shown to result in the release of the intracellular domain, which then translocates to the 

nucleus and transcriptionally upregulates expression of NaV1.1 in SH-SY5Y neuroblastoma cells (Kim 

et al., 2005; Wong et al., 2005). If such a mechanism also operates for b1 cleavage, this may explain 

the increase in the Na+ current density caused by b1 overexpression in MDA-MB-231 cells (Chioni et 

al., 2009). However, the possible involvement of secretase activity in regulation of b1-mediated 

changes in Na+ current in MDA-MB-231 cells has not been explored. 

 

Given the ability of β1 to increase tumour growth and invasion (Nelson et al., 2014), and the 

presumed role of the Ig loop in both adhesion and channel modulation, the Ig loop of b1 may 

present a valuable therapeutic target. To explore this possibility, it is first necessary to determine, 

what role, if any, the Ig loop plays in altering the adhesion and Na+ current properties of MDA-MB-

231 cells. To achieve this, three modified MDA-MB-231 cell lines were studied in this Chapter. MDA-

MB-231-GFP cells were used as a negative control lacking significant β1 expression. The 

electrophysiological properties of these cells were indistinguishable from parental MDA-MB-231 

cells (Fraser et al., 2005; Chioni et al., 2009). MDA-MB-231-β1-GFP cells stably overexpressing β1-

GFP and were used as a positive control. Previously these cells were shown to have a significantly 

larger Na+ current density and adhesion compared to parental MDA-MB-231 cells (Chioni et al., 

2009; Nelson et al., 2014). MDA-MB-231-β1-DIg-GFP cells were the experimental group. MDA-MB-

231-β1-DIg-GFP cells overexpress a truncated variant of β1 which completely lacks the Ig loop 

(Nelson et al., 2014). 
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3.2. Hypothesis and Aims 

 

The purpose of the set of experiments in this Chapter was to determine the role of the Ig loop of the 

b1 subunit in modulating the Na+ current and adhesion in breast cancer cells and to design and 

undertake a set of experiments which could later be used to test the potential use of aptamers 

specifically targeting the b1 Ig domain. The hypothesis of this Chapter is that the Ig loop of b1 is 

critical for regulating both adhesion and the Na+ current in MDA-MB-231 cells. 

The specific aims were as follows: 

1. Determine the role of the Ig loop in modulating the Na+ current. 

2. Establish the role of the Ig loop in regulating adhesion. 

3. Identify the mechanistic basis for any alteration in Na+ current caused by b1. 

4. Determine the α subunit responsible for the increased Na+ in β1 overexpressing cells. 

 

3.3. Results 

3.3.1. The β1 Ig loop increases adhesion in breast cancer cells in vitro  

As b1 can function as a CAM, and the ultimate goal of the project was to select aptamers to inhibit 

this adhesive function, it was necessary to establish assays which could be used to assess the 

functional viability of the aptamers. A simple adhesion assay adapted from (Malhotra et al., 2000) 

was used to evaluate the involvement of the Ig loop in cell-cell adhesion. In this assay, an increase 

adhesion is seen as a decrease in particle count. Representative images of the different conditions at 

varying time points are shown in Figure 3.1A. MDA-MB-231-b1-GFP cells were significantly more 

adherent than control cells after 30 minutes (Figure 3.1B; n = 4, 10 fields of view per n; P < 0.001). 

However, the adhesion of MDA-MB-231-b1ΔIg40–124-GFP cells overexpressing b1 lacking the Ig loop 

did not significantly differ from that of control cells (Figure 3.1B; n = 3, 10 fields of view per n; P < 

0.05). Thus, b1 increases cell-cell adhesion and this requires the Ig loop.  
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Figure 3.1 Adhesion assay determining the role of the β1 Ig loop on adhesiveness of MDA-MB-231 cells. 

(A) Images of cells in adhesion assay, taken at 30-minute intervals. (i) Negative control MDA-MB-231-GFP, (ii) 
positive control MDA-MB-231-b1-GFP, (iii) experimental MDA-MB-231-b1∆Ig40-124-GFP. Note that as adhesion 
increased over time, the size of the cell clumps increased but the number of clumps (particles) decreased. 
Scale bar = 100 µm. (B) Normalized particle counts from MDA-MB-231-GFP cells, MDA-MB-231-b1-GFP cells 
and MDA-MB-231-b1ΔIg40–124-GFP cells. Increase in adhesion is seen as a reduction in the particle count. 
Particles were counted on an Axiovert 135 microscope at 10X zoom, n = 4-7, 10 fields of view per n. Data are 
presented as mean and SEM. One-way ANOVA with Tukey test was used to test for significance at each 
timepoint. ***P < 0.001, N.S., not significant. 

 

A) 

B) 
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3.3.2. An antibody targeting b1 inhibits cell adhesion 

An anti-b1 antibody, targeting the Ig loop of b1, was added to the MDA-MB-231-b1-GFP cell 

suspension during the assay to functionally block b1-dependent adhesion. Representative images of 

the different conditions at varying time points are shown in Figure 3.2A. Addition of the anti-b1 

antibody very slightly reduced cell-cell adhesion after 90 minutes compared to cells not treated with 

antibody and this was statistically significant (n = 6, 10 fields of view per n; P < 0.05; Figure 3.2B). 

This result implies that the Ig loop of b1 is required for increasing cell-cell adhesion in MDA-MB-231 

cells, and this may be partially inhibited using a function-blocking antibody, although the inhibitory 

effect of the antibody is marginal. The addition of a control non-targeting IgG antibody had no 

significant effect on adhesion, confirming the specific effect of the anti-b1 N-terminal antibody 

(Figure 3.2B). Importantly, the NaN3 preservative present in the antibody treatments (11.7 µM) had 

no effect on cell viability (Figure 3.3A, B). Thus, the effect of the anti-b1 antibody on b1-mediated 

cell adhesion appears not to be a non-specific cytotoxic effect of the preservative. 

 

3.3.3. b1 expression increases peak current density, and this requires the Ig loop 

Whole cell patch clamp recording in voltage clamp mode was used to assess whether the Ig loop was 

required for the b1-mediated increase in Na+ current reported previously in MDA-MB-231 cells 

(Chioni et al., 2009). The peak Na+ current density (IP) was significantly larger in MDA-MB-231-b1-

GFP cells compared to control MDA-MB-231-GFP cells, consistent with previous report (Figure 3.4A, 

B; P < 0.001) (Chioni et al., 2009). However, the Ig loop-deficient mutant MDA-MB-231-b1ΔIg40–124-

GFP cells did not display increased Na+ current compared to control cells (Figure 3.4B; P > 0.05). 

Overexpression of b1-GFP hyperpolarised the voltage at activation compared to control cells (P < 

0.05), although there was no significant difference in the activation V1/2 between the three cell lines, 

suggesting that the activation may not differ between the cell lines (P<0.05; Figure 3.4C, D; Table 

3.1). This was also the case for the b1ΔIg40–124-GFP mutant (P < 0.05; Figure 3.4C, D; Table 3.1). 

However, expression of b1-GFP also caused a significant hyperpolarising shift in the steady state 
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inactivation curve, indicating increased channel availability, compared with control cells and this was 

not recapitulated in the MDA-MB-231-b1ΔIg40–124-GFP mutant (P < 0.05; Figure 3.4E; Table 3.1).  

 

  

A) 

B) 

Figure 3.2 Adhesion assay showing the effect of anti-β1 antibody on adhesiveness of MDA-MB-231-b1-GFP 
cells 

(A) Images of cells in adhesion assay, taken at 30-minute intervals. (i) MDA-MB-231-b1-GFP cells in the 
presence of anti b1-N-ternimus antibody (10 µg/ml). (ii) MDA-MB-231-b1-GFP cells in the presence of rabbit 
anti-IgG antibody (10 µg/ml). Scale bar = 100 µm. B) Normalized particle counts from control MDA-MB-231-b1-
GFP cells and MDA-MB-231-b1-GFP cells with a b1 N-terminus or rabbit anti-IgG antibody added to a final 
concentration of 10 µg/ml. An equal concentration of Na+ azide (11.7 µM) in PBS was added to the control 
cells. Particles were counted on an Axiovert 135 microscope at 10X zoom, n = 4-7, 10 fields of view per n. Data 
are presented as mean and SEM. One-way ANOVA with Tukey test was used to test for significance at each 
timepoint. *P < 0.05. 
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Figure 3.3 Effect of Na+ azide on cell viability.  

(A) The mean number of live and dead cells after a 2h treatment with either PBS or PBS + Na+ azide (11.7 µM) 
determined by trypan blue assay (n = 3, 10 fields of view per n). A one-way ANOVA showed there was no 
significant difference in the number of live cells across treatments or dead cells across treatments respectively 
(P > 0.05).  (B) Dead cells, expressed as a % of total cell count, following treatment for 2h with PBS or PBS + Na+ 
azide (11.7 µM). An unpaired t-test showed there was no significant difference (N.S.). 
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 Figure 3.4 Removing the b1 Ig loop significantly affects Na+ current characteristics in MDA-MB-231 cells 

(A) Typical whole-cell Na+ currents elicited by 50 ms depolarizing pulses between -80 mV and 30 mV applied 
from a holding potential of -120 mV: (i) a control cell expressing GFP; (ii) a cell overexpressing b1-GFP; (iii) a 
cell overexpressing b1∆Ig40-124-GFP. (B) Whole-cell peak Na+ current density for control cells expressing GFP 
(black), cells overexpressing b1-GFP (red) and cells overexpressing a b1∆Ig40-124-GFP (blue). (C) Current-
voltage relationship for control cells expressing GFP, cells expressing b1-GFP (red) and cells expressing b1-GFP 
lacking the Ig loop. (D) Steady-state activation. Normalised conductance (G/Gmax), calculated from the current 
data, plotted as a function of voltage for control cells expressing GFP (black), cells expressing b1-GFP (red) and 
cells expressing b1 lacking the Ig loop (blue). (E) Steady-state inactivation. Normalised current (I/Imax), elicited 
by 50 ms test pulses at −10 mV following 250 ms conditioning voltage pulses between −120 mV and −10 mV, 
applied from a holding potential of −120 mV, plotted as a function of the pre-pulse voltage. Data are 
presented as mean ± SEM. One-way ANOVA with Tukey test was used to test for significance (n ≥ 12/group). 
***P < 0.001; N.S., not significant. 
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Table 3.1 Effect of the b1 Ig loop on Na+ current characteristics in MDA-MB-231 cells. 

Parametera MDA-MB-231-
GFP 

MDA-MB-231-b1-
GFP MDA-MB-231-b1-DIg40-124-GFP 

Ip (pA/pF) -6.7 ± 0.3 -15.5 ± 2.3 * -3.8 ± 0.5 

Va (mV) -40 ± 1.0 -46.6 ± 1.7 * -44.6 ± 1.2 * 

Vp (mV) -5.0 ± 2.3 -9.1 ± 2.0 -5.00 ± 1.4 

Activation V1/2 (mV) -24.1 ± 2.5 -30.0 ± 1.3 -25.3 ± 1.9 
Activation k (mV) 7.1 ± 0.5 6.0 ± 0.6 7.6 ± 0.6 
Inactivation V1/2 (mV) -91.7 ± 0.9 -95.0 ± 1.5 * -87.8 ± 2.7 
Inactivation k (mV) -8.3 ± 0.6 -5.8 ± 2.2 -11.2 ± 2.1 
Tp (ms) 1.6 ± 0.2 1.7 ± 0.2 1.4 ± 0.2 
Vrev (mV) 101.3 ± 10.9 111.1 ± 19.9 99.9 ± 21.36 

a 
Abbreviations: I

p
, peak current density;

 
V

a
, activation voltage; V

p
, voltage at current peak; V

1/2
, half 

(in)activation voltage; k, slope factor; T
p
, time to peak. Data are expressed as mean ± SEM. Significance: *P < 

0.05 (significantly different from control), One-way ANOVA with post-hoc Tukey’s tests were used to test for 
significance. 
 

In contrast, there was no significant difference between the voltage at peak current and time to 

peak between the cell lines, suggesting that b1 does not modulate these properties (Table 3.1). In 

conclusion, these data suggest that b1 increases Na+ current in MDA-MB-231 cells and this requires 

the presence of the Ig loop. Similarly, the hyperpolarising effect of b1 on steady-state inactivation 

also requires the presence of the Ig loop. On the other hand, the hyperpolarising effect of b1 on the 

activation voltage appears to be independent of the Ig loop. The average measured Vrev for all three 

cell lines was far removed from the reversal potential of Na+ based on the internal and external 

concentrations in the solutions (+86 mV) but did not differ significantly amongst the cell lines. 

 

3.3.4. b1 overexpression increases expression of a TTX sensitive a subunit 

As shown in Table 1.1, VGSC a subunits can be separated into TTX-sensitive and TTX-resistant 

groups. A previous report has shown that b1 upregulates NaV1.7 (TTX-sensitive) VGSCs (Laedermann 

et al., 2013). In order to establish whether the increased Na+ current in MDA-MB-231-b1-GFP cells 

was TTX-resistant or TTX-sensitive, using whole-cell patch clamp, Na+ currents were recorded 

following depolarisation to -10 mV. The voltage was recorded at -10 mV as the peak current, or a 
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substantially large enough Na+ current was expected to be seen at this voltage based on the above 

data.  Cells were then perfused with 1 µM TTX and the current recorded again. 1 µM TTX was used 

as this is sufficient to completely block TTX-sensitive a subunits whilst not affecting TTX-resistant a 

subunits (Tamura et al., 2014). The TTX was washed out and the current recorded once more. 

Perfusion of the control MDA-MB-231-GFP cells with TTX had no effect on the Na+ current density (-

8.36 pA/pF for PSS and -9.87 pA/pF for TTX; P > 0.05; Figure 3.5A). Interestingly, 1µM TTX 

significantly reduced Na+ current density in b1-overexpressing cells from -18.52 pA/pF to -11.50 

pA/pF (P < 0.001) and washing out TTX resulted in recovery of the current to -15.35 pA/pF (P < 

0.001; Figure 3.5B).  

 

Perfusion of MDA-MB-231-b1ΔIg40–124-GFP celIs with 1 µM TTX did not result in a decrease in current 

density (-4.25 pA/pF for PSS and –5.20 pA/pF for TTX; Figure 3.5C). In MDA-MB-231-b1-DIg40-124-GFP 

cells, a washout recording was not obtained due to the relatively weak membrane resulting in the 

loss of the seal with repeated washes. No significant difference was seen between MDA-MB-231-β1-

GFP cells perfused with TTX compared to MDA-MB-231-GFP cells perfused with TTX (P < 0.05), 

suggesting that the increased Na+ current in MDA-MB-231-β1-GFP cells was entirely carried by a 

TTX-S α subunit. RT-PCR using RNA extracted from all three cell lines revealed that Nav1.7 is 

expressed in MDA-MB-231-b1-GFP cells but not in MDA-MB-231-GFP or MDA-MB-231-b1-DIg40-124-

GFP cells (Figure 3.5D). In conclusion, the electrophysiology data suggest that b1 over-expression in 

MDA-MB-231 cells increases expression of a TTX-sensitive Na+ current, and the PCR data suggest 

that the identity of this TTX-sensitive channel may be Nav1.7. 

 

3.3.5. The NaV1.7 blocker PF-04856042 inhibits Na+ current in MDA-MB-231-b1-GFP cells 

PF-04856042 (PF) is a selective NaV1.7 inhibitor which has been shown to have no effect on NaV1.5 

(McCormack et al., 2013). Therefore, this compound was used to determine directly whether the 

TTX-sensitive current in MDA-MB-231-b1-GFP cells was being carried by NaV1.7. MDA-MB-231-GFP  
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Figure 3.5 b1 increases expression of a TTX-sensitive a subunit in MDA-MB-231 cells. 

Cells were clamped at -10 mV in the absence, presence of 1 µM tetrodotoxin (TTX) and following washout. 
Cells were first recorded in physiological saline solution (PSS) after which the solution was replaced with PSS + 
1 µM TTX. This solution was washed out and replaced with PSS and current was recorded once more. (A) 
Whole-cell Na+ current density for control MDA-MB-231-GFP cells (n = 12). (B) Whole-cell Na+ current density 
for MDA-MB-231-b1-GFP cells (n = 12). (C) Whole-cell Na+ current density for MDA-MB-231-b1∆Ig40-124-GFP 
cells (n = 9). It was not possible to obtain washout data due to the relatively weak membrane characteristics of 
this cell line. (D) PCR of MDA-MB-231-GFP, MDA-MB-231-b1-GFP and MDA-MB-231-b1∆Ig40-124-GFP cells for 
NaV1.7 with GAPDH as a positive control. Data are presented as mean and SEM. Repeated measures ANOVA 
(A, B) or paired t-test (C) was used to test for significance; ***P < 0.001; N.S., not significant. 
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and MDA-MB-231-b1-GFP cells were initially recorded from in PSS and then perfused with PSS + 1 

µM PF. Recordings were taken before and after perfusion of PF. Neither the IP nor the Na+ current 

gating characteristics differed significantly between the two treatments in control MDA-MB-231-GFP 

cells (p > 0.05; n = 8; Figure 3.6A-E, Table 3.2) supporting earlier observations that PF has no effect 

on NaV1.5 (McCormack et al., 2013). When MDA-MB-231-b1-GFP cells were perfused with 1 µM PF, 

the IP decreased significantly from -19.2 ± 3.3 pA/pF to -8.2 ± 0.6 (P < 0.01; Figure 3.6A-C, Table 3.2).  

 

3.3.6. g secretase inhibition suppresses the effect of b1 on Na+ current 

Given that b subunits are proteolytically processed by secretases, and cleavage and release of the b2 

intracellular domain permits upregulation of a subunit expression at the mRNA level (Kim et al., 

2005; Wong et al., 2005), the next set of experiments thus sought to evaluate the possible role of b1 

cleavage in the upregulation of TTX-sensitive Na+ current. To determine whether the intracellular 

domain of b1 was responsible for the upregulation of TTX-sensitive Na+ current, 24 h prior to 

recording, cells were treated with DAPT, an inhibitor of g-secretase. When MDA-MB-231-GFP cells 

were treated with DMSO (vehicle control) or DAPT (1 µM), there was no significant difference in the 

IP between the two conditions (-8.8 ± 0.6 pA/pF for PSS and -8.9 ± 0.9 pA/pF for DAPT, P > 0.05; n = 

8; Figure 3.7A,C). However, when MDA-MB-231-b1-GFP cells were treated with 1 µM DAPT, the IP 

was significantly smaller than when the same cells were treated with DMSO (-19.7 ± 3.9 for PSS and -

10.2 ± 1.3, P < 0.01; Figure 3.7A, C). Thus, DAPT-mediated g-secretase inhibition appears to be 

blocking the increase in Na+ current density seen in MDA-MB-231-b1-GFP cells. The activation 

voltage and voltage corresponding to peak current were both significantly hyperpolarised in MDA-

MB-231-β1-GFP cells compared to MDA-MB-231-GFP cells and the DAPT treatment partially 

reversed this effect in both cases (P < 0.01; and P < 0.05, respectively; Figure 3.7B; Table 3.3). No 

significant differences were observed in any of the other Na+ current parameters (Figure 3.7D, E; 

Table 3.3). In conclusion, these data suggest that b1-mediated effects on the Na+ current in MDA- 
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Figure 3.6 Effect of PF-0485642 on Na+ current in MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells.  

(A) Typical whole-cell Na+ currents elicited by 50 ms depolarizing pulses between -80 mV and 30 mV applied 
from a holding potential of -120 mV: (i) MDA-MB-231-GFP; (ii) MDA-MB-231-GFP + PF-0485642 (1 µM); (iii) 
MDA-MB-231-b1-GFP; (iv) MDA-MB-231-b1-GFP + PF-0485642 (1 µM). (B) Current-voltage relationships for 
MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells before and after perfusion with PF-0485642. (C) Whole-cell 
peak Na+ current density for MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells with and without PF-0485642. 
(D) Steady-state activation. Normalised conductance (G/Gmax), calculated from the current data, plotted as a 
function of voltage. (E) Steady-state inactivation. Normalised current (I/Imax), elicited by 50 ms test pulses at 
−10 mV following 250 ms conditioning voltage pulses between −120 mV and −10 mV, applied from a holding 
potential of −120 mV, plotted as a function of the pre-pulse voltage. Data are presented as mean ± SEM. One-
way ANOVA with Tukey test was used to test for significance (n = 8/group). ***P < 0.001; **P < 0.01; N.S., not 
significant. 
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Table 3.2 Effect of PF-0485462 treatm
ent on N

a
+ current characteristics in M

DA-M
B-231-GFP and M

DA-M
B-231-b1-GFP cells. 

Param
eter a 

M
DA-M

B-231-GFP PSS 
M

DA-M
B-231-GFP 

PSS + 1 µM
 PF-

0485642 
M

DA-M
B-231- b1-GFP PSS 

M
DA-M

B-231- b1-GFP PSS 
+ 1 µM

 PF-0485642 

Ip  (pA/pF) 
-9.8 ± 0.9 

-9.8 ± 0.9  
-19.2 ± 3.3 ** 

-8.2 ± 0.6  

V
a  (m

V) 
-45.0 ± 2.0 

-44.4 ± 1.2  
-46.3 ± 1.3 

-45.6 ± 1.2  

V
p  (m

V) 
-4.4 ± 2.1 

-7.5 ± 2.3 
-9.4 ± 1.9 

-9.4 ± 2.1 

Activation V
1/2  (m

V) 
-5.1 ± 0.6 

-5.0 ± 0.3 
-5.6 ± 0.3 

-5.9 ± 0.3 
Activation k (m

V) 
9.0 ± 1.4 

9.0 ± 0.4 
7.9 ± 0.4 

7.3 ± 0.5 
Inactivation V

1/2  (m
V) 

-95.3 ± 1.5 
-95.9 ± 1.5  

-91.9 ± 0.7* 
-95.8 ± 1.1 

Inactivation k (m
V) 

-6.0 ± 0.6 
-4.7 ± 1.6 

-7.9 ± 0.7 
-4.8 ± 2.2 

T
p  (m

s) 
1.6 ± 0.3 

1.6 ± 0.3 
1.0 ± 0.1 

1.1 ± 0.2 
V

rev  (m
V) 

79.89 ± 8.54 
79.52 ± 8.54 

86.78 ± 10.92 
85.15 ± 10.94 

a Abbreviations: Ip , peak current density; V
a , activation voltage; V

p , voltage at current peak; V
1/2 , half (in)activation voltage; k, slope factor; T

p , tim
e 

to peak. Data are expressed as m
ean ± SEM

. Significance: *P<0.05. O
ne-w

ay AN
O

VA w
ith post-hoc Tukey’s tests w

ere used to test for significance. 
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Figure 3.7 Effect of DAPT on Na+ current in MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells. 

(A) Typical whole-cell Na+ currents elicited by 50 ms depolarizing pulses between -80 mV and 30 mV applied 
from a holding potential of -120 mV: (i) MDA-MB-231-GFP; (ii) MDA-MB-231-GFP + DAPT (1 µM pre-treatment 
for 24 h); (iii) MDA-MB-231-b1-GFP; (iv) MDA-MB-231-b1-GFP + DAPT (1 µM pre-treatment for 24 h). (B) 
Current-voltage relationships for MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells treated with DMSO or 
DAPT 24 h before recording. (C) Whole-cell peak Na+ current density for MDA-MB-231-GFP and MDA-MB-231-
b1-GFP cells treated with DMSO or DAPT 24 h before recording.  (D) Steady-state activation. Normalised 
conductance (G/Gmax), calculated from the current data, plotted as a function of voltage. (E) Steady-state 
inactivation. Normalised current (I/Imax), elicited by 50 ms test pulses at −10 mV following 250 ms conditioning 
voltage pulses between −120 mV and −10 mV, applied from a holding potential of −12 0mV, plotted as a 
function of the pre-pulse voltage. Data are presented as mean ± SEM. One-way ANOVA with Tukey test was 
used to test for significance (n = 8/group). **P < 0.01; N.S., not significant. 
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Table 3.3 Effect of DAPT on N
a

+ current characteristics in M
DA-M

B-231-GFP and M
DA-M

B-231-b1-GFP cells. 

Param
eter a 

M
DA-M

B-231-
GFP 

M
DA-M

B-231-GFP + 
DAPT 

M
DA-M

B-231- b1-
GFP 

M
DA-M

B-231- b1-GFP + 
DAPT 

Ip  (pA/pF) 
-8.8 ± 0.6 

-8.9 ± 0.9 
-19.7 ± 3.9 ** 

-10.2 ± 1.3 

V
a  (m

V) 
-40.0 ± 1.0 

-41.3 ± 0.9 
-46.3 ± 1.3 ** 

-44.4 ± 1.8 

V
p  (m

V) 
-6.9 ± 2.3 

-1.3 ± 3.5 
-11.9 ± 2.5 * 

-8.8 ± 3.8 

Activation V
1/2  (m

V) 
-5.4 ± 0.2 

-4.9 ± 0.3 
-5.7 ± 0.5 

-5.1 ± 0.3 
Activation k (m

V) 
8.3 ± 0.6 

9.6 ± 1.0 
7.3 ± 0.5 

10.1 ± 1.5 
Inactivation V

1/2  (m
V) 

-89.4 ± 1.0 
-93.0 ± 2.3 

-93.2 ± 1.75 
-93.0 ± 1.9 

Inactivation k (m
V) 

-6.6 ± 0.2 
-6.2 ± 0.4 

-7.5 ± 0.5 
-5.9 ± 1.7 

T
p  (m

s) 
1.1 ± 0.1 

1.3 ± 0.2 
1.5 ± 0.3 

1.2 ± 0.2 
V

rev  (m
V) 

85.9 ± 8.51 
84.77  ± 8.77 

86.81  ± 7.11 
80.56  ± 4.88 

a Abbreviations: Ip , peak current density; V
a , activation voltage; V

p , voltage at current peak; V
1/2 , half (in)activation voltage; k, slope factor; T

p , tim
e to 

peak. Data are expressed as m
ean ± SEM

. Significance: *P<0.05, O
ne-w

ay AN
O

VA w
ith post-hoc Tukey’s tests w

ere used to test for significance. 
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MB-231 cells depend on g-secretase activity. Thus, cleavage and release of the b1 intracellular 

domain may be critical for b1 to increase TTX-sensitive Na+ current in this cell line. 

 

3.3.7. Effect of b1 overexpression on subthreshold currents 

It has been shown previously that cells expressing NaV1.7 display a small inward Na+ current in 

response to slow ramp depolarisations at subthreshold voltages, termed a subthreshold current 

(Cummins et al., 1998). However, previous ramp recordings using parental MDA-MB-231 cells have 

shown an outward current at subthreshold potentials (Roger et al., 2004), suggesting that Nav1.7 is 

not present. Given the data in the above sections showing that b1 over-expression in MDA-MB-231 

cells results in up-regulation of a TTX-sensitive Na+ current that can be blocked by the Nav1.7 

inhibitor PF, the next set of experiments sought to evaluate whether an inward subthreshold current 

characteristic of Nav1.7 was also present in response to b1 over-expression. We used a ramping 

voltage stimulation from -100 mV to -50 mV at a rate of 1 mV/ms to see whether a subthreshold 

current was present in MDA-MB-231-b1-GFP cells. An outwardly positive (upward) subthreshold 

current was present in MDA-MB-231-GFP cells and this was unaffected by perfusion with PF (Figure 

3.8A,B). This result is consistent with previous recordings in MDA-MB-231 cells (Roger et al., 2004), 

and suggests that NaV1.5 (the main a subunit in this cell line) does not display a sub-threshold 

inward current. MDA-MB-231-b1-GFP cells showed an inward (downward) current when these cells 

were recorded in PSS (Figure 3.8C). When the MDA-MB-231-b1-GFP cells were perfused with PF, the 

direction of the current reversed, and became outward (Figure 3.8C). The current density at -50 mV 

(the end of the ramp protocol) was thus significantly different when MDA-MB-231-b1-GFP cells were 

recorded in PF compared to control (Figure 3.8D). In conclusion, the experiments in this section 

indicate that, as described previously (Roger et al., 2004), MDA-MB-231 cells normally display an 

outward subthreshold current (the identity of which is unknown). When b1 is over-expressed in this 

cell line, there is an up-regulation of functional Nav1.7 expression, which accounts for the increased 
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IP, the TTX-sensitive nature of this current, the sensitivity to PF, and the presence of a subthreshold 

inward current. 

Figure 3.8 Effect of PF-0485642 on subthreshold currents in MDA-MB-231-GFP and MDA-MB-231-b1-GFP cells. 

Ramp current density recorded from MDA-MB-231-GFP cells with and without PF-0485642. Cells were 
depolarised from -100 mV to -50 mV at 1 mV/ms. (B) Current density in MDA-MB-231-GFP cells at -50 mV, the 
end of the ramp protocol. (C) Ramp current density recorded from MDA-MB-231-b1-GFP cells with and 
without PF-0485642. (D) Current density at -50 mV in MDA-MB-231-b1-GFP cells before and after application 
of PF-0485642. Data are presented as mean ± SEM. Student’s t test was used to test for significance. ***P < 
0.001; N.S., not significant. 

 

3.4. Discussion 

3.4.1. The Ig loop is required for b1 to increase adhesion and Na+ current 

It has been shown previously that b1 increases cell-cell adhesion and neurite-like process outgrowth 

of MDA-MB-231 cells (Chioni et al., 2009; Nelson et al., 2014). Furthermore, creation of a deletion 

mutant lacking the Ig domain revealed that the Ig loop of b1 is required for it to promote process 
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outgrowth (Nelson et al., 2014). What has not been shown, however, is whether other regions of b1 

play any role in enhancing b1-mediated cell adhesion of MDA-MB-231 cells. The data in this Chapter 

show that b1 over-expression in MDA-MB-231 cells increased adhesion, consistent with these 

previous observations (Chioni et al., 2009). This increase in adhesion was not evident in the MDA-

MB-231-b1ΔIg40–124-GFP cells, indicating that the Ig loop is required for b1 to promote adhesion in 

MDA-MB-231 cells, consistent with observations in other cell models (Malhotra et al., 2000). 

Furthermore, the almost complete abrogation of b1-mediated adhesion in the absence of the Ig 

domain suggests that only this region of the protein is required to elicit cell-cell adhesion. The 

addition of an antibody targeting the Ig loop of b1 also decreased adhesion. However, the inhibitory 

effect of the antibody was considerably smaller than that of the truncation mutant and was only 

present at one late time point in the assay. This relatively weak effect of the N-terminal antibody 

could be due to insufficient quantities applied to block all adhesion sites on the cell surface. In 

addition, the slow kinetics of the effect may be explained by the time required for the antibody to 

sufficiently bind and prevent adhesion. Further work is required to test these possibilities. 

 

b1 is able to increase cell-cell adhesion through homophilic binding (Malhotra et al., 2000), and 

interacts heterophilically with several other CAMs and extracellular matrix proteins, including b2, 

contactin, neurofascin-186, NrCAM and N-cadherin, and tenascin-R (Xiao et al., 1999; Malhotra et 

al., 2000; Kazarinova-Noyes et al., 2001; Ratcliffe et al., 2001; McEwen & Isom, 2004). Thus, the 

increase in cell-cell adhesion in MDA-MB-231 cells due to b1 overexpression may be the result of 

both homophilic and heterophilic interactions. However, whether one mode is predominant cannot 

be discerned from these experiments. Although trans-homophilic adhesion interactions between b1 

subunits are well established (Malhotra et al., 2000), interactions between b1 and other binding 

partners may also play significant functional roles and have diverse downstream consequences. For 

example, in cardiac myocytes, adhesion-dependent interaction of b1 with ankyrinB and ankyrinG 

results in phosphorylation of Y181 which is required for regulating subcellular distribution of b1 
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(Malhotra et al., 2002; Malhotra et al., 2004). Similarly, interactions between b1 and contactin 

increase Na+ current (Kazarinova-Noyes et al., 2001; McEwen et al., 2004). Further work is required 

to establish whether the increase in adhesion of MDA-MB-231-b1-GFP cells compared to MDA-MB-

231 cells is the result of homophilic adhesion. 

 

Previous data show that, in addition to increasing adhesion, b1 over-expression in MDA-MB-231 

cells also increases IP (Chioni et al., 2009). However, the role of the Ig loop in modulating the Na+ 

current in MDA-MB-231 cells is not known. The results presented here show that b1 overexpression 

increased IP , in agreement with these previous observations (Chioni et al., 2009). Furthermore, the 

data in this Chapter show for the first time that the Na+ current-promoting effect of b1 is dependent 

on the presence of the Ig loop. These results are important for two main reasons: Firstly, given that 

Na+ current carried by VGSCs is critical for promoting cellular invasion and metastasis (Fraser et al., 

2005; Nelson et al., 2014; Nelson et al., 2015), it is possible that b1 may function co-operatively with 

a to potentiate tumour progression. Secondly, the critical dependence on the Ig loop for promoting 

adhesion and Na+ current highlights this domain as a potential target for inhibiting VGSC-mediated 

invasion and metastasis. However, a key issue that remains unresolved is the relative significance of 

b1-dependent adhesion and increased Na+ current in the cancer process. Further work is required to 

separate out these two consequences of b1 function. 

 

3.4.2. g-secretase activity is required for b1 to increase Na+ current 

The intracellular domains of the b subunits, released by proteolytic processing by a, b and g 

secretases, have previously been reported to regulate various β subunit properties, including β4-

mediated neurite outgrowth and modulation of the resurgent Na+ current, and β2-mediated 

adhesion, migration and upregulation of NaV1.1 expression (Kim et al., 2005; Wong et al., 2005; Kim 

et al., 2007; Miyazaki et al., 2007). In addition, a mutation in presenilin (which forms the catalytic 

core of γ-secretase) has been shown to reduce NaV1.1 mRNA level in a neuroblastoma cell line (Kim 
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et al., 2014). The g-secretase inhibitor DAPT has previously been shown to abrogate proteolytic 

release of b subunit intracellular domains (Kim et al., 2005; Wong et al., 2005; Kim et al., 2007). The 

present data show that DAPT reduced Na+ current density of MDA-MB-231-b1-GFP cells to a level 

equivalent to MDA-MB-231-GFP cells, suggesting that g-secretase-mediated cleavage is required for 

b1 to increase Na+ current in MDA-MB-231 cells. Taken together with the available published 

evidence (Kim et al., 2005; Wong et al., 2005; Kim et al., 2007), this result suggests that the cleaved 

soluble intracellular domain of b1 may regulate a subunit expression in MDA-MB-231 cells, thus 

promoting Na+ current when b1 is over-expressed.  

 

It is important to note in the context of these observations that there was no increase in Na+ current 

density in MDA-MB-231-b1DIg40-124-GFP cells where the intracellular domain is still present. One 

possible explanation for this is that the Ig loop may be necessary for recruiting the secretase 

enzymes required for cleavage. Cleavage of b1 is proposed to be sequential, similar to the model 

identified for amyloid precursor protein, such that the extracellular Ig domain is cleaved by a-

secretase or BACE1, after which the intracellular domain is cleaved by g-secretase (Wong et al., 

2005; Gersbacher et al., 2010). Therefore, in MDA-MB-231-DIg40-124-GFP cells, where the Ig loop is 

not present, the first secretases may not be recruited, the extracellular region may not be cleaved, 

and so the intracellular domain may not be released, thus explaining the lack of increased Na+ 

current in these cells. Caution should be taken with this interpretation however, because in a murine 

neuroblastoma cell line, BACE1 increased Na+ current without cleaving either β1 or β4 (Huth et al., 

2009), suggesting the possibility of another BACE1-mediated pathway responsible for increasing Na+ 

current. The relationship between secretase enzymes and VGSCs is complicated by the fact that 

these enzymes have a broad range of target proteins (Carroll & Li, 2016). Together with the fact that 

the Ig loop has a diverse set of interacting partners, some of which may also modulate Na+ current, 

this point makes interpretation of the DAPT treatment data challenging. Further work is required to 



 

102 
 

evaluate which secretases are involved, the specific cleavage targets, and their precise effect on 

VGSC activity. 

 

3.4.3. Evidence for up-regulation of NaV1.7 

The data in this Chapter show that the increase in Na+ current in MDA-MB-231-b1-GFP cells is 

carried by a TTX-sensitive a-subunit. This rules out the possibility that b1 is stabilising or increasing 

plasma membrane expression of Nav1.5, which is the main a subunit in these cells (Fraser et al., 

2005; Brackenbury et al., 2007). However, the fact that g-secretase-mediated release of the b2 

intracellular domain upregulates Nav1.1 expression via a putative transcriptional mechanism (Kim et 

al., 2007), and that b1 has been shown to increase NaV1.7 expression in lung cancer cells 

(Laedermann et al., 2013), raises the possibility that b1 may up-regulate Nav1.7 expression in MDA-

MB-231 cells. In support of this notion, there was an increase in Nav1.7 mRNA level in MDA-MB-231-

b1-GFP cells compared to control MDA-MB-231-GFP cells. In addition, PF, a synthetic peptide 

blocker, which was recently shown to bind to the inactivated state of NaV1.7 and inhibit Na+ 

conductance, and which was also shown to have no effect on NaV1.5 (McCormack et al., 2013), 

significantly reduced Na+ current in MDA-MB-231-b1-GFP cells. These results strongly suggest that 

up-regulated NaV1.7 is responsible for the increased Na+ current in MDA-MB-231-b1-GFP cells. 

 

NaV1.7 has been shown to display a subthreshold current at hyperpolarised membrane potentials 

below the action potential threshold (Cummins et al., 1998; Cummins et al., 2004). It has been 

proposed that this current may make the cells more excitable, and as NaV1.7 is strongly expressed in 

nociceptive neurons, this current may play a physiological role in making these neurons readily 

available for excitation, which would be important for nociception (Cummins et al., 2004; Suter et 

al., 2015). This inward ramp current is also present in transfected HEK293 cells and so far, has been 

shown to be unique to NaV1.7 (Cummins et al., 1998; Cummins et al., 2009). The data in this Chapter 

show that an inward subthreshold ramp current was present in MDA-MB-231-b1-GFP cells, which 
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was sensitive to blockade by PF, consistent with Nav1.7 being up-regulated in this sub-line. There 

was no inward ramp current in control MDA-MB-231-GFP cells, consistent with a lack of Nav1.7 

expression in these cells, although an outward ramp current was present instead. The identity of the 

outward current is not known but may be due to K+ channel activity. 

 

In MDA-MB-231-b1-GFP cells, the subthreshold current may not serve a physiological or 

pathophysiological purpose given that the resting membrane potential and window of Na+ current 

availability is far removed from where the subthreshold current is seen (Roger et al., 2003; Fraser et 

al., 2005; Yang et al., 2012; Yang & Brackenbury, 2013). Nevertheless, the ramp current protocol 

used here, combined with perfusion of PF, represents a novel and potentially useful method for 

isolating and verifying NaV1.7 currents in other cell types and may be particularly relevant in the 

development of therapeutics for paroxysmal extreme pain disorder (PEPD), in which Nav1.7 plays a 

critical role (Suter et al., 2015). Anecdotally, it was found that subthreshold current in MDA-MB-231-

b1-GFP cells was not detected when the room temperature rose above ~26 oC, a similar observation 

to that reported in (Suter et al., 2015). This may be relevant in individuals who suffer from PEPD, 

where subthreshold currents in nociceptive neurones are larger in lower temperatures, making them 

more readily excitable, and could possibly explain why joint pain is common in colder climates (Suter 

et al., 2015). Thus, it was ensured that experiments measuring subthreshold currents were 

performed below 26 ˚C.   

 

One notable difference between the results here and those reported previously (Cummins et al., 

1998; Cummins et al., 2009) is the magnitude of the ramp currents. Generally speaking, Na+ currents 

are noticeably larger in both neurons and transfected HEK293T cells compared to MDA-MB-231 cells 

(Chioni et al., 2009; Laedermann et al., 2013; Suter et al., 2015; Kruger et al., 2016), which may 

explain the smaller currents reported here compared with other studies. Nonetheless, the combined 

results in this Chapter strongly suggest that over-expression of b1 in MDA-MB-231 cells results in up-
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regulation of Nav1.7 via a mechanism which not only requires the presence of the extracellular Ig 

domain but is also dependent on g-secretase-mediated release of the intracellular domain. 

 

3.4.4. Comparing Na+ current characteristics across experiments 

There was considerable variability in baseline current data across the various experiments, such that 

the IP recorded in control MDA-MB-231-GFP cells ranged from 6.7 ± 0.3 pA/pF to 9.8 ± 0.9 pA/pF 

across different experiments. This observation highlights that it is critical to record from control and 

test cells in the same session, from cells plated at the same time, using the same solutions and 

pipettes fabricated at the same time, in order to control for experiment to experiment variability, 

temperature changes in the lab, inconsistencies in cell culture quality, etc. This approach was strictly 

followed for all experiments and so the large differences in IP in test samples relative to controls 

represent valid and properly controlled data, and the conclusions drawn above can be relied upon. 

 

In addition to studying the effect of b1 overexpression, the Ig deletion mutant, DAPT and PF on IP , 

the effects on voltage-dependent gating characteristics and activation kinetics were also evaluated 

in each of these experiments. Although a number of statistically significant effects on various gating 

properties were seen within various experiments, overall, these appeared to be largely inconsistent 

when comparing across experiments. For example, compared to control MDA-MB-231-GFP cells, b1-

GFP over-expression significantly hyperpolarised the inactivation V1/2 in the experiment in Table 3.1, 

had no significant effect on the inactivation V1/2 in the experiment in Table 3.2, and significantly 

depolarised the inactivation V1/2 in the experiment in Table 3.3. Not only were the gating and 

kinetics data highly variable across experiments, but the effects of b1 on these properties differed in 

many cases from those reported previously in this cell line and in other studies (Nuss et al., 1995; An 

et al., 1998; McCormick et al., 1998; Dhar Malhotra et al., 2001; Chioni et al., 2009). 
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There has been a lot of controversy regarding the exact effect of β1 expression on Na+ current gating 

and kinetics in heterologous cells (Brackenbury & Isom, 2011). Relatively large effects on channel 

inactivation initially reported using two electrode voltage clamping of Xenopus oocytes (Isom et al., 

1992) have frequently not been replicated when b1 is co-expressed with a subunits in heterologous 

cells (Nuss et al., 1995; An et al., 1998; McCormick et al., 1998; Dhar Malhotra et al., 2001; McEwen 

& Isom, 2004; Chioni et al., 2009; McEwen et al., 2009; Yereddi et al., 2013). The reasons for this lack 

of consistency are not clear. Cell to cell variability and endogenous expression of other b subunits 

may play a role, and in many early studies, endogenous expression of b subunits in transfected cells 

was not adequately monitored or controlled for. Whilst cell-to-cell variability, and the possible 

expression of other endogenous b subunits may, in part, explain some of the inconsistencies in the 

literature, such an explanation is not plausible for the data presented here, given that the exact 

same cell line was used throughout. Although recordings may vary in different sessions due to 

temperature differences, solution batches, etc., other technical issues may also have impacted on 

the quality of the gating and kinetics data.  

 

The predicted Vrev which was calculated using linear regression, was notably higher in Table 3.1 

compared with the data in Tables 2 and 3. Predicted Vrev should ideally be around ±5 mV of the 

reversal potential of Na+, or 86.23 mV and can be used as a measure of the integrity the cell 

membrane. Thus, it is possible that in the data recorded in Table 3.1, the accuracy of the parameters 

calculated may not be reliable. One difference is that although series resistance compensation was 

routinely used throughout the Thesis, it was not applied in the experiment performed to generate 

the data in Table 3.1. Given that the series resistance was typically >5 MW, inadequate 

compensation may have compromised the voltage control in this particular experiment, which may 

explain the variability in the results. Additionally, the lack of effect on the slope factor of the 

Boltzmann fitted curves suggest that the differences observed in the Va and VP may not be robust 

differences, and instead may be the result of other variability in the experiment. In conclusion, the 
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reason(s) for the variability in gating and kinetics data across experiments are unclear. Given the 

possibility of experimental and technical issues contributing to this variability, it was decided not to 

draw further conclusions from these data apart from the peak current density. 

 

3.4.5. Conclusion 

It was previously shown that overexpression of β1 in MDA-MB-231 cells increases both adhesion and 

Na+
 current (Chioni et al., 2009). In this Chapter, it has been shown that the Ig loop is critical for 

these effects. Further, the VGSC α subunit responsible for the increased Na+ current has been shown 

to be likely Nav1.7. Given that both β1 overexpression and Na+ current increase metastasis in vivo 

(Nelson et al., 2014; Nelson et al., 2015), it is possible that β1-mediated upregulation of Nav1.7 or 

indeed any α subunit, ultimately increasing the total Na+ current, may be responsible (at least in 

part) for potentiating metastasis. Whether β1 directly plays a role in increasing the metastatic 

phenotype of cancer cells, or if it does so indirectly, e.g. through increasing the intracellular [Na+] via 

regulating a subunit expression, remains to be determined. 
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4. Assessing the effects of the R89C somatic mutation 

and L1CAM on b1 function 
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4.1. Introduction 

4.1.1. Mutations disrupting the normal function of b1 

b1 functions as a CAM through the presence of the extracellular Ig loop (Isom et al., 1992). It also 

regulates Na+ current through the pore-forming a subunit (Isom et al., 1992; Isom, 2002). As a result 

of these dual functions, b1 plays a key role in regulating neuronal morphology, migration, 

pathfinding and fasciculation during CNS development (Davis et al., 2004; Brackenbury et al., 2008a; 

Brackenbury et al., 2010). It also plays a critical role in maintaining normal cardiac excitability (Lopez-

Santiago et al., 2007). It is perhaps unsurprising, therefore, that mutations in b1 result in defects in 

normal cellular function, and several mutations have been associated with diseases, including 

epilepsy (Meadows et al., 2002; Scheffer et al., 2007; Xu et al., 2007; Patino et al., 2009). The 

Catalogue of Somatic Mutations in Cancer (COSMIC) database (cancer.sanger.ac.uk; accessed 

20/08/17) reports the existence of 69 single nucleotide mutations in b1 in cancers. One of these 

mutations, R89C, detected in a lung tumour sample, is of particular interest because of its proximity 

to the previously reported R85C and R85H epilepsy mutations (Thomas et al., 2007; Xu et al., 2007) 

suggesting the possibility that it may cause a similar loss of function. Previously reported mutations 

of the Ig loop have a range of physiological effects. The C121W mutation is expressed at the cell 

membrane in vivo, but is not glycosylated properly (Kruger et al., 2016), whereas the R85C and R85H 

mutations lack membrane expression in vitro (Scheffer et al., 2007; Xu et al., 2007). We thus sought 

to evaluate the effect of the cancer mutation R89C on b1 function. 

 

4.1.2. L1CAM 

L1CAM is expressed in various cancers, including ovarian cancer, prostate cancer, neuroblastoma, 

colorectal cancer and breast cancer (Samatov et al., 2016). In the Oncomine database, L1CAM ranks 

in the top 2 % of genes that are overexpressed in cancers, and advanced cancers have higher L1CAM 

expression (Li & Galileo, 2010). L1CAM is a substrate for ADAM10-mediated cleavage and the soluble 

extracellular region was found in serum from patients with ovarian cancer (Gutwein et al., 2000; 
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Fogel et al., 2003; Finas et al., 2008). Cells which are further advanced along the EMT have a higher 

level of expression of L1CAM compared to more epithelial-like cells (Kiefel et al., 2012b). L1CAM 

disrupts E-cadherin interactions at adherens junctions (Gavert et al., 2005; Weidle et al., 2009). 

L1CAM expression also increases b-catenin levels in MCF-7 cells, increasing motility (Shtutman et al., 

2006). Silencing of L1CAM in MCF-7 cells results in a reversion to an epithelial phenotype (Shtutman 

et al., 2006). In migrating monolayers of uterine and ovarian carcinomas, L1CAM expression was 

found at increased levels in the leading cells, consistent with other findings showing elevated L1CAM 

expression in cells at the invasive perimeter of tumours (Fogel et al., 2003; Gavert et al., 2005). 

Overexpressing L1CAM in MDA-MB-468 breast cancer cells increases adhesion and migration but 

interestingly does not affect invasion (Li & Galileo, 2010). On the other hand, silencing of L1CAM 

expression in MDA-MB-231 cells decreases adhesion and migration (Li & Galileo, 2010).  

 

Importantly, whilst the role of L1CAM in regulating adhesion and motility in neurons and breast 

cancer cells is well established, and neuronal cultures from L1CAM-deficient mice showed reduced 

Na+ current density, reduced single cell spiking and overall reduced membrane expression of VGSC 

expression (Valente et al., 2016), no work has been done to investigate the impact of L1CAM has on 

Na+ current in breast cancer cells. Similarly, although the heterophilic interaction between b1 and a 

number of other CAMs and ECM proteins has been delineated in neurons and cardiomyocytes, 

including for N-cadherin, contactin, neurofascin-155, neurofascin-186, NrCAM, b2, tenascin-C and 

tenascin-R (Srinivasan et al., 1998; Kazarinova-Noyes et al., 2001; Malhotra et al., 2004; McEwen & 

Isom, 2004; McEwen et al., 2004), a possible heterophilic interaction between b1 and L1CAM has 

not been previously investigated. 
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4.2. Hypothesis and Aims 

 

The purposes of the set of experiments in this Chapter were twofold: (1) to determine how the 

cancer-associated somatic mutation R89C affected b1 function, and (2) to investigate the effect of 

L1CAM on adhesive properties and Na+ current in MDA-MB-231 cells. The hypotheses were that 

R89C would result in a loss of function of b1, and that L1CAM would increase adhesion and Na+ 

current. 

The specific aims were as follows: 

1. To express b1R89C in MDA-MB-231 cells. 

2. To over-express L1CAM in MDA-MB-231 cells. 

3. To assess the effects of b1R89C and L1CAM on cell-cell adhesion and morphology. 

4. To evaluate the effects of b1R89C and L1CAM on electrophysiological properties of the Na+ 

current. 

 

4.3. Results 

4.3.1. Assessing the effects of the R89C somatic mutation in MDA-MB-231 cells 

4.3.1.1. In silico analysis of the R89C mutation 

The predicted structure of the b1R89C mutant was compared to wild type b1 using the online 

Protein Homology/AnalogY Recognition Engine (Phyre2; http://www.sbg.bio.ic.ac.uk/phyre2)(Kelley 

et al., 2015). The resolved crystal structure of the related type 1 topology CAM myelin P0 was used 

as a template (McCormick et al., 1998; Malhotra et al., 2002). In agreement with previous reports 

(Isom et al., 1992; Malhotra et al., 2002), the wild type sequence has an intact Ig loop containing 

several connected b-pleated sheets (Figure 4.1A). The R89C mutation results in a break in the 

protein where it seems the algorithm was unable to predict the structure, together with a slightly 

shorter b-pleated sheet following the loop (Figure 4.1B). This result suggests that the mutant Ig loop 



 

111 
 

may be improperly folded when expressed in the cell, thus b1R89C may not be functional, similar to 

R85C and R85H (Thomas et al., 2007; Xu et al., 2007). 

 

4.3.1.2. Expression of b1R89C-V5 in MDA-MB-231 cells 

b1R89C-V5 was generated using site-directed mutagenesis on the wild type human b1-V5 sequence 

contained in the pcDNA3.1 vector (Section 2.17) (Patino et al., 2011). After ligation, transformation 

and extraction of DNA from bacteria, samples were sequenced, and the resultant amino acid 

sequence is shown with the mutated residue highlighted (Figure 4.2). Separate wells of MDA-MB-

231 cells were transfected with wildtype b1-V5 and mutant b1R89C-V5, and stable clones were 

selected (Section 2.6). Expression of protein was evaluated by Western blot using an anti-V5 

antibody (Figure 4.3). Interestingly, the mutant construct ran at a lower MW compared to the wild 

type b1. Clone 2 was used for all subsequent experiments as this had the highest level of expression.  

 

A B

Figure 4.1 Predicted Phyre2 model of b1 and b1-R89C based on myelin P0. 

(A) Predicted Phyre2 model of the wild type b1. (B) Predicted Phyre2 Model of b1R89C. The difference 
between the two models is shown in the red circle in (B): A broken loop and a slightly shorter b-pleated sheet 
following the break in β1R89C model compared to the WT β1 model. The resolved crystal structure of a type 1 
topology CAM, myelin P0, was used as a template for both. 
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Figure 4.3 Western blot of b1R89C-V5 expression in MDA-MB-231 cells. 

(A) b1R89C-V5 expression in 5 clones of MDA-MB-231 cells stably transfected with a b1-R89C-V5 containing 
vector. Equivalent amounts (50 µg) of whole cell lysate of each sample were loaded. Membrane was probed 
with an anti-V5 antibody. An MDA-MB-231 cell line stably overexpressing wild type b1-V5 was used as a 
positive control. (B) Membrane from (A) stripped and reprobed with a-tubulin as a loading control. 

 

MGTLLALVVGAVLVSSAWGGCVEVDSETEAVYGMTFKILCISCKRRSETTAETFTEWTFR

QKGTEEFVKILRYENEVLQLEEDERFEGCVVWNGSRGTKDLQDLSIFITNVTYNHSGDYE

CHVYRLLFFDNYEHNTSVVKKIHLEVVDKANRDMASIVSEIMMYVLIVVLTIWLVAEMVY

CYKKIAAATEAAAQENASEYLAITSESKENCTGVQVAEGRWLKGNSADIQHSGGRSSLEG

PRFEGKPIPNPLLGLDST

Figure 4.2 Amino acid sequence of b1-R89C. 
 
Pink highlight shows the signal peptide sequence, green highlight shows the Ig loop and the light grey 
highlighted cysteine shows the mutated residue. Dark grey highlight shows the transmembrane domain. 
Yellow highlight shows the V5-tag. 
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To examine whether the reduction in molecular weight of E1R89C compared to wild type E1 was the 

result of improper glycosylation, whole cell protein extracts were treated with PNGase F to remove 

N-linked glycosylation (Kruger et al., 2016). A Western blot of control and PNGase F-treated samples 

showed an equal reduction in the MW of both the wild type E1-V5 and E1R89C-V5 samples (Figure 

4.4A). D-tubulin was used as a loading control (Figure 4.4B). The difference between the MW of the 

deglycosylated E1R89C-V5 and E1-V5 was equal to the difference between the two samples when 

they were glycosylated (Figure 4.4C). In conclusion, the difference in MW between wildtype E1 and 

E1R89C is likely not the result of improper N-glycosylation, in contrast to the C121W mutant (Kruger 

et al., 2016). 

 

  

Figure 4.4 Western blot exploring glycosylation of E1R89C-V5. 

(A) Whole cell lysate (20 µg) from either MDA-MB-231-E1-V5 or MDA-MB-231-E1R89C-V5 cells treated 
with or without PNGaseF to remove N glycosylation. The multiple bands observed may be the result of 
incomplete removal of glycosylation (B) Membrane from (A) stripped and reprobed with D-tubulin as a 
loading control. α-tubulin bands were not observed in the latter two lanes and it is unclear why. 
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4.3.1.3. Effect of R89C on Na+ current 

Next, the effect of the R89C mutation on Na+ current was assessed using whole-cell patch clamp 

recording. Previously, wild type b1 has been shown to increase Na+ current in MDA-MB-231 cells 

(Chioni et al., 2009) and Chapter 3. In agreement with these data, the IP was significantly larger in 

MDA-MB-231-b1-V5 cells (-26.4 ± 6.21 pA/pF; n = 6) compared to control MDA-MB-231 cells 

expressing empty pcDNA3.1 (-10.08 ± 3.67 pA/pF; n = 4; P < 0.001; Figure 4.5A-C). Interestingly, the 

Na+ current density in MDA-MB-231-b1R89C-V5 cells was -6.87 ± 2.78 pA/pF; n = 3, which was not 

significantly different to control MDA-MB-231 cells expressing empty pcDNA3.1 (Figure 4.5A-C). 

Thus, the R89C mutation prevents the ability of b1 to increase Na+ current.  

 

Analysis of the voltage-dependence of activation and steady-state inactivation from each cell line 

revealed several key differences (Figure 4.5D, E and Table 4.1). The voltage at current peak was 

significantly hyperpolarised in MDA-MB-231-β1-V5 cells compared to MDA-MB-231-pcDNA3.1 (P < 

0.05). In addition, the inactivation slope factor for MDA-MB-231-β1-V5 and MDA-MB-231-β1R89C-

V5 cells was significantly different compared to MDA-MB-231-pcDNA3.1 (P < 0.01 in both cases). 

However, the activation voltage, V1/2 and slope factor, the inactivation V1/2 and the time to peak 

were not significantly different across all three cell lines. Furthermore, the measured Vrev for these 

cell lines suggest that the integrity of the membranes in this experiment may not be adequate.  As 

discussed in Section 3.4.4, given the general variability in voltage dependence and kinetic data 

between experiments, it was again decided not to draw further conclusions from these data. In 

conclusion, the differences in peak current density are consistent with the notion that the R89C 

mutant is a functional null. 

 

4.3.1.4. Effect of R89C on b1-mediated adhesion 

As b1 increases adhesion in MDA-MB-231 cells (Chioni et al., 2009) and this requires the Ig loop 

(Chapter 3), the effect of the R89C mutant was next tested in a cell-cell adhesion assay. The   
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Figure 4.5 Effect of the R89C mutation on Na+ current in MDA-MB-231 cells. 

(A) Typical whole-cell Na+ currents elicited by 50 ms depolarizing pulses between -80 mV and 30 mV applied 
from a holding potential of -120mV: (i) control MDA-MB-231-pcDNA3.1 cell; (ii) MDA-MB-231-b1-V5 cell; (iii) 
MDA-MB-231-b1R89C-V5 cell. (B) Current-voltage relationship for control MDA-MB-231-pcDNA3.1 (n=4), 
MDA-MB-231-b1R89C-V5 (n=3) and MDA-MB-231-b1-V5 (n=6) cells. (C) Whole-cell peak Na+ current density 
for the three cell lines. (D) Steady-state activation. Normalised conductance (G/Gmax), calculated from the 
current data, is plotted as a function of voltage. (E) Steady-state inactivation. Normalised current (I/Imax), 
elicited by 50 ms test pulses at −10 mV following 250 ms conditioning voltage pulses between −120 mV and 
−10 mV, applied from a holding potential of −120 mV, plotted as a function of the pre-pulse voltage. Activation 
and inactivation data are fitted to Boltzmann functions. Data are presented as mean and SEM. One-way 
ANOVA with a post-hoc Tukey’s test was used to test for significance. *P < 0.05. 

Key: 

A 
i) 

ii) 

iii) 

B 

C 

D 

E 
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Table 4.1 Effect of R89C on VGSC current properties. 

Parametera MDA-MB-231-
pcDNA3.1 

MDA-MB-231-b1R89C-
V5 

MDA-MB-231-b1-
V5 

Ip (pA/pF) -10.08 ± 3.67 -6.87 ± 2.78 P* -26.4 ± 6.21 N* 
Va (mV) -45 ± 2.36 -41.67 ± 5.40 -49.2 ± 1.68 
Vp (mV) -2.5 ± 3.73 -5.00 ± 3.54 -10.8 ± 0.91 N* 
Activation V1/2 (mV) -4.97 ± 0.51 -5.79 ± 0.53 -6.0 ± 0.13  
Activation k (mV) 9.12 ± 1.32 2.78 ± 0.85 7.36 ± 0.22 
Inactivation V1/2 (mV) -97.63 ± 2.15 -93.97 ± 0.72 -97.1 ± 4.73  
Inactivation k (mV) -3.37 ± 3.42 -6.11 ± 0.81 N** -7.36 ± 3.67 N** 
Tp (ms) 1.05 ± 0.23 1.23 ± 0.27 1.1 ± 0.037 
Vrev (mV) 69.99 ± 10.44 80.44 ± 7.21 66.25 ± 2.03 

a 
Abbreviations: I

p
, peak current density;

 
V

a
, activation voltage; V

p
, voltage at current peak; V

1/2
, half 

(in)activation voltage; k, slope factor; T
p
, time to peak. Data are expressed as mean ± SEM. Significance: N - 

significantly different from the negative control (MDA-MB-231-pcDNA3.1), P - significantly different from the 
positive control (MDA-MB-231-β1-V5). *P<0.05 (significance difference). One-way ANOVA with post-hoc 
Tukey’s tests were used to test for significance. 
 

normalised particle count for MDA-MB-231-b1R89C-V5 cells after 30 minutes (79.4 ± 4.2 %, n = 6; 10 

fields of view per n) was significantly higher compared to MDA-MB-231-b1-V5 cells (59.4 ± 4.2 %; n = 

3; P < 0.05) and this significant difference persisted at later time points (Figure 4.6). In addition, the 

normalised particle count for MDA-MB-231-b1R89C-V5 cells was not significantly different from 

negative control MDA-MB-231-pcDNA3.1 cells after 30 minutes (79.8 ± 3.9 %, n = 3) or at any later 

time point (Figure 4.6B). Thus, the R89C mutation abrogates b1-mediated cell-cell adhesion such 

that cells expressing b1R89C-V5 are functionally no different to parental cells not over-expressing 

b1. These data reflect the observation that deletion of the Ig domain disrupts adhesion function 

(Chapter 3). 

 

4.3.1.5. Effect of R89C on cell morphology 

b1 overexpression increases process outgrowth of MDA-MB-231 cells in monoculture such that they 

become more elongate (less rounded) (Chioni et al., 2009). Thus, next, the effect of R89C on 

morphology was investigated. As expected, MDA-MB-231-b1-V5 cells appeared more elongate than  
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Figure 4.6 Effect of the R89C mutation on β1-mediated adhesion. 

(A) Representative images of cells in adhesion assays, taken at 30-minute intervals. i) Negative control MDA-
MB-231-pcDNA3.1, ii) experimental MDA-MB-231-b1R89C-V5, iii) positive control MDA-MB-231-b1-V5. Scale 
bars = 100 µm. B) (Normalized particle counts from control MDA-MB-231-pcDNA3.1, MDA-MB-231-b1R89C-V5 
cells and MDA-MB-231-b1-V5 cells. n≥3, 10 fields of view per n. Data are presented as mean and SEM. One-
way ANOVA was used to test for significance. 
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Figure 4.7 Effect of R89C on cell morphology. 

(A) Representative bright field images of (i) MDA-MB-231-pcDNA3.1 cells, (ii) MDA-MB-231-b1-R89C-V5 cells 
and (iii) MDA-MB-231-b1-V5 cells. (B) Process length of MDA-MB-231-pcDNA3.1, MDA-MB-231-b1-V5 and 
MDA-MB-231-b1-R89C-V5 cells (n = 50). (C) Cell area of MDA-MB-231-pcDNA3.1, MDA-MB-231-b1-V5 and 
MDA-MB-231-b1-R89C-V5 cells (n = 50). (D) Circularity of MDA-MB-231-pcDNA3.1, MDA-MB-231-b1-V5 and 
MDA-MB-231-b1-R89C-V5 cells (n = 50). Scale bar = 10 µm. One-way ANOVA was with a post-hoc Tukey’s test 
used to test for significance. *P < 0.05. N.S., not significant. 
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the negative control MDA-MB-231-pcDNA3.1 cells (Nelson et al., 2014). In contrast, MDA-MB-231-

b1R89C-V5 cells appeared similar in morphology to the negative control cells (Figure 4.7A). This 

observation was borne out in the quantification: b1-V5 significantly increased process length 

compared to control cells (P < 0.05; n = 50), whereas b1R89C had no effect (Figure 4.7B). Similarly, 

b1-V5 significantly increased cell area compared to control cells (P < 0.05; n = 50), whereas b1R89C-

V5 had no effect (Figure 4.7C). In addition, b1-V5 significantly reduced circularity compared to 

control and b1R89C-V5-expressing cells (P < 0.05; n = 50; Figure 4.7D). When MDA-MB-231 cells are 

co-cultured on top of a monolayer of CHL fibroblasts, b1 has been shown to increase outgrowth of 

neurite-like processes as a result of trans-homophilic adhesion (Nelson et al., 2014). MDA-MB-231-

b1-V5 and MDA-MB-231-b1R89C-V5 cells were therefore grown on top of monolayers of CHL cells 

for 24 h, fixed, stained with an anti-CD44 antibody which specifically labels the cancer cells and not 

the CHL cells (Nelson et al., 2014), and visualised using fluorescence microscopy (Figure 4.8A). The 

mean process length of MDA-MB-231-b1-V5 cells grown on a monolayer of CHL cells was 52.8 ± 5.9 

µm (n = 50), which was significantly larger than MDA-MB-231-b1R89C-V5 cells, which had a mean 

process length of 29.4 ± 3.1 µm (n = 50; P < 0.001, Figure 4.8B). In conclusion, these data suggest 

that the R89C mutation disrupts the ability of b1 to regulate morphology in MDA-MB-231 cells, both 

in monoculture, and when co-cultured with fibroblasts.  

 

4.3.1.6. Effect of R89C on subcellular localisation of b1 

The R85C and R85H epilepsy mutations result in a loss of membrane expression (Xu et al., 2007). 

Therefore, the effect of the R89C mutation on distribution of b1 in MDA-MB-231 cells was 

investigated using confocal microscopy (Figure 4.9). In agreement with previous reports (Yang et al., 

2012; Nelson et al., 2014), b1-V5 was highly expressed at the cell membrane, colocalising with the 

plasma membrane marker, wheatgerm agglutinin (Figure 4.9B). However, presence of b1R89C-V5 at 

the membrane was weaker, and there was no colocalization with wheatgerm agglutinin at the 

plasma membrane (Figure 4.9C). These results suggest that although the R89C mutant is expressed  
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Figure 4.8 Effect of the R89C mutation on process outgrowth of MDA-MB-231 cells grown on a monolayer of 
fibroblasts. 

(A) Fluorescent images of (i) MDA-MB-231-b1-V5 and (ii) MDA-MB-231-b1R89C-V5 cells grown on a monolayer 
of Chinese hamster lung (CHL) cells.  Cells were labelled with an anti-CD44 antibody. Scale bar = 50 µm. (B) 
Process length of MDA-MB-231-b1-V5 or MDA-MB-231-b1R89C-V5 cells (n = 50, ***P < 0.001). A two-sample 
t-test was used to test for significance. 
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Figure 4.9 Expression of b1-V5 and b1R89C-V5 at the plasma membrane. 

Confocal maximum intensity projections of z-stacked images of (A) MDA-MB-231-pcDNA3.1 cells, (B) MDA-MB-
231-b1-V5 cells, and (C) MDA-MB-231-b1R89C-V5 cells. Cells were stained with DAPI (blue), anti-V5 with a 
secondary Alexa-fluor 568 (red) and wheat germ agglutinin conjugated to Alexa-fluor 488 (green). Arrows 
highlight yellow areas where b1-V5 expression colocalised with the plasma membrane marker wheat germ 
agglutinin. Scale bar = 20 µm on main image and 5 µm on inset. Images were taken at 63x magnification with a 
resolution of 1024 x 1024 pixels. 
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at the protein level, it does not correctly localise to the plasma membrane. In conclusion, the data 

presented here suggest that the R89C mutation renders the b1 subunit a functional null: the 

mutation inhibits both the channel current-modulating and cell adhesive properties of b1. 

 

4.3.2. Assessing the effects of L1CAM upregulation in MDA-MB-231 cells 

In this second part of Chapter 4, the effect of L1CAM on adhesion and Na+ current was evaluated in 

order to test the possibility that, like b1, L1CAM could fulfil both channel and adhesion-modulating 

functions. 

 

4.3.2.1. L1CAM expression in MDA-MB-231 cells 

MDA-MB-231 cells were transfected with L1CAM in the pcDNA3.1 vector, and a stable clone was 

selected for further analysis. Expression of L1CAM protein was evaluated by Western blot (Figure 

4.10A, B). Rat brain was used as a positive control. The Western blot revealed that L1CAM was 

expressed endogenously at a low level in MDA-MB-231 cells. The line stably transfected with L1CAM 

had an increased level of total L1CAM expression, and interestingly, L1CAM expression was also 

elevated in MDA-MB-231-b1-GFP cells. The higher weight band observed in both the β1-GFP and 

L1CAM overexpressing cells was likely the NOVA-2 variant of L1CAM. Next, a Western blot was 

carried out using a b1 antibody on whole cell lysate from MDA-MB-231-GFP, MDA-MB-231-b1-GFP 

and MDA-MB-231-L1CAM cells. b1 expression was higher in MDA-MB-231-L1CAM cells compared to 

MDA-MB-231-GFP, MDA-MB-231-b1-GFP cells (Figure 4.11A, B). Thus, expression of b1 and L1CAM 

may be co-operatively regulated, such that L1CAM increases b1 expression, and vice versa. 

 

4.3.2.2. Effect of L1CAM on adhesion 

L1CAM has been shown in MDA-MB-468 cells to increase adhesion to wells coated with fibronectin, 

laminin and Matrigel (Li & Galileo, 2010). However, its effect on breast cancer cell-cell adhesion is 

unknown. Thus, the effect of L1CAM on MDA-MB-231 cell-cell adhesion was investigated (Figure 
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4.12). The normalised particle count for MDA-MB-231-L1CAM cells was 49.5 ± 7.9 % after 30 min, 

compared to 82.4 ± 4.1 % for control MDA-MB-231 pcDNA3.1 empty vector cells (P < 0.05; n = 3; 10 

fields of view per n; Figure 4.12B). This significant difference in adhesion was maintained at the 60 

and 90 min time points, but was diminished at 120 min. In summary, L1CAM increases MDA-MB-231 

cell-cell adhesion. 
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Figure 4.10 Western blot of L1CAM expression in MDA-MB-231 cells. 

(A) Comparison of L1CAM expression in MDA-MB-231 cells, MDA-MB-231-β1-GFP cells, and MDA-MB-231 cells 
transiently transfected with a L1CAM containing vector. Equivalent amounts (50 µg) of whole cell lysate of 
each sample were loaded. Membrane was probed with an L1CAM antibody which recognises both human and 
rat L1CAM. Rat brain lysate was used as a positive control. Bands present at 60 and 80 kDa are degradation 
products recognised by the L1CAM antibody (Li and Galileo, 2010). (B) Membrane from (A) stripped and 
reprobed with α-tubulin as a loading control. 
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Figure 4.11 Western blot of β1 expression in MDA-MB-231-L1CAM cells. 

(A) Comparison of β1 expression in MDA-MB-231-GFP cells, MDA-MB-231-β1-GFP cells, and MDA-MB-231 cells 
stably transfected with a L1CAM containing vector. Equivalent amounts (50 µg) of whole cell lysate of each 
sample were loaded. Membrane was probed with an anti-β1 antibody. MDA-MB-231-GFP cell was used as a 
negative control and MDA-MB-231-β1-GFP used as a positive control. (B) Membrane from (A) stripped and 
reprobed with α-tubulin as a loading control. 
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4.3.2.3. Effect of L1CAM on cell morphology  

Given that L1CAM, like b1, results in an increase in adhesion and migration (Li & Galileo, 2010), and 

that b1 overexpression results in process outgrowth in MDA-MB-231 cells (Chioni et al., 2009; 

A) 

B) 

Figure 4.12 Effect of L1CAM on cell-cell adhesion of MDA-MB-231 cells. 

(A) Representative images of cells in adhesion assays, taken at 30-minute intervals. i) Negative control MDA-
MB-231-pcDNA3.1 and ii) experimental MDA-MB-231-L1CAM cells. Scale bar = 100 µm. (B) Normalized particle 
counts from control MDA-MB-231-pcDNA3.1 and MDA-MB-231-L1CAM cells. Particles were counted on an 
Axiovert 135 microscope at 10X zoom. Data are presented as mean and SEM. One-way ANOVA was used to 
test for significance. *P<0.05 (n = 3). 
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Nelson et al., 2014), it was possible that L1CAM may also alter cell morphology. This was next tested 

in a morphology assay. MDA-MB-231-L1CAM cells appeared more elongate than control MDA-MB-

231 cells expressing empty vector (Figure 4.13A). The mean process length on MDA-MB-231-L1CAM 

cells was 16.6 ± 0.9 µm, which was significantly larger than for MDA-MB-231 cells expressing empty 

vector (11.4 ± 0.7 µm; P < 0.001; n = 50; Figure 4.13B). The area of MDA-MB-231-L1CAM cells was 

also significantly larger compared to MDA-MB-231-pcDNA3.1 cells (3.5 ± 0.4 µm vs. 2.1 ± 0.5 µm 

respectively; P < 0.05; n = 50; Figure 4.13C). In addition, the circularity of MDA-MB-231-L1CAM cells 

was significantly reduced compared to MDA-MB-231-pcDNA3.1 cells (0.6 ± 0.1 µm vs. 0.2 ± 0.1 µm 

respectively, P < 0.05; n = 50; Figure 4.13D). In conclusion, L1CAM, like b1, promotes an elongate, 

mesencyhmal phenotype in MDA-MB-231 cells. 

 

4.3.2.4. Effect of L1CAM on Na+ current 

It has been previously shown that L1CAM-deficient neurons have reduced Na+ current density and 

that these neurons also have reduced VGSC expression at the protein level (Valente et al., 2016). 

However, no work has been done to investigate the effect of L1CAM on Na+ current in cancer cells. 

Therefore, next, whole cell patch clamp recording was used to measure the Na+ currents from MDA-

MB-231-pcDNA3.1 cells and MDA-MB-231-L1CAM cells. The mean IP of MDA-MB-231-L1CAM cells 

was -11.4 ± 0.8 pA/pF which did not differ significantly from the IP of control cells (-9.4 ± 0.1 pA/pF; n 

= 3; Figure 4.14A, B, C). In addition, there was no difference in the I-V relationship between control 

and L1CAM-expressing cells, and none of the Na+ current kinetics differed significantly between the 

two cell lines suggesting that channel gating was unaffected (Figure 4.14B, C, D, E and Table 4.2). Na+ 

current in MDA-MB-231 cells is carried by Nav1.5, which is a TTX-resistant channel. To determine 

whether the Na+ current in MDA-MB-231-L1CAM cells was also TTX-resistant, the effect of 1 µM TTX, 

which is sufficient to inhibit all the TTX-sensitive VGSCs without having any effect on NaV1.5, was 

investigated. The IP in control empty vector-expressing MDA-MB-231 cells was unaffected by 

perfusion with 1 µM TTX (-8.5 ± 0.7 pA/pF in PSS and -7.0 ± 1.8 pA/pF in 1 µM TTX; P > 0.05; n = 6; 



 

127 
 

Figure 4.15A). Similarly, the IP in MDA-MB-231-L1CAM cells was unaffected by 1 µM TTX (-8.8 ± 0.5 

pA/pF in PSS vs. -9.2 ± 1.2 pA/pF in 1 µM TTX; P > 0.05; n = 6; Figure 4.15B). Thus, L1CAM 

overexpression in MDA-MB-231 cells does not affect Na+ current properties or TTX sensitivity, in 

contrast to the effects of b1 demonstrated in Chapter 3. In conclusion, L1CAM promotes b1 

expression, adhesion, and morphological changes, but does not affect Na+ current in MDA-MB-231 

cells. 

 

Figure 4.13 Effect of L1CAM on cell morphology. 

(A) Representative bright field images of (i) MDA-MB-231-pcDNA3.1 cells and (ii) MDA-MB-231-L1CAM cells. 
(B) Process length of MDA-MB-231-pcDNA3.1 and MDA-MB-231-b1-L1CAM cells (n = 50). (C) Cell area of MDA-
MB-231-pcDNA3.1 and MDA-MB-231-b1-L1CAM cells (n = 50). (D) Circularity of MDA-MB-231-pcDNA3.1 and 
MDA-MB-231-b1-L1CAM cells (n = 50). Scale bar = 10 µm. A two-sample t test was used to test for significance. 
*P < 0.05. **P < 0.01. ** P < 0.001. 
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Figure 4.14 Effect of L1CAM on the Na+ current in MDA-MB-231 cells. 

(A) Typical whole-cell Na+ currents elicited by 50 ms depolarizing pulses between -80 mV and 30 mV applied 
from a holding potential of -120 mV: (i) control MDA-MB-231-pcDNA3.1 cell (ii) MDA-MB-231-L1CAM cell. (B) 
Current-voltage relationship for control MDA-MB-231-pcDNA3.1 (n = 3) and MDA-MB-231-L1CAM (n = 3). (C) 
Whole-cell peak IP for the two cell lines. (D) Activation. Normalised conductance (G/Gmax), calculated from the 
current data, plotted as a function of voltage. (E) Steady-state inactivation. Normalised current (I/Imax), elicited 
by 50 ms test pulses at −10mV following 250 ms conditioning voltage pulses between −120 mV and −10 mV, 
applied from a holding potential of −120mV, plotted as a function of the pre-pulse voltage.  Data are presented 
as mean and SEM. One-way ANOVA with a post-hoc Tukey’s test was used to test for significance. NS, not 
significant. 
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Table 4.2 Effect of L1CAM on VGSC current properties. 

Parametera MDA-MB-231-
pcDNA3.1 

MDA-MB-231-
L1CAM 

Ip (pA/pF) -9.37 ± 0.1 -11.4 ± 0.76  
Va (mV) -41.67 ± 2.04 -46.67 ± 2.89 
Vp (mV) -8.33 ± 5.40 -6.67 ± 3.40 
Activation V1/2 (mV) -6.46 ± 0.61 -5.98 ± 0.45 
Activation k (mV) 6.73 ± 0.83 7.61 ± 0.93 
Inactivation V1/2 (mV) -98.49 ± 2.94 -95.60 ± 1.65 
Inactivation k (mV) -4.43 ± 0.24 -5.31 ± 0.53  
Tp (ms) 1.03 ± 0.04 1.27 ± 0.22 
Vrev (mV) 89.50 ± 14.71 73.3 ± 1.90 

a 
Abbreviations: I

p
, peak current density;

 
V

a
, activation voltage; V

p
, voltage at current peak; V

1/2
, half 

(in)activation voltage; k, slope factor; T
p
, time to peak. Data are expressed as mean ± SEM. There were no 

significant differences from the negative control (MDA-MB-231-pcDNA3.1). Student’s t tests were used to test 
for significance. 
 

 

 

 

 

Figure 4.15 Effect of L1CAM on TTX sensitivity. 

(A) Na+ current density of MDA-MB-231-pcDNA3.1 cells depolarised to -10 mV in the absence, presence and 
following washout of 1 µM TTX (n = 10). (B) Na+ current density of MDA-MB-231-L1CAM depolarised to -10 mV 
in the absence, presence and following washout of 1 µM TTX (n = 10). Data are presented as mean ± SEM. 
Repeated measures ANOVA was used to test for significance (P > 0.05). 
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4.4. Discussion 

4.4.1. Summary of results 

The data presented in this chapter show that mutation of the 89th arginine to cysteine prevents 

proper function of b1 as both a channel auxiliary subunit and as a CAM. b1R89C was expressed at a 

lower MW than for the wild type b1 subunit. The R89C mutation abrogated the effect of b1 on 

electrophysiological, adhesive and morphological properties of MDA-MB-231 cells. b1R89C-V5, 

unlike b1-V5, was not expressed at the plasma membrane. In addition, L1CAM over-expression in 

MDA-MB-231 cells increased b1 expression, cell-cell adhesion and process outgrowth, but did not 

affect Na+ current properties. 

 

4.4.2. The R89C mutation disrupts b1 function as a CAM 

Modelling the predicted structure of b1R89C using the Phyre II server revealed a gap in the Ig loop, 

likely the result of an inability of the server to predict how the protein folds following the 

introduction of the mutation or the presence of an actual break resulting from the introduction of an 

extra cysteine into the Ig loop. A break in the protein at this location is unlikely, as it would predict 

the existence of a small N-terminal fragment attached to the signal peptide and lacking a 

transmembrane domain. Although the b1R89C mutant ran at a slightly lower MW than wild type b1 

on SDS PAGE, this difference in size could not be explained by a break in the protein at position 89. 

An alternative possibility is that introduction of the mutation disrupts the glycosylation of b1, and 

this in turn could explain the reduction in MW. Indeed, the related b1C121W mutation results in a 

reduction of N-glycosylation, thus reducing the MW of b1 when expressed in HEK293T cells (Kruger 

et al., 2016). However, use of PNGase F to deglycosylate the protein extract from MDA-MB-231 cells 

resulted in an equal reduction in MW for both wild type b1 and b1R89C. One possible explanation 

for this disagreement with Kruger et al., (2016) is that post-translational modification of b1 may be 

cell type specific and could differ between MDA-MB-231 and HEK293T cells (Croset et al., 2012). It is 

also likely that the reduction in MW in the mutant is the result of altered stability leading to 
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cleavage, truncation and/or aberrant folding (Lee et al., 2010; Brookes et al., 2015). Improperly 

folded proteins in which there is an increased exposure of hydrophobic regions to the cytosol are 

often targeted for degradation by E3 ligases (Cromm & Crews, 2017). Also, disulphide bond 

formation is important for protein stability and reduces entropy of the native state (Betz, 1993). The 

introduction of the extra cysteine in this study may have resulted in the formation of a less stable 

disulphide bond (Chen et al., 2015). A less favourable disulphide bond may result in improper folding 

and the exposure of hydrophobic regions (Chen et al., 2015). Therefore, it is possible that the folding 

of the protein may be energetically unfavourable and part of it is being degraded. Such a possibility 

is supported by the Western blot data showing that the R89C mutant is expressed but runs at a 

lower MW. Thus, only part of the protein may be being degraded, with the remaining protein being 

the retained portion (Katz, 1989). The introduction of the cysteine in the R89C mutant did not 

introduce any known cleavage peptides, therefore binding of ubiquitin to exposed hydrophobic 

regions remains the most plausible explanation for degradation of the protein. 

 

The role of b1 as a CAM is well documented and has been studied extensively (Malhotra et al., 2000; 

McEwen & Isom, 2004). As discussed in Chapter 1, a role for b subunits as CAMs in cancer has also 

been described, including for b1 in breast cancer (Chioni et al., 2009; Nelson et al., 2014) and non-

small cell lung cancer (Campbell et al., 2013). In breast cancer cells, it has been shown than b1 

increases cell-cell adhesion and process outgrowth and this is mediated by the Ig loop (Chioni et al., 

2009; Nelson et al., 2014) (Chapter 3). b1 is able to increase adhesion through homophilic binding 

(Malhotra et al., 2000), and also interacts heterophilically with several other CAMs (Xiao et al., 1999; 

Brackenbury & Isom, 2011). The R89C mutation inhibited the ability of b1 to enhance cell-cell 

adhesion of MDA-MB-231 cells. Thus, R89C critically disrupts the adhesion capability of b1, and this 

is likely through lack of localisation of β1 to the cell membrane. The effect of the related R85C and 

R85H epilepsy mutations on cell adhesion has not been investigated (Xu et al., 2007). However, the 

C121W epilepsy mutation also reduces b1-mediated adhesive capability, likely as a result of a 
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disrupted disulphide bridge (Meadows et al., 2002). Therefore, it is possible that introduction of a 5th 

cysteine into the Ig loop of b1 by the R89C mutation may result in improper disulphide bridge 

formation and thus incorrect folding of the adhesion domain. However, further work is required to 

separate this from alternative possibilities, including partial cleavage/degradation, lack of proper 

post-translational modifications, and improper localisation to the membrane. 

 

4.4.3. b1R89C does not regulate cell morphology 

b1 increases processes outgrowth on MDA-MB-231 cells (Chioni et al., 2009; Nelson et al., 2014). 

This agrees with other data showing that b1 expression promotes process outgrowth in neurons 

(Brackenbury et al., 2010). However, b1R89C did not increase process length compared to negative 

control MDA-MB-231-pcDNA3.1 cells. Similarly, bR89C was incapable of altering cell area or 

circularity. Thus, the R89C mutation abrogates the ability of b1 to change morphology and increase 

process outgrowth. It is possible that cis interactions of the Ig loops are required to increase process 

length on breast cancer cells (Chioni et al., 2009). Another possibility is that b1 increases process 

length indirectly through the a subunit via altering Na+ influx (Chioni et al., 2009; Gillet et al., 2009; 

Brackenbury et al., 2010; Brisson et al., 2011). Interestingly, the mechanism by which b1 increases 

process outgrowth in MDA-MB-231 cells is proposed to be the same mechanism by which b1 

increases process outgrowth in neurons (Brackenbury et al., 2010; Nelson et al., 2014). In both the 

above possibilities, β1 localisation to the plasma membrane, and direct interaction with a subunits, 

is critical. Given that β1R89C was not expressed at the membrane, regulation of Na+ influx through a 

subunits and/or β1-mediated cis adhesion interactions were presumably not possible. It has been 

shown that growing MDA-MB-231-b1-GFP cells on a monolayer of CHL cells resulted in an increased 

neurite-like process outgrowth (Nelson et al., 2014). As with the monoculture, the R89C mutation 

disrupted the ability of b1 to regulate neurite-like process outgrowth when MDA-MB-231 cells were 

co-cultured with fibroblasts. As b1 is not expressed in CHL cells (Isom et al., 1992), the interactions 

between b1 on the MDA-MB-231-b1-V5 cells and the CHL cells are likely to be heterophilic, although 
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the partner CAM(s) are unknown. There may also be other b1-independent adhesion interactions 

taking place between other CAMs on both cell types, which would explain why MDA-MB-231-

pcDNA3.1 cells were notably more elongate when grown on CHL cells compared to when they were 

grown in monoculture. Further work is required to establish the molecular partners involved in these 

heterophilic interactions. 

 

4.4.4. Mechanism for functional disruption by R89C 

The role of Nav1.5 in promoting a metastatic phenotype in MDA-MB-231 cells has been well 

described (Brackenbury, 2012). Nav1.5 activity is proposed to permit Na+ influx, which then 

allosterically promotes  H+ efflux via NHE1, and local extracellular acidification, which in turn allows 

pH-dependent proteases to enhance invasion (Fraser et al., 2005; Yang et al., 2012; Brisson et al., 

2013). Thus, Nav1.5 promotes migration, invasion and metastasis in vivo (Nelson et al., 2015). In 

MDA-MB-231 cells overexpressing b1, an increased Na+ current density was observed (Chapter 3) 

(Chioni et al., 2009). Furthermore, b1 overexpression in MDA-MB-231 cells increases invasion, 

tumour growth and metastasis in vivo (Nelson et al., 2014). On the other hand, in A549 non-small-

cell lung cancer cells, transfection with siRNA targeting SCN1B decreased adhesion and increased 

invasion, whereas overexpressing β1-GFP reduced the invasion of H460 non-small cell lung cancer 

cells (Campbell et al., 2013). Thus, b1 appears to play contrasting roles in regulating invasion in 

different tumour and/or cell lines. In MDA-MB-231 cells, the increased Na+ current caused by b1 was 

abolished by the R89C mutation. This means that b1, in addition to increasing the invasive capacity 

of breast cancer cells directly through regulating adhesion and process outgrowth (Nelson et al., 

2014), may also increase their invasive capability indirectly through promoting Na+ influx. The 

disruption of plasma membrane expression of b1 by the R89C mutation suggests that improper 

folding and/or post-translational processing of b1R89C prevented correct localisation of the subunit 

to the membrane, thus disrupting its interaction with the a subunit and consequently blocking its 

effect on Na + currents and abrogating its ability to function as a CAM. This finding is also consistent 
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with the previously reported epilepsy R85C mutation, which was not normally located to the plasma 

membrane and displayed a decreased Na+ current density compared to wild type b1 in transfected 

HEK293T cells (Thomas et al., 2007). In relation to the data in Chapter 3, a further possibility is that 

the β1DIg-GFP truncation mutant, which lacks the Ig loop, may also not be normally localised to the 

membrane. Further work is required to investigate this possibility. 

 

In summary, these data highlight the importance of an intact Ig loop for the proper function of b1. 

Interestingly, the R89C mutation may in fact be protective, given the pro-invasive function of b1 in 

breast cancer (Nelson et al., 2014). However, the situation may be more complex, and cancer- 

and/or cell-type dependent. Given that in non-small cell lung cancer cells, b1 appears to have a 

protective role inhibiting invasion (Campbell et al., 2013), it is possible that the R89C somatic 

mutation, which was originally reported in lung cancer, may potentiate tumour progression in that 

cancer type. Clearly, the relationship between b1 and cancer progression is complex and may be 

dependent on other modifiers, which, in turn, could be dependent on cancer type or local 

microenvironment. Although the results in this Chapter demonstrate that the R89C mutant subunit 

is a functional null, further work would be required to evaluate the consequences of this loss of b1 

function on tumour progression. 

 

4.4.5. L1CAM interacts with b1 and regulates adhesion of MDA-MB-231 cells 

L1CAM, in addition to its canonical function as a CAM, has been shown to modulate Na+ current in 

neuronal cultures (Valente et al., 2016). Given that b1 interacts heterophilically with a number of 

other CAMs in neurons and cardiomyocytes, we were therefore interested in the potential 

interaction between L1CAM and b1 in breast cancer cells. L1CAM has been shown to increase breast 

cancer cell proliferation and tumour growth through a Munc-18-1 interacting protein 3 (Mint3)-

mediated pathway involving fibroblasts (Nakaoka et al., 2017). L1CAM expression is also increased in 

migrating cells and at the invasive edges of tumours (Fogel et al., 2003; Gavert et al., 2005). L1CAM 
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expression is elevated in MDA-MB-231 cells over-expressing b1, and b1 is elevated in MDA-MB-231 

cells over-expressing L1CAM, implying that a reciprocal signalling pathway is involved in regulation 

of these proteins. However, the nature of this pathway remains to be determined. Reciprocity in 

expression and/or function may be a more general phenomenon relating to VGSC biology. For 

example, β1-mediated neurite outgrowth requires Na+ current carried by NaV1.6, and proper 

localisation of NaV1.6 and subsequent high frequency action potential firing in cerebellar granule 

neurons requires β1 (Brackenbury et al., 2010). However, caution should be taken with the results 

presented here: as both cell lines were clonal populations grown from a single transfected colony, 

the reciprocal expression pattern could be an artefact of the clones selected. Further analysis of 

additional clones is required to exclude this possibility. In both the MDA-MB-231-β1-GFP cells and 

the MDA-MB-231-L1CAM cells, a higher weight band was present for L1CAM, which suggests the 

presence of the NOVA-2 variant (Shtutman et al., 2006). The implications of the expression of the 

NOVA-2 variant of L1CAM are discussed further in Chapter 6. 

 

L1CAM over-expression increased the adhesion of MDA-MB-231 cells. Whilst this increase in 

adhesion is most likely the result of overexpressing L1CAM, it is also possible that the elevated b1 

expression in L1CAM-overexpressing cells may, in part, be responsible. The reverse may also be true: 

the increase in adhesion seen in MDA-MB-231-b1-GFP cells (Chapter 3) and (Chioni et al., 2009) may 

be due in part to increased expression of L1CAM in these cells. Although the data here point to an 

interaction between b1 and L1CAM that may regulate expression (e.g. at mRNA and protein level) 

and/or protein stabilisation (e.g. in an adhesion complex), the exact nature of the interaction, and 

how this leads to a promotion of adhesion remains to be determined. One possibility is that b1 and 

L1CAM interact as CAMs in cis and/or trans, thus promoting adhesion. This has been shown for b1 

heterophilic interactions with other CAMs and ECM proteins, including N-cadherin, contactin, 

neurofascin-155, neurofascin-186, NrCAM, b2, tenascin-C and tenascin-R (Srinivasan et al., 1998; 

Kazarinova-Noyes et al., 2001; Malhotra et al., 2004; McEwen & Isom, 2004; McEwen et al., 2004). 
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Interestingly, the interaction between L1CAM and b1 may be limited to adhesion, rather than 

additionally impacting on Na+ current. Whole-cell patch clamp recording revealed no difference in 

the Na+ current properties or TTX sensitivity when L1CAM was overexpressed compared to control. 

This suggests that the Na+ current in MDA-MB-231-L1CAM cells is not functionally different from 

that in the control cells. Given that L1CAM increases Na+ current in hippocampal neurons (Valente et 

al., 2016), interaction between L1CAM, b1, and Na+ current may be cell type-dependent. For 

example, neurons typically express Nav1.1, Nav1.2 and Nav1.6, whereas MDA-MB-231 cells express 

Nav1.5 (Catterall, 2000; Fraser et al., 2005). Thus, a subunit subtype expression in different cell types 

may be important for L1CAM-dependent modulation of Na+ current. In addition, the contrast 

between Valente et al., (2016) and the data in this Chapter may be explained by the possibility that 

not all a subunits can be modulated by L1CAM, e.g. perhaps neuronal VGSCs (Nav1.1, Nav1.2, Nav1.6) 

are L1CAM-sensitive, whereas Nav1.5 is not. A further difference between these results and those of 

Valente et al., (2016) is that they silenced endogenous L1CAM expression by RNAi, whereas the 

present study overexpressed L1CAM. Thus, any L1CAM-dependent effect on Na+ current may be 

saturated in our system. In the future, it would therefore be important to investigate the effect of 

silencing L1CAM in MDA-MB-231 cells.  

 

4.5. Conclusion 

The results in this Chapter add further insight to the conclusions made in Chapter 3. Together, the 

results from both Chapters now clearly indicate that disruption of the Ig domain (through its 

deletion, or the R89C mutation) abrogates b1-mediated adhesive capability and modulation of Na+ 

current density. However, complex differences between b1 function between non-small cell lung 

cancer and breast cancer cells (Campbell et al., 2013; Nelson et al., 2014) raise the interesting 

possibility that somatic mutations disrupting the Ig domain may have opposing effects in different 

cancer types. The second part of this Chapter focused on L1CAM as a potential functional partner for 
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b1 signalling. However, whilst L1CAM has a role in changing the morphology of the cells to a more 

elongate phenotype and increases adhesion in line with its role as a CAM, it has no effect on the Na+ 

current. Furthermore, it is still not clear whether or not b1 interacts directly with L1CAM. L1CAM in 

breast cancer cells may exclusively increase cell invasiveness through cell adhesion and downstream 

signalling, rather than through an ion conduction-dependent mechanism. In addition to its 

hypothesized role in triggering EMT, the ability of L1CAM to alter the cells to a more invasive 

morphology, combined with its adhesive properties, make it a relevant therapeutic target worthy of 

continued investigation (Shtutman et al., 2006). However, further work is required to establish 

whether L1CAM is a functional modulator of VGSC activity in tumour cells. 
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5. Production of aptamers targeting the b1 subunit 

extracellular domain 
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5.1. Introduction 

 

Given that overexpressing b1 in MDA-MB-231 cells results in a more invasive phenotype and that b1 

expression is increased in breast cancer samples compared to control breast tissue (Nelson et al., 

2014), it is possible that specific targeting of b1 may abrogate its ability to interact with other cell 

surface molecules. This could result in a loss of adhesion, process outgrowth, invasion and other 

cellular functions which depend on b1 mediated binding (Brackenbury et al., 2008a; Chioni et al., 

2009; Brackenbury et al., 2010; Nelson et al., 2014; Patel & Brackenbury, 2015). One potential 

approach that could be used to inhibit b1 function is to use aptamers targeting the extracellular Ig 

domain. Aptamers have been successfully developed to distinguish cancer cells and to act as delivery 

agents for both imaging probes or targeted therapeutics (Cerchia & de Franciscis, 2010). 

Furthermore, aptamers have been used previously to target CAMs and other plasma membrane 

proteins on cancer cells, including EpCAM, CD133 and CEA (Shigdar et al., 2011; Orava et al., 2013; 

Shigdar et al., 2013). In the case of CEA, blocking its adhesive function using aptamers inhibited 

peritoneal tumour nodule formation in vivo (Orava et al., 2013). Given these observations, we 

therefore proposed to generate aptamers to inhibit b1 function in breast cancer cells. 

 

Aptamer production using the SELEX approach requires approximately 5 mg of purified target 

protein (Blackwell & Weintraub, 1990; Charlton et al., 1997; Manley, 2013). Attempting to purify b1, 

which is a type 1 transmembrane protein, from cell lysates runs the risk of potential changes in 

conformation and post-translational modifications given the stringent conditions required to purify 

transmembrane proteins. An alternative approach would be to utilise b1B, the soluble secreted 

splice variant of b1 (Patino et al., 2011). During alternative splicing of SCN1B, b1B is produced by 

transcribing an extended exon 3 (exon 3A) which includes a premature stop codon (Qin et al., 2003). 

Thus, b1B shares an identical N-terminal region with b1, including the Ig loop, but the C-terminal 



 

140 
 

region only shares 33 % homology with b1 (Qin et al., 2003). To be effective against b1, the 

aptamers selected using b1B would need to bind to the extracellular domain. 

 

Secreted b1B has been successfully isolated from conditioned medium using Ni2+ bead-based His-tag 

purification (Patino et al., 2011). Patino et al. (2011) stably expressed b1B in CHL cells. However, as 

post-translational modifications may vary between species cell type, and our goal was to purify 

aptamers against a target on human cancer cells, we chose HEK293T cells as the expression system 

(Pham et al., 2003). Given the substantial amounts of purified protein required to perform SELEX, it 

was also necessary to increase production and/or capture of b1B in order to maximise yield. One 

way to increase expression/yield is through the addition of specific tags. For example, the FC tag, 

from the constant domain of IgG, has been shown to increase protein secretion (Dalton & Barton, 

2014).  

 

One issue with the selection of aptamers against protein purified protein is that post-translational 

modifications can differ between cell lines, which may affect target specificity (Croset et al., 2012). It 

is therefore desirable to select aptamers against the protein of interest in a close to a native 

environment as possible. Thus, cell-SELEX using MCF-7 breast cancer cells was planned for later 

selection rounds given the abundance of endogenous β1 expression in this cell line relative to other 

breast cancer cell lines (Cooper, 1999; Hicke et al., 2001; Chioni et al., 2009; Nelson et al., 2014; 

Darmostuk et al., 2015). The efficiency of cell-SELEX can be improved through the addition of a 

subtractive step in which non-specific aptamers are removed through binding to a negative counter 

selection cell line which does not express the protein of interest (Shangguan et al., 2006). For 

negative selection, we planned to generate an MCF-7 line in which β1 expression was knocked-out 

using CRISPR/cas9. 
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Efficiency of cell-SELEX can be further improved through the use of FACS combined with fluorescent 

aptamers (Mayer et al., 2010). FACS affords a far greater partitioning efficiency for cells with bound 

aptamers, reducing the number of non-specific aptamers carried over and therefore theoretically 

reducing the number of cycles required (Zhang et al., 2010). FACS also presents the opportunity to 

remove dead cells which may act as non-specific sinks taking up the fluorescent aptamers and 

therefore acting as false positives. Commonly, dead cells are removed in FACS studies based on 

cellular granularity and size (Mayer et al., 2010). However, the use of vital dyes could afford a more 

effective means of partitioning and removing dead and apoptotic cells, thus reducing the number of 

rounds of selection required. Removal of apoptotic cells by FACS during cell-SELEX has not been 

attempted before. 

 

5.2. Hypothesis and Aims 

 

The purpose of the set of experiments in this Chapter was to select aptamers targeting the 

extracellular Ig domain of b1 that could then be used for experimental and potentially diagnostic and 

therapeutic purposes. The hypothesis of this Chapter was that aptamer-mediated binding to b1 would 

result in an abrogation of its adhesion function.  

 

The overall goal was to select aptamers specific to b1 and determine how these aptamers affect b1 

function. The specific aims were as follows: 

1. To purify b1 from HEK293T cells for SELEX. 

2. To generate a negative selection tool for cell-SELEX by knocking out b1 in MCF-7 cells using 

CRISPR/cas9. 

3. To select aptamers using FACS-based cell-SELEX. 

4. To determine the effect of aptamers on b1-mediated adhesion. 
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5.3. Results 

5.3.1. Optimisation of transfection for maximum expression 

In order to generate sufficient quantities of b1B for purification and subsequent aptamer selection, 

the first step was to express b1B in HEK293T cells. Agilent Xl10 ultracompetent cells were 

transformed with an SCN1B construct and a V5/His-tag subcloned into pcDNA3.1. DNA was 

extracted from successfully transformed colonies and the SCN1B construct was amplified by PCR. 

The PCR products were run on a 0.5 % agarose gel. Eight colonies were successfully transformed 

(Figure 5.1A). Samples were sequenced and the resultant amino acid sequence from the sample 

showing greatest homology to the rat b1B reference sequence is shown in Figure 5.1B. DNA from 

this clone was used for subsequent transfections. HEK293T cells were next transfected with the 

pcDNA3.1 plasmid containing b1BV5 using Fugene 6. To verify successful transfection and determine 

the optimum time for harvesting after transfection, transiently transfected cells were harvested 

after 24 h, 48 h, 72 h, or 96 h and a Western blot was carried out (Figure 5.2A). a-tubulin was used 

as a loading control (Figure 5.2B). The presence of b1 protein (~37 kDa) confirmed that the 

transfection was successful. The expression was strongest in cells harvested 96 h after transfection. 

To keep costs down, polyethylimine (PEI) was planned to be used for larger-scale transfections 

(~50,000,000 cells), instead of Fugene 6. Thus, next the optimum DNA:PEI ratio had to be 

determined. Cells transfected with Fugene 6 were used as a positive control, and cells treated with 

PEI but no DNA were used as a negative control. A HEK293T cell line stably expressing b1BV5 was 

also generated to save time and avoid repeated transfections going forward (Figure 5.3A, B), but 

expression was notably lower than for transiently transfected cells. The optimal DNA:PEI ratio for 

maximum b1B-V5 expression was 1:3 (Figure 5.3A, B), yielding a level close to that seen when cells 

were transfected with Fugene 6. In conclusion, this set of experiments generated a set of optimum 

conditions for transfecting b1B into HEK293T cells using PEI. 
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Figure 5.1 PCR products and sequences from clones transformed with a pcDNA3.1 plasmid containing SCN1B. 

(A) PCR amplification and gel electrophoresis from bacterial colonies transformed with a pcDNA3.1 plasmid 
containing SCN1B (lanes 1-4, 6, 7, 9, 11). All lanes showed a band at the expected weight of ~1100 bp. Lanes 5, 
8, 10 were intentionally left empty. (B) Comparison of the cloned product query sequence against NCBI 
reference sequences for human (“NCBI”) and Rat SCN1B. Red highlights mismatches in amino acid sequence. 
Green highlights the Ig region. Purple highlights the signal peptide. Grey highlights the transmembrane 
domain. Yellow highlights tyrosine 181. Blue highlights the cysteines involved in making the disulphide bridge. 
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Figure 5.2 Western blot showing β1BV5 expression in HEK293T cells at various time points after transient 
transfection. 

(A) Western blot of β1BV5 expression (38 kDa) in HEK293T cells at indicated times after transfection, probed 
with anti-V5 antibody. (B) Membrane was stripped and re-probed with α-tubulin as a loading control. 

Figure 5.3 Western blot showing the optimum DNA:PEI ratio for transient transfection. 

(A) Western blot showing the levels β1BV5 expression in HEK293T cells transfected with different ratios of 
DNA:PEI, cells transfected with Fugene-6 as a positive control, a negative control where no DNA was added to 
the PEI, and a cell line stably expressing β1BV5. (B) Blot was stripped and reprobed with α-tubulin as a loading 
control. Experiment was repeated twice with the same results. 
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5.3.2. b1B is present in the soluble fraction 

To design an appropriate purification protocol, it was first necessary to establish whether b1B was 

expressed predominantly in the soluble cytosolic or insoluble membrane fractions of the cell. Cells 

were transfected with b1BV5/His, protein harvested after 96 h, and cytosolic and insoluble fractions 

separated using centrifugation. Both fractions were split into three equal aliquots and then run on 

an SDS-PAGE gel. GAPDH and the transferrin receptor, CD71, were used as controls for the soluble 

and insoluble fractions, respectively (Brackenbury et al., 2008a). b1BV5/His was largely, but not 

exclusively, present in the soluble fraction with GAPDH (Figure 5.4A, B). When separating the two 

fractions it was not possible to remove all the supernatant (soluble fraction) from the pellet 

(insoluble fraction) without disturbing the pellet. Therefore, some of the b1BV5/His and GAPDH seen 

in the insoluble fraction may be contamination from the soluble fraction. CD71 was exclusively 

present in the insoluble fraction as expected (Figure 5.4C). The addition of Triton X100 to solubilise 

proteins in the insoluble fraction slightly increased the CD71 yield (Figure 5.4C). In conclusion, b1B 

was mainly present in the soluble fraction of transfected cells and this was therefore used for 

purification. 

 

5.3.3. Optimization of the purification protocol 

It was planned to use Ni2+ beads for His-tag purification. It was first necessary to establish whether 

this method could be used to purify the His-tagged protein and also determine at what 

concentration of imidazole b1BV5/His would uncouple from the beads. Protein was extracted from 

cells and purified using a Ni2+ column before being subjected to elution washes with increasing 

concentrations of imidazole. β1BV5/His was present in the sample applied to the beads and 

uncoupled in 500 mM and 1 M imidazole; no detectable β1BV5/His remained coupled to the Ni2+ 

beads (Figure 5.5A). However, staining an SDS-PAGE gel of the same samples with Fairbanks 

Coomassie solution showed a considerable number of additional proteins were also present at 

similar levels in all the eluates (Figure 5.5B). This process was attempted eight times, increasing the  
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Figure 5.4 Comparison of b1BV5 expression in the soluble and insoluble fractions of transfected HEK293T cells. 

(A) Equivalent amounts of the whole cell lysate, soluble fraction, insoluble fraction, and insoluble fraction 
treated with 1 % Triton X-100 and probed with a mouse anti-V5 primary antibody. (B) Membrane was stripped 
and re-probed with a mouse anti-GAPDH antibody as a control for the soluble fraction. (C) The membrane was 
stripped and re-probed with a mouse anti-CD71 antibody as a control for the insoluble fraction. 
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number of different imidazole concentrations in an attempt to uncouple His-rich proteins from the 

Ni2+ beads at the lowest concentration possible. The gels in Figure 5.5 show the final attempt at 

purification with the highest number of washes and intermediate imidazole concentrations. Previous 

attempts often resulted in either absent protein or poorly defined bands. In conclusion, this Ni2+ 

Figure 5.5 Binding and uncoupling of the soluble fraction of lysates of HEK293T cells transfected with b1BV5. 

Equivalent volumes (50 µl) of applied sample, flow through after initial coupling to beads, washes in increasing 
concentrations of imidazole in the range 20 mM – 1 M, and Ni2+ beads, were loaded onto a 12 % SDS-PAGE gel. 
(A) Gel was transferred to a nitrocellulose membrane and probed with a mouse anti-V5 antibody. (B) Gel 
stained with Fairbanks Coomassie to show all the proteins present at each stage during the protocol. The 
soluble fraction of transfected HEK293T cells confirmed for b1BV5 expression previously was used as a positive 
control. 
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purification protocol was considered not to be appropriate for purifying b1BV5/His protein from 

HEK293T cells. 

 

5.3.4. Creation of pOPINTGneo vectors 

As Ni2+ affinity-based purification was found not to be an appropriate approach, three new vectors 

were created with human b1B, followed by either a His-tag, a CD4-tag followed by a His-tag, or an 

FC-tag followed by a His tag. The tags were chosen as they could possibly increase secretion to 

enable purification from conditioned culture medium (Dalton & Barton, 2014). As controls to test for 

expression, cells were transfected with three vectors, one containing a gene for a protein which is 

secreted in lesser amounts (9816), another which is secreted in large quantities (6218), and eGFP. 

The vectors were transfected into HEK293T cells to test whether they promoted secretion of b1B to 

the medium. Unfortunately, although the three positive controls were present in the medium to 

varying extents, b1B was not detectable (Figure 5.6). Therefore, neither of these new vectors were 

suitable for expression/purification of b1B from the medium. This work was carried out as a single 

attempt during a visit to the MRC Oxford Protein Production Facility (OPPF), with the assistance of 

Dr Joanne Nettleship. Finally, a protein production company (National Research Council Canada) was 

hired to purify b1B. Unfortunately, they were also unable to purify b1BV5 from cell lysate or 

conditioned medium. It was therefore decided to change approach and instead use cell-SELEX for 

aptamer selection. 

 

5.3.5. Knocking out b1 expression in MCF-7 cells 

Given that target purification had been unsuccessful, the revised plan was to use the cell-SELEX 

approach on wild type MCF-7 cells (positive selection) and MCF-7 cells in which b1 had been 

knocked out (negative selection). The CRISPR/cas9 system (Ran et al., 2013) was chosen over other 

established permanent silencing methods such as zinc-finger nucleases (ZFNs) and transcription 

activator-like effector nucleases (TALENs) (Gaj et al., 2013). At the time, commercially-available 
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CRISPR guide RNAs were available for b1 (Section 2.18), whereas no such constructs were readily 

available for ZFNs or TALENs. The vectors containing the guide RNAs did not allow for selection of 

successfully transfected cells with an antibiotic but did contain GFP, so FACS was used to select 

successfully transfected cells (Section 2.19). Control (non-transfected and mock transfected) cells 

were compared against cells transfected with the GFP-guide RNA construct. Gates were set using the 

controls, and the number of transfected cells appeared shifted to the right on the FITC log scale 

compared to the controls, with no difference on the phycoerythrin channel (PE log) (Figure 5.7 and 

Figure 5.8). In total, ~104 GFP-expressing MCF-7 cells were sorted and these were grown in a 35 mm 

dish and 12 colonies grown from picked single cells. The colonies were then grown up for 

downstream analysis (next section).  

Figure 5.6 Western blot of medium from cultured HEK293T cells transfected with the pOPINTTGneo b1B 
constructs. 

The Western protocol used at the MRC OPPF differed from that described in Methods. Briefly, 20 µl of medium 
was collected and 20 µl of sample buffer. Sample was boiled and 20 µl loaded onto a 12 % acrylamide gel. 
Membrane was probed with a mouse anti-His antibody in 5 % non-fat dry milk PBST for one hour. After 
washing, the membrane was then probed with a goat anti-mouse secondary antibody overnight. The 
membrane was imaged with a chemi-imager with a 30 ms exposure time. β1B-His, β1B-CD4 and β1B-Fc were 
the experimental constructs. 9816, 6218 and the eGFP containing plasmids were positive controls. The 
identities of 9816 and 6218 were not disclosed by the OPPF. This western blot was carried out with the help of 
Dr Joanne Nettleship at the OPPF.  
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A
(i) (ii)

B
(i) (ii)

C (i) (ii)

*

Figure 5.7 Fluorescence-activated cell sorting of MCF-7 cells transfected with GFP-expressing CRISPR vector. 

(A) Cell count of non-transfected MCF-7 cells. (B) Cell count from mock-transfected MCF-7 cells (no DNA). (C) Cell 
count from MCF-7 cells transfected with GFP-expressing CRISPR vector. Left-hand panels (i): Side scatter on log 
scale (SS Log) vs. forward scatter on linear scale (FS Lin). Selected area R1 encompasses the live cells of expected 
size and granularity. Right-hand panels (ii): Histograms of cell counts along FITC log scale. Asterisk in (Cii) 
indicates the GFP-expressing cells. 
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Figure 5.8 Total cell count of CRISPR cells sorted by GFP fluorescence. 

PE log plotted vs. FITC channel (FITC log) for non-transfected MCF-7 cells (A), mock-transfected MCF-7 cells (B), 
and MCF-7 cells transfected with GFP-expressing CRISPR vector (C). The non-transfected and mock transfected 
cells were used to set the gates outside of GFP expression. PE, the next detector channel along, was used to 
help detect potentially weakly expressing proteins more cleanly than using FITC/GFP detector alone. Cells 
expressing GFP show a rightward shift on the FITC scale. 
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5.3.6. Selecting MCF-7 clones deficient for b1 

One of the complications with performing a CRISPR/Cas9-mediated deletion of a gene in MCF-7 cells 

is that this cell line is potentially tetraploid and has been shown to have unstable chromosomes 

(Kleensang et al., 2016). A surveyor mutation assay (Section 2.20; a method by which DNA mutations 

and polymorphisms can be detected) was used to determine which of the selected 12 colonies had 

all copies of SCN1B gene successfully mutated (Vouillot et al., 2015). Briefly, the surveyor assay 

requires mixing the genomic DNA of control cells with those of cells which have been potentially 

mutated, and the DNA allowed to bind after melting. It is assumed, in this method, that ~25 % of the 

DNA binding will be from a mix of both the control and mutated DNA. Therefore, this binding should 

result in a mismatch. The surveyor nuclease should be able to detect the mismatch and cleave the 

DNA, which can then be visualized on an agarose gel (Ran et al., 2013). Initially, the standard method 

of the surveyor mutation assay with mixed genomic DNA was carried out. This was to determine 

whether at least one copy of the SCN1B gene had been mutated. To determine whether all four 

copies have been mutated, a variant of this method was used in which the DNA was not mixed. By 

not mixing the genomic DNA of clones which have at least one copy of SCN1B mutated, if no 

cleavage products are seen, then these clones should have had all copies of the SCN1B gene 

mutated. The genomic DNA was extracted from each clone and the surveyor mutation assay carried 

out first on mixed genomic DNA (Figure 5.9A, B). As cleavage products were seen in MCF-7-Db1 

clones 1, 2, 4, 6, 7, 8, 9, and 10, these clones were used for the next surveyor mutation assay. The 

genomic DNA of pure unmixed mutant clones was not mixed, and the surveyor mutation assay 

revealed that only clones 4, 9 and 10 were not cleaved (Figure 5.10). This result showed that these 

are the only three clones where all four copies of SCN1B have been mutated. A qPCR and Western 

blot were then carried out on clones 4 and 9, confirming knock-out of b1 mRNA and protein 

expression (Figure 5.11A, B). Clone 4 was used for all subsequent experiments, and the resultant cell 

line named MCF-7-Dβ1. In conclusion, this set of experiments successfully generated a b1 knock-out 

MCF-7 cell line that could be used for a negative selection step in cell-SELEX. 
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Figure 5.9 Surveyor mutation assay for MCF-7 clones successfully transfected with CRISPR/Cas9 plasmid 
targeting SCN1B. 

(A) Cleavage products for Clones 1-6. (B) Cleavage products for Clones 7-12. The assay was carried out using a 
heterogenous mixture of wild type and potentially mutant clone gDNA from MCF-7 cells transfected with a 
CRSIPR/cas9 plasmid. Clones 1, 2, 4, 6, 7, 8, 9, and 10 showed cleavage by the surveyor nuclease, indicating 
that these clones contained at least one copy of the SCN1B gene mutated. 

 

Figure 5.10 Second Surveyor mutation assay for MCF-7 clones which had at least one mutated copy of SCN1B. 

Gel shows results of a second Surveyor assay in which homogenous gDNA was used from each clone (without 
mixing with wild type DNA). Clones 4, 9, and 10 had no cleavage products, indicating that these clones had all 
copies of the SCN1B gene mutated.  
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5.3.7. FACS-based aptamer selection using live cells 

Cell SELEX, using MCF-7 cells, was next undertaken for aptamer selection. The MCF-7 cells were used 

for positive selection of aptamers, whilst the MCF-7-Db1 cells were used for negative selection. A 

novel approach was employed, using FACS-based aptamer selection in which apoptotic and dead 

cells, which could act as false positives, were identified and removed using dyes. DRAQ-7 was used 

to remove dead cells whilst TMRE was used to isolate non-apoptotic cells (Section 2.19). Using these 

dyes, FACS gating was used to isolate only live cells (Figure 5.12). As TMRE only stains cells which are 

not apoptotic, a positive shift was seen in the PE-Texas Red log scale for healthy cells (Figure 5.12). 

DRAQ-7 stains dead cells and this is seen as a positive shift in the allophycocyanin (APC)-Cy7 log 

scale (Figure 5.12). Combining this live cell selection with the use of FITC-modified aptamers, it was 

possible to isolate live, healthy, strongly fluorescing cells, with FITC-modified aptamers bound to 

them in the 488-526 log scale, in the same sort. 

 

Figure 5.11 Evaluating lack of b1 expression in MCF-7-Db1 clones 4 and 9. 

(A) QPCR showing SCN1B mRNA level in MCF-7 and MCF-7-Db1 clones 4 and 9 (n=3). (B) (i) Western blot 
showing b1 expression (38 kDa) in MCF-7 and MCF-7-Db1 clones 4 and 9, probed with anti-b1 N-terminus 
antibody. (ii) Membrane was stripped and re-probed with a-tubulin as a loading control. 
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Aptamer selection proceeded as follows: a pool of commercially available synthesised FITC-modified 

DNA aptamers was allowed to bind to the target cells in suspension (Section 2.24). Next, unbound 

aptamers were removed by spinning the cells down and removing the supernatant, after which the 

cells with bound aptamers in DMEM underwent FACS. For the first three rounds, parental MCF-7 

cells were used for positive selection of aptamers binding to the surface. In the fourth round, a 

negative selection step was added by pre-incubating the aptamers with MCF-7-Db1 cells and using 

the unbound aptamers (supernatant) for subsequent positive selection. The histogram after the first 

sorting is shown in Figure 5.13. The histogram shows which cells were selected for (pink and green 

regions – only the top 40 % of live fluorescing cells) and shows the false positive of dead cells 

fluorescing strongly in the 488-526 nm range. As the rounds progressed, a noticeable shift in the 

488-526 nm scale was visible suggesting that with each round, the aptamers were becoming more 

specific to MCF-7 cells (Figure 5.14). Only after round four, where the negative selection step was 

AP
C-
Cy
7-
Lo
g

PE-Texas	 Red	Log

Dead

Apoptotic

Figure 5.12 Dot plot of healthy, apoptotic and dead cells in flow cytometry. 

TMRE (PE-Texas red log scale) was used to distinguish apoptotic vs. non-apoptotic cells and DRAQ-7 (APC-Cy7 
Log scale) was used to distinguish live from dead cells. TMRE uptake, seen as a rightward shift on x-axis, 
signified live and healthy cells. DRAQ-7 uptake, seen as an upward shift on y-axis, signified dead cells. Cells 
were gated on the region labelled R2 for live and healthy cells for all subsequent sorts. 
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introduced, was a leftward shift seen. The leftward shift was likely due to the removal of a large 

number of different sequences which were not binding to β1 being in the negative selection step. 

Therefore, the number of remaining sequences was likely comparatively smaller than for round 3, 

explaining the shift. In round six, a strong rightward shift was seen compared to the previous round, 

thus it was decided that this would be the final round because the majority of the aptamers were 

binding strongly to the cells, yielding a strong fluorescence reading. In conclusion, a novel variant of 

the cell-SELEX approach was adopted to select aptamers targeting b1. By using FACS to exclude both 

dead and apoptotic cells, in combination with a negative selection step using MCF-7-Db1 cells, it was 

possible to generate an aptamer pool in only six rounds of selection. 

 

5.3.8. Amplification and preparation of aptamers 

Within each round of selection, it was necessary to amplify and prepare aptamers for the 

subsequent round. Once cells with bound aptamers had been sorted by FACS after each round of 

 
Figure 5.13 Histogram from the first round of cell-SELEX. 

Apoptotic cells (white area under dotted line) have been removed. Dead cells, which have likely internalised 
significant amounts of aptamers, are strongly fluorescing (grey right-hand peak). For each round of selection, 
the top 40 % of live fluorescing cells were taken. These were sub-divided into intermediate and strongly 
fluorescing live cells, shown as the pink and green regions. 
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selection, aptamers were separated from the cells by heating to 95 ˚C, and then amplified using a 

symmetric PCR, after which a semi-quantitative PCR was used to determine ideal number of cycles 

for clean double stranded material with no artefacts from over cycling PCR contents. An aliquot of 

PCR product at each cycle was run on a gel to determine the number of cycles required to amplify 

aptamers without forming artefacts (Figure 5.15A). Aliquots of the product were then amplified 

again initially using a semi-asymmetric PCR to amplify the forward strand in abundance with FITC-

modified primers to determine the ideal number of cycles for the maximum intensity band of single 

stranded material, followed by a semi-asymmetric PCR to amplify the aptamers to form the next 

pool for selection (Figure 5.15B). The unwanted double-stranded PCR products were removed by 

digestion using lambda nuclease. It was necessary to ensure only single stranded DNA was used for 

selection because double stranded DNA may result in off target hybridisation between aptamers 

leading to abnormal folding. Specifically, the primers used in the asymmetric amplification contained 

a PO4 modification which allowed the lambda digest to begin digestion of that strand. This also 

ensured that the correct strand of the two was digested. Exonuclease-1 was used to treat a small 

sample of product to confirm presence of single-stranded DNA aptamers (Figure 5.15C). Following 

each amplification and the digestion step, aptamers were bead purified and eluted in water (Section 

2.26). Aptamers were then ready to commence the next round of selection. 

 

5.3.9. Confirmation of binding 

Following the six rounds of selection, it was necessary to next characterise the ability of the 

aptamers to bind to b1 in situ. Confocal microscopy was used to confirm binding of aptamers after 

the final selection and amplification using fluorescently modified primers (Section 2.23). Aptamers 

bound much more strongly to MCF-7 cells than MCF-7-Db1 cells, evidenced by stronger FITC signal in 

the wild type cells (Figure 5.16A-C). The aptamers were likely binding to b1 and/or another protein 

which may have been upregulated following the knocking-out of b1. Interestingly, a small amount of  
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Figure 5.15 Amplification of aptamers. 

(A) Representative symmetric cycle course PCR determining the optimum number of cycles required to amplify 
double stranded DNA aptamers without PCR artefacts. For this round, 11 cycles was determined to be the 
optimum. (B) Asymmetric PCR with a FITC-modified forward primer used to amplify aptamer sequences. The 
FITC-modified forward primer was in excess of reverse primer. (C) Products of asymmetric PCR digested with 
either Exonuclease-1 or Lambda nuclease to remove single- or double-stranded DNA, respectively. Double-
stranded DNA runs at an apparent lower weight than single-stranded DNA due to coiling and supercoiling. 
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A B

C

Figure 5.16 Confocal micrographs of MCF-7 cells treated with aptamers. 

(A) MCF-7 cells fixed on coverslips and incubated with FITC- modified aptamers (40 pmol per coverslip) 
following the final round of cell-SELEX. (B) MCF-7-Db1 cells incubated with the same set of fluorescent 
aptamers showing much weaker binding. (C) Image from (B) with contrast enhanced to indicate presence of 
cells and very weak signal. Scale bar = 20 µm. 
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signal is visible from within the cells. This could be due to aptamers entering the cells or signal from 

the plasma membrane dipping into the focal plane from above and/or below. In conclusion, the 

confocal microscopy data suggest that the aptamers specifically bind to b1 on MCF-7 cells. 

 

5.3.10. Aptamer binding to b1 inhibits adhesion 

Given that the aptamers appeared to bind specifically to MCF-7 and not MCF-7-Db1 cells, we next 

evaluated the effect of the aptamers on blocking b1 function. Given the critical role of b1 in 

regulating cell-cell adhesion, it was decided to study the effect of the aptamers in an adhesion assay. 

First, the effect of knocking-out b1 on adhesion of MCF-7 cells was determined (Figure 5.17A). 

Knock-out of b1 significantly increased the normalised particle count in MCF-7-Db1 cells after 30 min 

(0.75 ± 0.09) compared to MCF-7 cells (0.51 ± 0.05; P < 0.05; n = 3, 10 fields of view per n; Figure 

5.17B), consistent with a reduction in adhesion in the absence of b1. The next step was to determine 

whether the aptamers could inhibit b1-mediated adhesion in wild type MCF-7 cells. An adhesion 

assay using MCF-7 cells was performed in the presence vs. absence of aptamers. (Figure 5.18A). 

Salmon sperm DNA was used a negative control. The normalised particle count of MCF-7 cells with 

aptamers added (0.80 ± 0.06) was significantly higher after 30 min than for the control cells (0.61 ± 

0.04; P < 0.05; n=3, 10 fields of view per n; Figure 5.18B), consistent with a reduction in adhesion in 

the presence of aptamers. 

 

Although the aptamers inhibited adhesion in MCF-7 cells, this did not necessarily mean that they 

were doing so by inhibiting b1 function. To specifically test this, the same adhesion assay was next 

carried out using MCF-7-Db1 cells (Figure 5.19A). There was no significant difference in the 

normalised particle count between the MCF-7-Db1 cells with salmon sperm DNA compared to 

aptamers (Figure 5.19B). In conclusion, the data from these adhesion assays suggest that the 

aptamers inhibited the adhesion of MCF-7 cells by specifically binding to, and abrogating the 

function of, the extracellular b1 Ig domain.   
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Figure 5.17 Effect of knocking-out β1 on adhesion of MCF-7 cells. 

(A) Representative images of MCF-7 cells in an adhesion assay. (i) Bright field images of parental MCF-7 cells. 
(ii) Bright field images of MCF-7-Db1 cells. Scale bar = 50 µm. (B) Normalised particle count from control MCF-7 
cells and experimental MCF-7-Db1 cells. A two-sample t-test was used to test for significance at each time 
point (*P < 0.05). 
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Figure 5.18 Effect of aptamers selected against β1 on adhesion of MCF-7 cells. 

(A) Representative images of MCF-7 cells in an adhesion assay with aptamers. (i) Bright field images of control 
MCF-7 cells treated with salmon sperm DNA. (ii) Bright field images of MCF-7 cells treated with aptamers. 
Scale bar = 50 µm. (B) Normalised particle count from control MCF-7 cells treated with salmon sperm DNA and 
MCF-7 cells treated with aptamers selected against β1. A two-sample t-test was used to test for significance at 
each time point (**P < 0.01; *P< 0.05). 
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Figure 5.19 Effect of aptamers selected against β1 on adhesion of MCF-7-Db1 cells. 

(A) Representative images of MCF-7-Db1 cells in an adhesion assay with aptamers. (i) Bright field images of 
control MCF-7-Db1 cells treated with salmon sperm DNA. (ii) Bright field images of MCF-7-Db1 cells treated 
with aptamers. Scale bar = 50 µm. (B) Normalised particle count from control MCF-7-Db1 cells treated with 
salmon sperm DNA and MCF-7-Db1 cells treated with aptamers. A two-sample t-test was used to test for 
significance at each time point (P > 0.05). 
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5.4. Discussion 

 

It has been shown previously that b1 is up-regulated in breast cancer cells compared to normal 

breast tissue (Nelson et al., 2014). In addition, over-expression of b1 increases mammary tumour 

growth and metastasis in mice (Nelson et al., 2014). It has been proposed that b1 promotes tumour 

progression and metastasis via an adhesion-dependent mechanism, which increases mesenchymal-

like neurite formation, promoting local invasion (Nelson et al., 2014). The data in the preceding 

Chapters add to this body of evidence, showing that the Ig domain of b1 is critical for its adhesion 

function. Furthermore, the b1 Ig domain positively regulates Na+ current in breast cancer cells. Given 

the critical role of VGSC-mediated Na+ current in promoting tumour growth, invasion and metastasis 

(Nelson et al., 2015), these data collectively suggest that the b1 Ig domain may be a useful target for 

inhibiting adhesion, process outgrowth, Na+ current, and invasion. Therefore, there may be 

considerable therapeutic potential for compounds that could be produced to inhibit function of the 

b1 Ig domain, particularly to reduce tumour progression and metastasis. To address this possibility, 

the overarching goal of the experiments in this Chapter was to develop aptamers that could be used 

to inhibit b1 function. 

 

The initial approach was to use the SELEX method, for which purified target protein is required 

(Blackwell & Weintraub, 1990; Charlton et al., 1997; Manley, 2013). Several attempts were made to 

express and purify the soluble b1B splice variant from HEK293T cells, without success. Although 

b1BV5 was robustly expressed in the soluble fraction of cell lysates, many other His-rich proteins 

were also present when analysed by Coomassie stain, and it was not possible to isolate b1B by Ni2+ 

affinity purification. It has been shown previously that HEK293T cells contain a considerable number 

of His-rich proteins (Ohana et al., 2011). However, the Ohana et al., study should be interpreted with 

caution, as this study is promoting the Halo-tag purification method, a commercially available means 

of purifying proteins from cells. An alternative attempt, adding C-terminal His, CD4-His or FC-His 
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fusion tags to increase secretion and then purifying secreted b1B from cell medium, was also 

unsuccessful. The addition of an Fc tag to constructs has previously been shown to result in secretion 

of the protein by solubilizing hydrophobic regions of proteins  (Lo et al., 1998; Czajkowsky et al., 

2012), however, in our case, secreted b1B was still below detectable levels. One explanation for this 

is a possible lack of expression of b1B. Whole cell expression was not tested with these constructs, 

so it was not possible to determine whether the cells were successfully transfected. Another 

explanation for the lack of detectable secreted protein, assuming that the constructs were being 

expressed, is that the protein was being overexpressed to such an extent that it became aggregated 

within the cells. This explanation is plausible given that b1 can adhere homophilically (Malhotra et 

al., 2000), however, the possibility was not examined due to time constraints. Interestingly, another 

group was able to successfully express b1BV5 in CHL cells and purify it from conditioned medium 

using a Ni2+ column (Patino et al., 2011). It is not clear why this attempt worked whereas ours did 

not. One possible explanation may lie with the different cell lines used. CHL cells, successfully used 

by Patino et al., (2011) were not used for this project as the aim was to purify the protein from a 

human cell line, given that post-translational modifications may vary between cell line species, and 

that aptamers recognise target shape rather than protein sequence (Croset et al., 2012). Given that 

purification of soluble b1B for SELEX was not feasible, despite considerable troubleshooting, it was 

decided to employ the cell-SELEX aptamer production approach instead. 

 

5.4.1. Aptamer production using the cell-SELEX approach 

Cell-SELEX, in which aptamers are selected using a cell line expressing the target protein of interest, 

can be improved through the addition of a negative selection step in which non-specific aptamers 

are removed using the same cell line lacking the protein of interest (Shangguan et al., 2006). We 

used MCF-7 cells for cell-SELEX, given that this cell line expresses robust levels of b1 (Chioni et al., 

2009; Nelson et al., 2014). However, it was also necessary to generate a b1-null MCF-7 cell line for 
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negative selection. The CRISPR/Cas9 system (Ran et al., 2013) was used to mutate SCN1B in MCF-7 

cells and a complete knock-out cell line was generated. 

 

Cell-SELEX has been used in conjunction with fluorescent aptamers and FACS previously to eliminate 

dead cells during the selection process (Mayer et al., 2010; Ohuchi, 2012). Removing dead cells 

results in the elimination of a considerable number of false positives, which reduces the number of 

cycles required (Mayer et al., 2010). However, apoptotic cells may also act as a sink for aptamers, 

similar to dead cells, therefore also resulting in additional false positives. Thus, in our FACS 

approach, not only did we remove dead cells, but we also removed apoptotic cells based on TMRE 

uptake. A considerable number of apoptotic cells were present in the sorting steps, and if they were 

acting as sinks, binding aptamers non-specifically, they could have significantly reduced the 

specificity of selection of aptamers, dramatically reducing the efficiency of the cell-SELEX process. In 

the Mayer et al., (2010) study, it is possible that at least some of the apoptotic cells were removed 

where the granularity was high. However, in our approach, the use of TMRE revealed that a large 

population of apoptotic cells remained after gating for abnormally large or granular cells. Also, 

surprisingly, the use of DRAQ-7 revealed that a relatively large population of dead cells remained 

after gating for size and granularity.  Therefore, our data suggest that gating for size and granularity 

may not be a sufficient means to removing dead cells in FACS, and the addition of DRAQ-7 and TMRE 

dyes provide a refinement to this approach. 

 

A thorough search of PubMed resulted in no papers reporting removal of apoptotic cells using a 

combination of dyes and FACS during cell-SELEX, suggesting that this approach is completely novel. 

Through the generation of the MCF-Db1 cell line it was also possible to use subtractive cell-SELEX to 

enrich aptamers against b1. Combining the previous methods (Shangguan et al., 2006; Mayer et al., 

2010) with the novel approach of removing apoptotic cells with the use of TMRE, and being more 

conservative by sorting only the top ~40% of the brightest healthy cells, resulted in a reduction in 
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the number of rounds typically required for aptamer selection from 10 rounds to 6, a significant 

improvement considering the time and costs required for aptamer selection (Mayer et al., 2010). 

However, it is not possible to conclude whether it was the removal of the apoptotic cells or the more 

conservative selection of only the brightest cells, or both, which resulted in a decrease of the 

number of rounds.  

 

The specificity of the aptamers amplified from the final round was tested using confocal microscopy. 

The aptamers bound to a much greater extent to MCF-7 cells than to MCF-7-Db1 cells, consistent 

with specificity for b1. Further, the FITC signal from the aptamers was almost wholly present at the 

membrane, suggesting the aptamers were binding to surface proteins only. This distribution is 

consistent with previous studies showing high b1 expression at the plasma membrane (Brackenbury 

et al., 2008a; Chioni et al., 2009; Brackenbury et al., 2010; Nelson et al., 2014; Patel & Brackenbury, 

2015). Very weak fluorescence in MCF-7-Db1 cells suggests that there may have been some limited 

binding of some aptamers to other proteins. It is also possible that some aptamers were also binding 

to proteins which may have been upregulated in MCF-7-Db1 cells following the knock-out of b1. For 

example, it has previously been shown that RNAi-mediated knock down of b1 expression in MCF-7 

cells results in up-regulation of Nav1.5 mRNA and protein (Chioni et al., 2009). However, it is also 

possible that the signal present in micrographs of MCF-7-Dβ1 cells was autofluorescence from those 

cells as opposed to FITC-modified aptamers, or indeed a combination of both. To select a sequence 

which binds specifically to b1, the next step will be to transform bacteria with individual sequences 

and then a small selection of these sequences will be amplified and tested individually for target 

specificity. This part of the project will be continued by another member of the lab. 

 

5.4.2. A role for β1 regulating adhesion of MCF-7 cells 

Knock-down of b1 significantly reduced the adhesion of MCF-7 cells. Similarly, the mixed population 

of b1-targeting aptamers amplified from the final round significantly reduced the adhesion of MCF-7 
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cells. These results suggest that (1) b1 promotes adhesion of MCF-7 cells, consistent with previous 

reports (Chioni et al., 2009), and (2) the aptamers are binding to b1 to inhibit adhesion. 

Furthermore, it is highly likely that the aptamers are specific to b1 as they had no effect on MCF-7-

Db1 cells. These findings are consistent with the data in Chapters 3 and 4 showing that the Ig loop of 

b1 regulates adhesion of MDA-MB-231 cells. The fact that b1 plays a similar role in two different 

breast cancer cell lines suggests that its functional contribution to adhesion may be a general 

phenomenon of breast tumours, rather than a cell-specific feature. It is also consistent with the fact 

that b1 is generally upregulated in clinical breast tumour specimens compared to normal tissue 

(Nelson et al., 2014). 

 

MDA-MB-231 cells are further along the EMT compared to MCF-7 cells, which are more epithelial-

like (Shtutman et al., 2006). The profile of CAMs changes as cells progress through EMT. Notably, E-

cadherin expression is decreased, whereas L1CAM is increased (Shtutman et al., 2006). N-cadherin 

expression is also increased as cells progress through EMT, and cadherin-11 was found to only be 

expressed in MDA-MB-231 cells (Nieman et al., 1999). Thus, the heterophilic binding partners of b1 

may change as cells go through EMT. Therefore, the significant decrease in adhesion of MCF-7-Db1 

cells compared to MCF-7 cells may be due to either homophilic b1-b1 interactions, or heterophilic 

interactions between b1 and another CAM present in these cells, e.g. E-cadherin. Whether such an 

interaction exists remains to be determined and could be tested by screening fibroblast cell lines 

expressing possible binding partners using adhesion assays (McEwen & Isom, 2004; McEwen et al., 

2009). It is likely that both heterophilic and homophilic interactions are responsible for b1-

dependent adhesion in breast tumours in vivo. Heterophilic interactions may occur between b1 and 

other CAMs, including integrin-b1, hepaCAM, and NCAM, which have also been shown to be 

expressed in MCF-7 cells (Takahashi, 2001; Moh et al., 2008). An additional possibility is that b1 

knock-out in MCF-7 cells may result in an altered expression profile of CAMs, which in turn could 

also explain the decreased adhesion. Such a scenario would be consistent with the data in Chapter 4 
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showing that b1 overexpression in MDA-MB-231 cells increased L1CAM expression, and b1 

expression increased in MDA-MB-231 cells overexpressing L1CAM. An intriguing possibility is that 

knocking-out β1 expression in MCF-7 may concurrently silence L1CAM expression. Further work is 

required to evaluate these potential interactions across different breast cancer cell lines. 

 

5.4.3. Conclusion 

The production of aptamers targeting b1 in this Chapter has important implications. Firstly, they may 

prove to be a more specific alternative to currently available b1-targeting antibodies, many of which 

are polyclonal and of variable quality. An improved tool to label and visualise b1 in tissue may be 

useful for deepening understanding of b1 expression in breast tumours and in studies of epilepsy 

linked to abnormal or mutant β1 expression (Chioni et al., 2009; Nelson et al., 2014; Kruger et al., 

2016). Secondly, since the aptamers appear to disrupt adhesion, and as b1 increases breast cancer 

metastasis via an adhesion-dependent mechanism (Chioni et al., 2009; Nelson et al., 2014), these 

aptamers may also have therapeutic value. Thirdly, given that some of the b1 aptamers appeared to 

be internalised in MCF-7 cells, they may also have value for delivery of small molecule therapeutics 

to the intracellular space. The next step would be to test this possibility in a mouse model. Finally, 

the refinements made to the cell-SELEX approach should be of interest to others working in this 

field: the addition of vital dyes to remove both dead and apoptotic cells after gating for abnormal 

size or granularity, alongside stricter gating parameters, results in a more efficient, quicker selection 

process that may yield considerable cost savings during aptamer production.  
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6. Discussion 
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6.1. The knowledge gap 

 

The overarching aim of this project was to understand the role of the Ig loop in both the channel 

modulating and cell adhesion functions of the VGSC β1 subunit and to select a set of aptamers which 

would inhibit these β1-mediated functions. Developing new strategies to target b1 function is 

relevant because VGSC a and b subunits are known to potentiate metastatic behaviours, such as 

migration and invasion, in a range of cancers (Roger et al., 2003; Brackenbury et al., 2007; Roger et 

al., 2007; Chioni et al., 2009; House et al., 2010; Campbell et al., 2013; Nelson et al., 2014; Nelson et 

al., 2015; Roger et al., 2015). 

 

In a range of models focusing primarily on excitable cells, e.g. neurons, β subunits have specifically 

been shown to regulate α subunit gating and kinetics (Isom et al., 1992), mRNA levels (Kim et al., 

2007), and trafficking (Thomas et al., 2007), as well as cell adhesion (Malhotra et al., 2000), neurite 

outgrowth and pathfinding (Davis et al., 2004; Brackenbury et al., 2008a). More recently, a growing 

body of evidence indicates that b subunits also play similar roles in cancer cells (Adachi et al., 2004; 

Diss et al., 2008; Chioni et al., 2009; Hernandez-Plata et al., 2012; Nelson et al., 2014; Bon et al., 

2016). However, whilst recent work shows that β1 expression in breast cancer cells facilitates the 

development of a metastatic phenotype (Nelson et al., 2014), it remains unclear what specific role 

the Ig loop plays in this process. If the Ig loop is instrumental in b1-mediated cancer progression, it 

may serve as a valuable therapeutic target in inhibiting invasion or metastasis. 

 

6.2. The Ig loop is critical for b1 function 

 

Ever since the initial discovery of b1 (Isom et al., 1992), the Ig loop was assumed to be central to its 

function. Indeed, studies in heterologous cells have shown that the extracellular domain is critical 

both for mediating adhesion and regulating Na+ current (Isom & Catterall, 1996; McCormick et al., 
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1998; Malhotra et al., 2000; Meadows et al., 2002; McEwen et al., 2004).  Furthermore, although 

studies have shown that residues outside of the Ig loop are also involved in regulating the a subunit, 

they still require the presence of the Ig loop for correct orientation and function (McCormick et al., 

1998). The data presented in this Thesis broadly agree with these observations. Overexpressing β1-

GFP or β1-V5 increased both Na+ current density and adhesion in MDA-MB-231 cells, consistent with 

previous findings in this cell line (Chioni et al., 2009). Deletion of the Ig domain blocked the adhesion 

and Na+ current-promoting properties of b1 in MDA-MB-231 cells, which is, again, consistent with 

previous observations in heterologous cells (McCormick et al., 1998; Malhotra et al., 2000; Malhotra 

et al., 2002; Malhotra et al., 2004). Together, these data indicate that in MDA-MB-231 cells, as in 

other cell models, the b1 Ig domain is critical to sustain the function of b1 as a CAM and as a 

potentiator of Na+ current. 

 

As the Ig loop contains at least one disulphide bridge, it is possible that a change in the number of 

cysteines present in the Ig loop may impact on the structure and therefore affect proper β1 function. 

Indeed, the inherited mutations C121W, and R85C are associated with epilepsy (Meadows et al., 

2002; Scheffer et al., 2007; Thomas et al., 2007; Wimmer et al., 2010; Kruger et al., 2016). It is likely 

that these mutations result in improper folding of the Ig domain, and as a result, cause impaired 

channel modulation (Meadows et al., 2002; Scheffer et al., 2007; Thomas et al., 2007; Wimmer et 

al., 2010; Kruger et al., 2016). Additionally, the R85C and R85H mutations impair trafficking of β1 to 

the plasma membrane (Thomas et al., 2007; Xu et al., 2007). This Thesis investigated the effect of 

the R89C somatic mutation identified in a lung tumour. Similar to the above heritable epileptogenic 

mutations, R89C resulted in a null phenotype in MDA-MB-231 cells, showing similar 

electrophysiological and adhesive profiles to negative control MDA-MB-231 cells not overexpressing 

b1. Although the structural impact of this mutation is not known, In silico analysis predicted a 

potentially incorrectly folded Ig loop, and western blot analysis demonstrated that the mutant β1 

subunit had a reduced MW. The phenotypic similarities between the β1 Ig domain deletion mutant 
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and the R89C mutant highlight the importance of a correctly folded Ig loop for normal β1 function. 

The results also suggest that if R89C were present in neurons, this mutation would give rise to an 

epileptogenic phenotype.  

 

The R89C mutation abrogated the adhesive function of b1 in MDA-MB-231 cells, inhibited b1 

localisation to the plasma membrane, and also inhibited b1-mediated process outgrowth. These 

data thus support the notion that the mutation disrupts proper folding of the Ig domain, rendering it 

non-functional. These results are broadly similar to those described for the epileptogenic C121W 

mutation, which disrupts adhesion function (Meadows et al., 2002; Wimmer et al., 2010; Kruger et 

al., 2016). However, one interesting difference is that The C121W mutant is expressed at the plasma 

membrane (Wimmer et al., 2015; Kruger et al., 2016). On the other hand, the R85C and R85H 

mutants are not expressed at the plasma membrane (Xu et al., 2007). Given that the R89C-mutated 

β1 was not present at the membrane in MDA-MB-231 cells it is possible that the β1 mutant lacking 

the Ig domain was also not expressed at the plasma membrane, although this was not tested 

directly. Together, these results suggest that although C121 is critical for proper adhesion and 

channel modulating properties of b1, R85 and R89 play an additional role in regulating b1 

externalisation and/or stabilisation at the plasma membrane. Correct plasma membrane expression 

and/or localisation is, in turn, required for β1-mediated regulation of the α subunit and adhesion. 

Further work is required to establish the mechanistic basis of this plasma membrane expression. 

 

Over-expression of b1 constructs and mutants, together with the use of various pharmacological 

tools, elicited diverse effects on channel gating and kinetics, described in detail in the Results 

Chapters. In general, there was very little consistency between these effects. This lack of consistency 

reflects considerable contradictions in the field with respect to the effect of b1 on VGSC gating 

(Brackenbury & Isom, 2011). As regards the inconsistent gating and kinetic data presented in this 

Thesis, technical issues, e.g. inadequate series resistance compensation in some experiments, may 
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have played a role. In addition, there may have been compensatory up or down-regulation of other 

b subunits in MDA-MB-231 cells in response to overexpression of wild-type and mutant b1 subunits 

and/or pharmacological perturbations. A shortcoming of the studies presented here is that the 

expression of the other b subunits was not monitored. Further work is required to evaluate whether 

changes in endogenous b subunit expression could explain some of the variation in the gating and 

kinetics data. 

 

6.3. Cleavage-dependent upregulation of NaV1.7 and the possible role of L1CAM 

 

It is likely that the presence of a properly folded Ig loop extends its influence on other regions of the 

b1 subunit. Indeed, the Ig loop has been shown to be required for correct orientation and function 

(McCormick et al., 1998). In support of this, g-secretase inhibition decreased Na+ current when the Ig 

loop was present but had no effect on cells expressing the b1 mutant lacking the Ig domain. The 

cleavage site for g-secretase on β1 is present intracellularly and therefore in a physically separate 

compartment to the Ig loop (Wong et al., 2005). The prevailing model for secretase-mediated 

processing of b subunits involves sequential cleavage, firstly of the Ig domain by a secretase/BACE1, 

followed by cleavage of the intracellular domain by g secretase (Kim et al., 2005; Kim et al., 2007). 

Thus, this result suggests that absence of the Ig domain would disrupt the sequential cleavage 

process by secretase enzymes. Given that the C121W, R85C/H and R89C mutations inhibit the b1-

mediated increase in Na+ current density, an interesting possibility is that some or all of these 

mutations might disrupt secretase cleavage. The pharmacological data presented in this Thesis are 

consistent with b1 over-expression in turn promoting plasma membrane levels of Nav1.7. 

Furthermore, treatment with DAPT suggests that g-secretase-mediated cleavage of β1 is required for 

the increase in Na+ current. Taken together with previous reports (Kim et al., 2005; Wong et al., 

2005; Kim et al., 2007), these findings suggest that proteolytic release of the b1 intracellular domain 

may be required to regulate functional Nav1.7 expression at the plasma membrane.  
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Given that the b2 intracellular domain has been shown to accumulate in the nucleus and regulate 

Nav1.1 mRNA levels (Kim et al., 2007), this raises the possibility that the b1 intracellular domain may 

function in a similar fashion to regulate Nav1.7 expression (Figure 6.1). Interestingly, other studies 

have shown that b1 can also regulate the mRNA level of Nav1.5 (Lopez-Santiago et al., 2007; Chioni 

et al., 2009). However, it is still not known how b subunit intracellular domains are transported to 

the nucleus, or whether they have any intrinsic transcription-regulating function. Indeed, the 

absence of any putative nucleus localisation sequence in b subunit intracellular domains suggests 

that if they are indeed transported to the nucleus to interact with transcription machinery this must 

be as part of a larger complex. 

 

While it is tempting to assume that a similar mechanism to that observed by (Kim et al., 2007) is 

taking place in the MDA-MB-231-β1-GFP cells, caution should be taken with this interpretation. g-

secretase is likely to have multiple cleavage targets within breast cancer cells, and so its inhibition 

may affect the function and fate of a number of different proteins. It is possible that one or more of 

these other proteins or pathways may contribute to NaV1.7 regulation. In this regard, L1CAM is an 

interesting target. L1CAM is a substrate for g-secretase cleavage (Kiefel et al., 2012a). In addition, 
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the NOVA-2-regulated full-length splice variant of L1CAM, which is expressed in breast cancer cells 

(Shtutman et al., 2006), is increased following b1 over-expression. L1CAM can bind and activate 

EGFR in HEK293 cells (Donier et al., 2012) and a separate study has shown that activation of the 

ERK1/2 pathway by EGFR increases NaV1.7 expression in H460 non-small cell lung cancer cells 

(Campbell et al., 2013), thus providing a potential mechanistic link between L1CAM, EGFR activation 

and Nav1.7 regulation. L1CAM has also been shown to increase Na+ current in cultured hippocampal 

neurons, supporting such a hypothesis (Valente et al., 2016). However, overexpression of L1CAM in 

MDA-MB-231 cells did not alter the Na+ current. This result may suggest that L1CAM is not involved 

in Nav1.7 regulation in MDA-MB-231 cells. Alternatively, the situation may be more complex and 

dependent on other factors, e.g. endogenous expression of functionally distinct L1CAM splice 

variants (Shtutman et al., 2006; Mikulak et al., 2012). 

 

Figure 6.1 Possible mechanism for b1-mediated increase in Nav1.7 expression in MDA-MB-231 cells. 

BACE1 and then g-secretase sequentially cleave the extracellular and intracellular domains of b1. The 
intracellular domain (ICD) then translocates to the nucleus and increases mRNA level of NaV1.7 via an 
unidentified transcriptional mechanism. This then results in elevated NaV1.7 expression at the plasma 
membrane and therefore an increased Na+ current. Figure adapted from Kim et al. (2007). 
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The presence of a higher weight L1CAM band in MDA-MB-231-β1-GFP cells suggests that the NOVA-

2 variant of L1CAM is being expressed in these cells. If the NOVA-2 splice variant of L1CAM is present 

in MDA-MB-231-β1-GFP cells, this may explain the results observed. For example, g-secretase-

mediated cleavage of the NOVA-2 variant of L1CAM may be responsible for the increase in NaV1.7 

expression in MDA-MB-231-β1-GFP cells, via binding of L1CAM to EGFR (Figure 6.2) (Donier et al., 

2012). It is unclear which variant of L1CAM was silenced in the Valente et al., (2016) study, leading to 

a decrease in Na+ current. However, it is probable that the NOVA-2 variant was silenced as primary 

cultures of hippocampal and cortical neurones were used, and this variant is highly expressed in CNS 

neurones (Mikulak et al., 2012). Although this is not the first study to hypothesize a link between 

EGFR activation and NaV1.7 expression (Campbell et al., 2013), in the model proposed here, the 

NOVA-2 variant of L1CAM is responsible for the activation of EGFR. 

 

Interestingly, β1 expression was increased when L1CAM was overexpressed, and reciprocally, 

L1CAM expression was increased when β1 was overexpressed. This bidirectional co-dependence of 

b1/L1CAM expression raises an important question over the interpretation of the b1-mediated 

adhesion experiments. In line with previous studies (Malhotra et al., 2000; Davis et al., 2004), it has 

been assumed that the increase in cell-cell adhesion in MDA-MB-231 cells overexpressing b1 is due 

to b1-mediated trans-homophilic adhesion interactions (Chioni et al., 2009; Nelson et al., 2014). 

However, given that L1CAM expression was also elevated, an alternative possibility is that L1CAM 

itself may have been, at least in part, responsible for the observed increase in cell-cell adhesion. 

Furthermore, L1CAM-mediated increase in adhesion could occur either homophilically or 

heterophilically through direct interaction with b1. Further work is required to establish whether 

L1CAM and β1 interact with each other heterophilically through their Ig loops to increase adhesion. 

Whichever mode of interaction is responsible, it can be concluded that the Ig loop of β1 is required 

for adhesion, either directly, indirectly through upregulation of other CAMs, or both.  
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It is generally assumed that VGSC activity increases intracellular Na+ in breast cancer cells, which in 

turn promotes invasion through activation of NHE1 (Brisson et al., 2013). However, it is unclear 

whether the increased invasion and metastasis observed in vivo as a result of overexpression of β1 

(Nelson et al., 2014) is through b1 increasing Na+ current, adhesion, or a combination of both. 

Although the experiments presented in this Thesis do not resolve this issue, they do provide 

potential insight into how b1 may function in vivo. Importantly, the results suggest that the Ig 

domain may play a critical role in b1-mediated promotion of metastasis and thus somatic mutations 

in this region may provide value as prognostic markers for recurrence and disease-free survival. In 

Figure 6.2 Possible mechanism of L1CAM-mediated increase in Nav1.7 in MDA-MB-231 cells. 

g-secretase cleaves the intracellular domain of L1CAM and ADAM10 cleaves the extracellular domain. The 
extracellular soluble domain of L1CAM binds and activates the EGFR. EGFR activation results in an increase in 
NaV1.7 mRNA levels through the ERK1/2 pathway which results in NaV1.7 expression at the membrane and 
therefore an increased Na+ current. 
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addition, given that b1 and L1CAM both promote angiogenesis (Friedli et al., 2009; Nelson et al., 

2014), improved understanding of the expression and reciprocal function of both proteins may 

uncover new biomarkers or therapeutic targets. 

 

6.4. Therapeutic value of targeting b1 function with aptamers 

 

The data in Chapter 3 demonstrating that the Ig loop is required for increasing adhesion, NaV1.7 

expression and Na+ current density, which may, in turn promote a more metastatic phenotype (Gillet 

et al., 2009; Brisson et al., 2013; Nelson et al., 2014; Nelson et al., 2015), highlight the potential 

therapeutic value of aptamers targeting b1. Aptamers are proving to be a valuable new tool in the 

arsenal of therapeutics for a range of diseases (Orava et al., 2013) in addition to their role as 

diagnostic tools (Santosh & Yadava, 2014). Indeed, aptamers are being selected against a various 

targets in cancer cells and can be used to distinguish between the same proteins expressed in cancer 

and non-cancer cells based on differences in post-translational modifications and folding (Sett et al., 

2017). They are desirable tools given the inexpensive production process and the fact that no 

specialised equipment is required for development post selection (Lakhin et al., 2013). In Chapter 5, 

in vitro cell-SELEX was employed to produce aptamers targeting b1, and this presented the 

opportunity of introducing additional steps with the aim of improving the efficiency of selection and 

thereby reducing the number of selection rounds required. The use of FACS to remove dead and 

apoptotic cells, in addition to stricter gating criteria, permitted a decrease in the number of cycles 

from a typical ten rounds to only six. This approach has not been attempted before and is 

completely novel.  

 

The results in Chapter 3 characterised the Ig loop as a potential unutilised anti-metastatic target. 

Antibodies targeting the Ig loop of β1 slightly but significantly reduced b1-mediated cell-cell 

adhesion. The β1-targeting aptamers selected in Chapter 5 were far more potent and significantly 
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reduced adhesion in MCF-7 cells. This suggests that the aptamers may display a greater inhibitory 

effect and may play a suitable role in therapeutics or as a diagnostic tool. In addition to their 

potential value in the oncology setting, aptamers targeting the b1 Ig loop may prove useful in 

limiting pathology in other conditions where aberrant b1/b1B expression may be involved. Further 

work is required to test these possibilities. 

 

One potential issue with the cell-SELEX aptamer production approach used here relates to the 

observation discussed above that β1 and L1CAM expression were both increased when the other 

protein was overexpressed. Thus, it is possible that silencing b1 expression in MCF-7 cells may have 

resulted in a change in expression of another CAM or membrane protein, e.g. L1CAM. If such a 

scenario occurred as a result of silencing of b1 in MCF-7 cells, this may be problematic because some 

of the aptamers selected may be targeting this up-regulated membrane protein. Clearly, this 

possibility needs to be tested as a priority when these aptamers are further characterised. 

 

6.5. Future work 

 

The work presented in this Thesis highlights the Ig loop of β1 as a possible therapeutic target in 

breast cancer. At the same time, it raises new questions about previous studies. Avenues for future 

work based on this Thesis are as follows: 

• A large part of the work demonstrates, unequivocally, that β1 overexpression in MDA-MB-

231 cells increases NaV1.7 expression and this requires both the Ig loop and g-secretase-

mediated cleavage. However, the exact downstream mechanism and whether it is cleavage 

of β1 or another protein that results in NaV1.7 expression remains unknown.  If the ICD of 

β1 is involved in NaV1.7 upregulation as suggested in Figure 6.1, then overexpression of this 

region alone should show a similar increase in NaV1.7 expression. If EGFR is involved in 

NaV1.7 upregulation as suggested in Figure 6.2, then inhibition of EGFR with gefitinib 
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followed by inhibition of specific downstream components of EGFR-mediated signalling 

pathways would provide a more robust picture of the signalling mechanism. 

• Given that L1CAM has been shown to increase invasion (Cavallaro & Christofori, 2004), it is 

reasonable to hypothesize that it may interact with b1 in breast cancer cells to co-

operatively regulate adhesion, process outgrowth and invasion. Stable knock-down of 

L1CAM ± b1 can be used to evaluate effects on adhesion, cellular morphology and invasion 

(Chioni et al., 2009). It has been shown that L1CAM is not expressed in COS-7 cells (Colombo 

et al., 2014) but the data in this Thesis show that it is expressed in MDA-MB-231 cells. 

Therefore, COS-7 cells can be stably transfected to overexpress L1CAM, and it could be 

silenced in MDA-MB-231 cells using shRNA. Using these cell lines, it would then be possible 

to assess whether growing breast cancer cells on COS-7 cells expressing L1CAM or b1 

increases process outgrowth. 

• The potential co-operative roles of b1 and L1CAM in regulating tumour growth and 

metastasis can be investigated in vivo using murine xenografts (Nelson et al., 2014). The 

increased L1CAM expression in MDA-MB-231-β1-GFP cells allows for new interpretation of 

previous results (Nelson et al., 2014). Increased invasion and metastasis and decreased 

apoptosis, previously attributed to β1, may instead be explained by L1CAM or interaction 

between both CAMs. 

• With respect to the aptamers produced, the next step will be to sequence possible 

candidates from the current mixed population and determine the best binding sequence 

through cell-based process outgrowth and adhesion assays. Following these in vitro 

experiments, the aptamers should be tested for anti-metastatic efficacy in vivo. A suitable 

model would be the b1-overexpressing MDA-MB-231 xenograft model used previously 

(Nelson et al., 2014). It will first be necessary to determine a suitable delivery method for 

the aptamers, e.g. intraperitoneal injection and a suitable tolerable, non-toxic dosage 

regimen using dose escalation studies (Rosenberg et al., 2014). As cells are able to 
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internalise aptamers relatively quickly (McNamara et al., 2006), sustained local 

administration may be a more viable method. 

 

6.6. Conclusion 

 

The role of VGSCs in the development of metastatic breast cancer is well documented and functions 

for both the pore-forming a subunit and the auxiliary b1 subunit have been established previously. 

However, the tumour-promoting role of the Ig loop of b1 has not been studied. This Thesis has 

shown that the Ig loop possesses dual functions, increasing adhesion and Na+ influx via NaV1.7 in 

breast cancer cells in vitro. In both cases, the downstream consequences of these functions have 

been shown by others to facilitate an increase in metastatic potential. Therefore, the Ig loop of b1 

represents an interesting target for possible therapeutic intervention to inhibit invasion and 

metastasis. The aptamers selected in this project may therefore have therapeutic value. Further, it 

may be possible to use aptamers targeting b1 as a diagnostic or experimental tool in a manner akin 

to antibodies. 
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Abbreviations 

ADAM-10: A distintegrase and metalloproteinase 

AmpR: Ampicillin resistance 

ANOVA: Analysis of variance 

APC: Allophycocyanin 

BACE1 – b-secretase 

BCa: Breast cancer 

BSA: Bovine serum albumin 

CAM: Cell adhesion molecule 

CAF: Cancer associated fibroblast 

CCD: Charge-coupled device 

CD(XX): Cluster of differentiation 

CEA: Carcinoembryonic antigen 

CGN: cerebellar granule neurones 

CHL: Chinese hamster lungs 

CMV: Cytomegalovirus 

CNS: Central nervous system 

COSMIC: Catalogue of somatic mutations in cancer 

CRISPR: Clustered Regularly Interspaced Short Palindromic Repeats 

CSC: Cancer stem cell 

DAPT: N-[N-(3,5-Difluorophenacetyl)- L -alanyl]-S-phenylglycine t-butyl Ester 

DI:S3: Domain I segment 3 

DMEM: Dulbecco’s modified eagle medium 

DMSO: Dimethyl sulfoxide 

ECM: Extracellular matrix 
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EDTA Ethylenediaminetetraacetic acid 

EGF: Epidermal growth factor 

EGFR: Epidermal growth factor receptor 

(e)GFP: Enhanced green fluorescent protein 

EGTA: ethylene glycol-bis(β-aminoethyl ether) 

EMT: Epithelial to mesenchymal transition 

ENC: Extracellular negatively-charged cluster 

EpCAM: Epithelial cell adhesion molecule 

ER: Estrogen receptor 

ERK: Extracellular signal-regulated kinase 

FACS: Fluorescent activated cell sorting 

FGFR1: Fibroblast growth factor receptor 1 

FITC: Fluorescein isothiocyanate 

FN: Fibronectin 

GAPDH: Glyceraldehyde 3-phosphate dehydrogenase  

GEFS+: Genetic epilepsy with febrile seizures plus 

gRNA: Guide RNA 

HCS: Hydrophobic constriction site 

HEK: Human embryonic kidney 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HER-2: Herceptin epidermal growth factor receptor /Receptor tyrosine-protein kinase erbB2 

HygR: Hygromycin resistance 

ICD: Intracellular domain 

Ig immunoglobulin 

INC: Intracellular negatively-charged cluster 
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Ip: Peak current density 

IPTG: Isopropyl β-D-1-thiogalactopyranoside 

IPS: Intracellular pipette solution 

IV: Current-voltage 

k: slope factor  

MCF: Michigan cancer foundation 

MEF: Mouse embryo fibroblast 

MINT3: Munc-18-1 interacting protein 

MW: Molecular weight 

NeoR: Neomycin resistance 

NGF: Nerve growth factor 

NHE: Na+/H + exchanger 

NIH: National Institutes of Health 

NOVA-2: Neurooncological ventral antigen 2 

OPPF: Oxford protein production facility 

PB: Phosphate buffer 

PBS: Phosphate buffered saline 

PE: Phycoerythrin 

PEI: Polyethylimine 

PF: PF-04856042 – Selective NaV1.7 blocker 

PFA: Paraformaldehyde 

PKA: Protein kinase A 

PNGase F: Peptide-N-Glycosidase F 

PR:P Progesterone receptor 

PSS: Physiological saline solution 
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QPCR: Quantitative PCR 

REST: Repressor element-1 silencing transcription factor 

RPTPb: Receptor tyrosine phosphatase b 

SDS: Sodium dodecyl sulphate 

SELEX: Systematic evolution of ligands by exponential enrichment 

SSI: Steady state inactivation 

SV40: Simian virus 40 

TALEN: Transcription activator-like effector nucleases 

TBST: Tris-buffered saline with tween 

TEMED: Tetramethylethylenediamine 

TLE: Temporal lobe epilepsy 

TM: Transmembrane 

TMRE: Tetraethylrhodamine ethyl ester 

TNBC: Triple negative breast cancer 

Tp: time to peak 

TTX: Tetrodotoxin 

V1/2: half (in)activation voltage 

Va: activation voltage  

VEGF: Vascular endothelial growth factor 

VGSC: Voltage-gates sodium channel 

Vm: Membrane potential 

Vp: voltage at current peak 

Vrev+: Reversal potential 

VSD: Voltage sensing domain 

WGA: Wheat germ agglutinin 
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ZFN: Zinc-finger nucleases 
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