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Abstract

Voltage gated sodium channels (VGSCs), specifically the cardiac isoform Na,1.5, have
previously been shown to increase invasion and metastasis in breast cancer. In this thesis,
results from immunohistochemical analysis of 1480 breast tumours showed that Na,1.5
expression correlates with worse prognosis, increased metastasis and higher grade and stage
cancer. Breast cancer tissue from patients and primary breast cancer cells were assessed
using patch clamp recording for the presence of Na* currents through VGSCs and some cells

showed small inward currents consistent with VGSCs.

VGSCs have previously been shown to increase cancer cell invasion through increased H*
efflux from cancer cells through the Na*/H" exchanger NHE1. This acidifies the
extracellular fluid, thereby aiding enzymes which degrade the extracellular matrix. In this
project, the mechanism by which VGSCs increase H* efflux was investigated and evidence
is presented suggesting that VGSCs increase the rate of glycolysis and therefore H*
production, via increasing activity of the Na*/K* ATPase. Gene expression changes
dependent on VGSCs in breast cancer were explored in an RNAseq analysis of Nay1.5
knock-down in MDA-MB-231 xenograft tumours. As well as downregulation of invasion-
and migration-related genes with Na,1.5 knock-down, there were changes related to pH
control, Ca?* signalling and immune function. Gene set enrichment analysis revealed that the

differentially expressed genes were important in cancer.

Previously an antiepileptic drug and VGSC inhibitor, phenytoin was shown to slow breast
tumour growth and metastasis in MDA-MB-231 xenograft tumours. This project assessed a
newer antiepileptic VGSC inhibitor with an improved safety profile, eslicarbazepine acetate.
This drug inhibited transient and persistent Na* current through Na,1.5 so it could be used in

Vvivo to assess its activity against breast cancer.

In conclusion, evidence is presented confirming the prognostic significance of VGSCs in
breast cancer and showing new insight into the mechanism by which VGSCs increase

metastasis.
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1 Introduction

Breast cancer is the leading cause of cancer-related deaths in women worldwide (Bray et al.,
2004; Schnitt, 2014; Bray et al., 2018) and most deaths are due to metastasis, which
commonly occurs in the lung, pleura, bone, liver and brain (Weigelt et al., 2005). Around
20-30% of patients with primary breast cancer will go onto develop distant metastasis and
once this has occurred the average survival time is 2-3 years despite treatment (Cardoso et
al., 2012). Treatment of oestrogen-receptor (ER) and human epidermal growth factor
receptor (HER2) positive tumours has improved with the development of medications
targeting these receptors but triple-negative breast cancer remains difficult to treat. This type
of breast cancer has no specific treatments and even with local therapy and cytostatic
CDKA4/6 inhibitor therapies or cytotoxic chemotherapy the survival rate is reduced in
comparison with other types of breast cancer (Li et al., 2017). Clearly, there is a great need
for improved treatments for triple-negative breast cancer in particular, and prevention of

metastasis in all types of breast cancer.

1.1 Voltage-gated sodium channel a subunits

Voltage-gated sodium channels (VGSCs) consist of one pore-forming a subunit and one or
more B subunits. Several o subunits have been discovered to be aberrantly expressed in
many types of epithelial cancers (carcinomas), including breast cancer (Roger et al., 2003).
These channels are normally found in electrically excitable cells such as neurons and
myocytes where they are responsible for initiating and propagating action potentials (Hille,
2001). When they open in response to depolarisation of the cell membrane potential (Vr),
they allow fast entry of Na* ions into the cell, further depolarising the V. The pore-forming
a subunit is a ~270 kD protein with four homologous domains, each containing six
transmembrane o helices (Figure 1.1 A) (Noda et al., 1984). There are nine isoforms of the a

subunit, Nay1.1-1.5, encoded by the genes SCN1A- SCN5A and Nay1.6-1.9 encoded by
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Figure 1.1 Structure of VGSC o and  subunits.

The upper surface indicates the extracellular side of the plasma membrane. A. VGSC a
subunits contain four homologous domains, each of which contains six transmembrane
segments. The ion pore is formed by a loop between segments 5 and 6 of each domain, and
the voltage sensor (segment 4) can move towards and away from the extracellular side of the
membrane. The inactivation loop is formed by the amino acids between domains 3 and 4. B.
B subunits have a single transmembrane segment, an extracellular 1g loop and a small
intracellular C terminus.
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SCNBA- SCN11A with specific tissue distribution (Savio-Galimberti et al., 2012). Na,1.1-1.3
and 1.6 are primarily found in the central nervous system (CNS), Nay1.4 is the skeletal
muscle isoform, Na,1.5 is the cardiac isoform but is also present in CNS and peripheral
nervous system (PNS), and Nay1.7-1.9 are primarily found in the PNS (Wang et al., 2017).
The isoforms are commonly classified into those relatively sensitive to tetrodotoxin (TTX)
(Nay1.1- Nay1.4 and Nay1.6) and those relatively resistant to it (Na,1.5, Na,1.8 and Na,1.9)

(Savio-Galimberti et al., 2012).

The ion-conducting selectivity filter is made up of the 5th and 6th transmembrane segments
of each domain with a re-entrant loop between these segments which forms the outer part of
the pore. This structure was predicted by molecular modelling (Guy & Seetharamulu, 1986)
and visualised for the first time by crystallographic analysis of a bacterial Nay channel
(Payandeh et al., 2011). The voltage sensor is made of up the 4th segment from each domain
(Guy & Seetharamulu, 1986; Yarov-Yarovoy et al., 2006). This moves across the membrane
upon depolarisation of the Vi, and drags segments 1-3 around it, pulling the channel into the
open state. After 1-2 ms, channel opening is followed by fast inactivation as the intracellular
inactivation loop, located between domains III and IV comes in to “block” the channel
(Armstrong & Bezanilla, 1977; Bezanilla & Armstrong, 1977; Vassilev et al., 1988). Recent
crystallographic analysis of human Nay1.4 shows that the inactivation loop acts allosterically
to cause channel blockage (Pan et al., 2018). While VGSCs are inactivated in this way, the
passage of ions is blocked. A second mode of inactivation in VGSCs is slow inactivation
(Rudy, 1978). This takes place hundreds of milliseconds after the channel opens and is not
yet well understood, although it appears to involve changes to the pore conformation (Vilin
& Ruben, 2001). In a small percentage of channel opening events, there is failure of the fast
inactivation gate to close, allowing a “persistent” Na* current through a small percentage of
channels. This persistent current is typically 1-3% the size of the transient current across the
whole cell membrane (Alzheimer et al., 1993; Eijkelkamp et al., 2012). Since there are no

sudden changes in Vi, in non-electrically excitable cells such as breast cancer cells, transient
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whole-cell Na* currents are unlikely to occur but due to the probabilistic intermittent
opening of voltage-gated channels, some channels do open at the resting Vm, and since a
small percentage of these channels fail to inactivate, breast cancer cells do experience a

persistent Na* current through their VGSCs (Roger et al., 2007; Driffort et al., 2014).

1.1.1 Protein interactions with a subunits

There is evidence that VGSC a subunits interact with the cytoskeleton, as they are recruited
and regulated by ankyrin G to the axon initial segment in neurons (Srinivasan et al., 1988;
McEwen et al., 2004; Shirahata et al., 2006). Ankyrin G also recruits many other proteins
including B IV spectrin which interacts with actin, a major component of the cytoskeleton
(Zhou et al., 1998; Jenkins & Bennett, 2001). At the nodes of Ranvier in myelinated axons,
ankyrin interacts with Nr-CAM and neurofascin to recruit VGSCs (Lustig et al., 2001). In
cardiomyocytes, the gap junctional protein connexin 43 is required for Na,1.5 localisation to
the intercalated disc, probably through interaction with the plus-end of microtubules
(Agullo-Pascual et al., 2014). Since the cardiac isoform Nay1.5 clusters in caveolae in
cardiomyocytes (Yarbrough et al., 2002) and in breast cancer cells (Brisson et al., 2011) and
the sensory neuronal isoform Na,1.8 is associated with lipid rafts (Pristera et al., 2012), there

may be other direct interactions of o subunits with proteins.

1.1.2 Regulation of VGSC activity in cancer cells

1.1.2.1 Splicing

Alternative splicing of the SCN5A gene leads to expression of the neonatal variant of Na,1.5
in MDA-MB-231 breast cancer cells (Fraser et al., 2005) and colon cancer cells (Guzel et
al., 2018). The regulation of splicing is not fully understood but it may involve cAMP
signalling and activity dependence (Fraser et al., 2014). This feature of neonatal splice
variants appearing in cancer cells is consistent with the theory that cancer cells revert to an
embryonic-like phenotype, with increased proliferative and invasive potential (Monk &

Holding, 2001).
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1.1.2.2 Autoregulation

In excitable tissues VGSC activity normally leads to negative feedback at the translational
level, resulting in lower density of VGSCs on the cell membrane (Klein et al., 2003;
Shiraishi et al., 2003). In prostate and breast cancer cell lines, activity in these channels
instead leads to positive feedback (Brackenbury & Djamgoz, 2006; Chioni et al., 2010). The
authors showed that this occurs via cCAMP-dependent activation of protein kinase A (PKA)
which leads to transcriptional upregulation of Nay1.7 in prostate cancer and Nay1.5 in breast
cancer, and an increase in trafficking of these a subunits to the cell membrane. This same
cAMP/PKA pathway upregulates trafficking of Nay1.5 to the cell membrane in
cardiomyocytes upon beta-adrenergic stimulation (Ono et al., 1993), and may be responsible

for the inhibition of VGSCs by the beta-blocker propranolol (Lee et al., 2019a).

1.1.2.3 Steroid hormone regulation

Commonly hormone-sensitive cancers such as prostate and breast cancer become hormone-
insensitive as they become more aggressive (Fujita & Nonomura, 2019; Zattarin et al.,
2020). The oestrogen receptor ERa appears to have a negative association with VGSC
expression. Some circumstantial evidence for this comes from the low expression of VGSCs
in the ERa-positive cell line MCF7, and high expression of VGSCs in the ERa-negative cell
line MDA-MB-231 cells (Fraser et al., 2005). When ERa was upregulated in MDA-MB-231
cells, the expression of Nay1.5 was reduced, and when ERa was inhibited
pharmacologically, the expression of Nay1.5 was increased (Ozerlat, 2009). Also, silencing
the ERa in MCF7 cells induced a VGSC Na* current (Mohammed et al., 2016). Similarly in
dorsal root ganglion neurons, ERa expression and the presence of oestrogen decreased
expression of many isoforms of VGSC (Hu et al., 2012). The effect of stimulation of the cell
membrane ERP receptors is currently less clear but it appears to have the opposite effect of
ERa, in that it increases VGSC currents in MDA-MB-231 cells (Fraser et al., 2010). Like
the positive feedback of VGSC activity on VGSC expression in cancer cells, this system acts

through PKA activation.
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Androgen receptors (AR) appear to have a similar relationship to VGSCs in prostate cancer
cells as ERa does in breast cancer cells, in that AR expression and stimulation reduces
VGSC current. Less is known in the case of AR, however and the story is not completely
clear (Fraser et al., 2014). The effect of progesterone on VGSC activity is also unclear but a
study in neuroblastoma cells has indicated that there may be a negative association between
progesterone and VGSC current (Barann et al., 1999). Glucocorticoids can inhibit Na,1.5
current in oocytes through activation of the serum- and glucocorticoid-inducible kinase

(SGK1) (Boehmer et al., 2003).

1.1.2.4 Growth factor regulation

Epidermal growth factor (EGF) upregulates Nay1.7 and thereby increases motility and
invasion in prostate cancer cells (Ding et al., 2008). Similarly in non-small cell lung cancer
cells, EGF has been shown to increase invasiveness largely through upregulation of Na,1.7
(Campbell et al., 2013). Nerve growth factor (NGF) also increases Nay1.7 and invasion in

prostate cancer cells in a mechanism involving PKA (Brackenbury & Djamgoz, 2007).

Vascular endothelial growth factor (VEGF), which drives angiogenesis, has a less clear
relationship with VGSCs. In cervical cancer cells VEGF increases Na,1.6 expression via p38
mitogen-activated protein kinase (MAPK) signalling. In neurons however, VEGF can either
upregulate or downregulate VGSC expression depending on the type of neuron (Fraser et al.,

2014).

1.1.2.5 Other regulatory protein interactions

Calmodulin (CaM) has been shown to interact with the intracellular C-terminus of all human
VGSC o-subunits (Abriel & Kass, 2005) but the effect of Ca?*-bound CaM on Na,1.5 is not

clear. CaM binding to Na,1.5 may stabilise the inactivated state of the channel by interfering
with interactions between the inactivation gate (located in the domain Il11-domain IV linker)

and the C-terminus (Kim et al., 2004; Motoike et al., 2004; Abriel & Kass, 2005). This
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mechanism gives a way in which intracellular Ca?* could regulate Na,1.5 activity. A related
mechanism is seen in rat cardiomyocytes, where the Ca?*/CaM dependent protein kinase |1
(CAMKII) immunoprecipitates with Nay1.5. In these cells inhibition of CAMKII reduces
Nay1.5 current (Yoon et al., 2009). Similarly in neurons, CAMKII increases both transient

and persistent current through Nay1.6 (Zybura et al., 2020).

Like many proteins, Nay1.5 can be ubiquitinated which leads to trafficking into lysosomes
and degradation of the protein. The PPxY protein domain required for Nedd4-2 E3
ubiquitinase activity is located on the C-terminal part of Na,1.5 (Abriel & Kass, 2005).
Binding of Nedd4-2 to this domain of Nay1.5 reduced VGSC currents at the cell membrane

in cardiac myocytes (van Bemmelen et al., 2004).

The sigma-1 receptor is upregulated in breast cancer cells, and it forms a complex with
Nay1.5 in these cells (Balasuriya et al., 2012). Sigma-1 receptor activity increases plasma
membrane expression of Nay1.5, (Aydar et al., 2016), so this is a potential mechanism for
increased Nay1.5 activity in breast cancer cells. Similarly, salt-inducible kinase-1 (SIK1) acts
as a tumour suppressor (Selvik et al., 2014). Its canonical function is to detect increases in
intracellular Na* concentration ([Na*];) and increase the activity of the Na*/K* ATPase
(NKA) to reduce [Na*]i (Sjostrém et al., 2007). SIK1 is downregulated in breast cancer, and
knock-down of SIK1 in breast cancer cells promotes Nay1.5 expression and Nay1.5-
dependent invasion and EMT (Gradek et al., 2019). SIK1 downregulation is therefore

another potential mechanism which increases Nay1.5 activity in breast cancer.

In cardiomyocytes, Nay1.5 forms a multiprotein complex with dystrophin and syntrophin,
and dystrophin deficient mice have decreased total Na,1.5 and plasma membrane VGSC
current in their cardiomyocytes (Gavillet et al., 2006). Also in cardiomyocytes, the gap
junctional protein connexin 43 (Cx43) forms a complex with Na,1.5 (Rhett et al., 2012).

This interaction leads to recruitment of Na,1.5 to the intercalated disc (Agullo-Pascual et al.,
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2014). 1t is not known whether a similar interaction between Na,1.5 and Cx43 occurs in
cancer cells. In breast cancer cells, Cx43 acts as a tumour suppressor, reducing proliferation
and invasive behaviour at least partly by reducing nuclear localisation of B-catenin (Talhouk
et al., 2013). High Cx43 expression also correlates with longer relapse-free survival in breast

cancer patients (Teleki et al., 2014).

1.2 Voltage-gated sodium channel § subunits

VGSC a subunits can form functional channels on their own, but they may be linked one or
two B subunits. The B subunits f1-4 encoded by the genes SCN1B to SCN4B are much
smaller proteins of ~35 kD with a small intracellular domain, a single transmembrane
domain and a large extracellular domain containing an immunoglobulin (Ig) loop
(Brackenbury & Isom, 2011) (Figure 1.1 B). The exception to this is the splice variant of 1,
B1B, which has no transmembrane domain and is therefore a secreted molecule (Kazen-
Gillespie et al., 2000). Each o subunit may be linked to one of either 2 or p4 via a covalent
interaction with the Ig loop, and one of B1 or B3 via non-covalent interactions (Isom et al.,
1992). These non-covalent interactions require both the intracellular C-terminals (Meadows

et al., 2001) and the extracellular g domains (McCormick et al., 1998).

The canonical function of B-subunits is to modulate the activity of the a-subunits. They can
do this by altering expression and trafficking of a-subunits to the cell membrane
(Brackenbury & Isom, 2011). These effects are a-subunit and cell-type specific. There is
substantial evidence for certain B-subunits increasing a-subunit expression at the cell
membrane. Co-expression of 1 with Nay1.2 increases Nay1.2 density at the plasma
membrane in glial cells and neurons (McEwen et al., 2004). Similarly, both f1 and 3
increase plasma membrane expression of Nay1.7 in human embryonic kidney (HEK-293)
cells (Laedermann et al., 2013). In cancer cells, B1 appears to have a variable effect on a-
subunit transcription. In MCF7 breast cancer cells, p1 downregulation using siRNA

increased Na,1.5 expression (Chioni et al., 2009) and in A549 non-small cell lung cancer
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cells 1 downregulation enhanced TTX-sensitive invasion (Campbell et al., 2013).
Conversely, overexpressing B1 reduced invasion H460 non-small cell lung cancer cells
(Campbell et al., 2013). In MDA-MB-231 breast cancer cells however, overexpressing 1
reduced migration but it increased the VGSC current as occurred in HEK-293 cells (Chioni

et al., 2009). Clearly the relationship between 1 and a-subunit expression is complex.

Like B1, B2 also appears to be important in trafficking a-subunits to the plasma membrane.
B2 increases expression of the TTX sensitive isoform Nay1.7 at the plasma membrane of
dorsal root ganglion neurons, but does not change TTX-resistant Na* current (Lopez-
Santiago et al., 2006) and B2 increases expression of Nay1.5 at the cell membrane in
ventricular cardiomyocytes without changing the total amount of Na,1.5 protein (Bao et al.,
2016). However, in neuroblastoma cells, 32 was found to increase transcription of Nayl.1, so
it does not just affect trafficking of a-subunits (Kim et al., 2007a). More recently, the
intracellular domain of B1 (B1-1CD), after sequential cleavage of 1 by BACEL then y
secretase, was shown to concentrate in the nucleus where it leads to transcriptional changes.
B1-1CD acts as a transcriptional repressor in cardiomyocytes and Chinese hamster lung
(CHL) cells (Bouza et al., 2021). This same study also assessed the effect of overexpressing
the B1 intracellular domain in CHL and HEK cells stably expressing Nay1.5 cells. The 1
intracellular domain did not induce VGSC currents in CHL cells, nor did it alter VGSC
current or gating in HEK-Nay1.5 cells. Concentration of B1-1CD in the nucleus was also
shown to occur in MDA-MB-231 cells, but unlike in CHL and HEK-Na,1.5 cells, in MDA-
MB-231 cells expression of the B1-ICD was shown to be necessary and sufficient to induce a

TTX-sensitive VGSC current (Haworth et al., 2021).

As well as regulating expression of a-subunits, § subunits can affect the kinetics and
voltage-dependence of the a-subunits. Early studies co-expressing f1 and 2 with Nay1.2
showed that these B subunits accelerated VGSC fast inactivation and caused inactivation to

occur at more negative voltages in oocytes (Isom et al., 1992; Isom et al., 1995a). In
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contrast, B3 caused fast inactivation of Nay1.3 to occur at more positive voltages in HEK-
293 cells (Cusdin et al., 2010). B4 increases the ability of neurons to fire rapidly by causing
a highly reversible open channel block, and by slowing inactivation (Grieco et al., 2005). It
acts antagonistically to B1 in regulating excitability, since 1 reduces excitability by

enhancing inactivation.

The extracellular Ig domain gives § subunits their ability to act as cell adhesion molecules
(CAMs) (Srinivasan et al., 1998; Malhotra et al., 2000; Ratcliffe et al., 2001). They can bind
to B subunits on adjacent cells (trans-homophilic interactions) but can also form trans-
heterophilic interactions with other CAMs. For example, $1 can bind to 32, contactin-1, N-
cadherin, Nr-CAM, and the extracellular matrix (ECM) proteins tenascin-C and tenascin-R
(Srinivasan et al., 1998; Xiao et al., 1999; Kazarinova-Noyes et al., 2001; Malhotra et al.,

2004; McEwen & Isom, 2004).

Another function of B subunits is intracellular signalling. Like the o subunits, B1 and 2
interact with the cytoskeleton by recruiting ankyrin to points of cell-cell contact (Malhotra et
al., 2000). In neurons, this is important for formation of the axon-initial segment and the
nodes of Ranvier, areas with a high concentration of VGSCs. Additionally, B1 homophilic
interaction via fyn kinase leads to neurite outgrowth in cerebellar granule neurons, aiding in

pathfinding and development (Brackenbury et al., 2008; Brackenbury et al., 2010).

1.3 Evidence for functional VGSC expression in cancer

In the earliest studies of VGSCs in cancer, a TTX-sensitive VGSC current was found in
small-cell lung cancer cell lines (Pancrazio et al., 1989), and in thymoma cells (Marx et al.,
1991). In 1995, the presence of VGSCs was found in two prostate cancer cell lines (Grimes
et al., 1995), where inhibition of the VGSC currents with TTX was found to decrease in
vitro invasive behaviour. Since then, VGSC currents have been found in ovarian (Gao et al.,

2010), colon (House et al., 2010), melanoma (Allen et al., 1997), neuroblastoma (Ou et al.,
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2005), cervical (Diaz et al., 2007; Hernandez-Plata et al., 2012), and breast cancer (Roger et
al., 2003). VGSC currents have also been found in non-epithelial cancers: glioma (Schrey et
al., 2002) and leukaemia (Yamashita et al., 1987; Fraser et al., 2004). Specific carcinomas
express different VGSC a subunits (Table 1.1). In breast cancer and ovarian cancer Nay1.5 is
most common (specifically the neonatal splice variant in the case of breast cancer) (Fraser et
al., 2005; Gao et al., 2010). Na,1.7 is predominant in prostate cancer (Diss et al., 2005) and
Nay1.6 and to a lesser extent Na,1.7 are most prevalent in cervical cancer (Hernandez-Plata
et al., 2012). Interestingly, the location of the o subunits is cytoplasmic as well as at the
plasma membrane in cervical cancer biopsies, whereas it is only at the plasma membrane in
non-cancer biopsies (Hernandez-Plata et al., 2012). Cytoplasmic expression of Na,1.5 is also
seen in breast cancer (Nelson et al., 2015a). Many non-cancer cells show large pools of
cytoplasmic VGSC expression however, so this may not be a cancer-specific intracellular
location (Bao, 2015). It is possible that the o subunits function on intracellular membranes
since in macrophages, expression of Nay1.5 in the late endosome increases its acidification,

allowing greater phagocytic ability (Carrithers et al., 2007).

Expression of VGSC a-subunits correlates with metastatic ability in breast cancer cell lines
(Roger et al., 2003; Fraser et al., 2005) and prostate cancer cell lines (Grimes et al., 1995;
Bennett et al., 2004). This pattern extends to patients as VGSC expression correlates
positively with cancer in prostate biopsies (Diss et al., 2005), colon biopsies (House et al.,
2010) and ovarian biopsies (Gao et al., 2010) and with worse prognosis in breast cancer
patients (Yang et al., 2012). Specifically, in breast cancer, SCN5A mRNA coding for the
Nay1.5 a subunit correlates with increased incidence of metastasis, recurrence and decreased

5-year survival (Fraser et al., 2005).

VGSC B subunit expression is also altered in cancer (Table 1.1), although the situation is
less clear than with o subunits. In normal cervix and cervical cancer tissue 1 is the most

abundant § subunit at the mRNA level, and 2 and p4 are downregulated in cervical cancer
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(Hernandez-Plata et al., 2012; Sanchez-Sandoval & Gomora, 2019). Similarly, in breast
cancer cell lines B1 is the most abundant 3 subunit at the mRNA level (Chioni et al., 2009),
and in breast cancer, as in cervical cancer, p4 is downregulated (Bon et al., 2016). B1 is also
the most abundant § subunit in prostate cancer cell lines (Diss et al., 2008). f1 expression is
positively associated with metastatic potential in prostate cancer cell lines, but not in breast
cancer cell lines (Diss et al., 2008; Chioni et al., 2009; Nelson et al., 2014). In patient breast
tissue, however, B1 protein expression was higher in breast cancer vs normal breast (Nelson

etal., 2014).
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Table 1.1 VGSC subunits expressed in cancer, from (Brackenbury, 2012)

a-subunits of VGSCs

Protein Cancer types References

Nay1.1 Ovarian (Gao et al., 2010)

Nay1.2 Cervical, mesothelioma, ovarian, | (Diss et al., 2001; Fulgenzi et al., 2006;

prostate Diaz et al., 2007; Gao et al., 2010)

Nay1.3 Ovarian, prostate, small cell lung | (Diss et al., 2001; Onganer & Djamgoz,

cancer 2005; Gao et al., 2010)
Nay1.4 Cervical, ovarian, prostate (Diss et al., 1998; Diaz et al., 2007; Gao
et al., 2010)

Nav1.5 Breast*, colon*, lymphoma*, (Fraser et al., 2004; Fraser et al., 2005;
neuroblastoma*, non-small cell | Onganer & Djamgoz, 2005; Ou et al.,
lung cancer, ovarian, small cell 2005; Roger et al., 2007; Gao et al., 2010;

lung cancer House et al., 2010)

Na,1.6 Breast, cervical, lymphoma, (Diss et al., 2001; Fraser et al., 2004;
melanoma, mesothelioma, non- Fraser et al., 2005; Onganer & Djamgoz,
small cell lung cancer, prostate, 2005; Fulgenzi et al., 2006; Diaz et al.,

small cell lung cancer 2007; Roger et al., 2007; Hernandez-Plata
etal., 2012)
Nay1.7 Breast, cervical, lymphoma, (Diss et al., 2001; Fraser et al., 2004;
mesothelioma, non-small cell lung | Fraser et al., 2005; Fulgenzi et al., 2006;
cancer, ovarian, prostate* Diaz et al., 2007; Roger et al., 2007; Gao
et al., 2010)
Na,1.8 _
Na,1.9 | Lymphoma, small-cell lung cancer | (Fraser et al., 2004; Onganer & Djamgoz,
2005)
B-subunits of VGSCs
Bl Breast*, cervical*, non-small cell | (Roger et al., 2007; Diss et al., 2008;
lung cancer, prostate* Chioni et al., 2009; Hernandez-Plata et
al., 2012)
B2 Breast, cervical, non-small cell (Roger et al., 2007; Diss et al., 2008;
lung cancer, prostate Chioni et al., 2009; Hernandez-Plata et
al., 2012; Jansson et al., 2012)

B3 Non-small cell lung cancer, (Roger et al., 2007; Diss et al., 2008)

prostate

B4 Breast, cervical, non-small cell (Roger et al., 2007; Diss et al., 2008;

lung cancer, prostate Chioni et al., 2009; Hernandez-Plata et
al., 2012; Jansson et al., 2012)
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1.4 Function of VGSCs in cancer

The first and most commonly described role of VGSCs in cancer is to increase cells’ ability
to invade through extracellular matrix (ECM) in vitro (Grimes et al., 1995; Laniado et al.,
1997; Roger et al., 2003; Bennett et al., 2004; Fraser et al., 2005; Brackenbury et al., 2007,
House et al., 2010). The increase in invasive ability may explain why expression correlates
with metastasis in patients as described above. It can also explain why Nay1.5 expression
and activity increase local invasion and metastasis in mouse xenograft breast tumours
(Driffort et al., 2014; Nelson et al., 2015a; Nelson et al., 2015b). In many cases, migration
has also been linked to VGSC activity (Fraser et al., 2003; Brackenbury & Djamgoz, 2006;
Fulgenzi et al., 2006; Chioni et al., 2010; Yang et al., 2020). In one study, VGSCs have
been shown to increase the length of plasma membrane processes, which is likely an
indicator of migration ability (Fraser et al., 1999). Another cancer cell feature that is linked
to VGSC activity is an elongated morphology (Brisson et al., 2013; Driffort et al., 2014;
Nelson et al., 2015b; Yang et al., 2020), which is often associated with epithelial to
mesenchymal transition (EMT), one of the steps required for metastasis of carcinomas. More
evidence for a causative link between VGSCs and EMT was published more recently. In
this, knockdown of Na,1.5 expression in MDA-MB-231 cells was shown to reduce
expression of the EMT marker SNAI1 whereas overexpression of Nay1.5 in MCF7 cells
increased expression of the EMT markers SNAI1 and ZEB1. In addition, an initiator of EMT,

TGFpB1 was shown to increase Nay1.5 expression (Gradek et al., 2019).

VGSCs have been shown to promote proliferation in some prostate cancer cell lines (Abdul
& Hoosein, 2002; Anderson et al., 2003). However, the evidence for VGSC-mediated
promotion of proliferation is not as strong as for promotion of invasion and migration, as
many in vitro studies have shown no change in proliferation when VGSCs are blocked
pharmacologically (Roger et al., 2003; Fraser et al., 2005; Gillet et al., 2009; Hernandez-
Plata et al., 2012; Yang et al., 2012; Driffort et al., 2014; Nelson et al., 2015a). VGSCs may

also affect apoptosis: ShRNA knock-down of Na,1.5 in the breast cancer cell line MDA-MB-
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231 reduced the number of apoptotic cells expressing activated caspase 3 in xenograft
tumours but did not affect apoptosis of the same cells in vitro (Nelson et al., 2015b).
Levobupivacaine (a VGSC-inhibiting local anaesthetic) treatment of the breast cancer cell
lines MCF7 and MDA MB 231 increased activated caspase 3 expression measured by
western blot (Kwakye et al., 2020). In a few studies VGSC activity has been linked to
chemoresistance; in K562 leukaemia cells, a subset of multi-drug resistant cells were found
to express VGSC currents (Yamashita et al., 1987). In addition, local anaesthetics
augmented the pro-apoptotic effect of chemotherapeutic drugs on an esophageal carcinoma
cell line, and they also enhanced the inhibitory effect of chemotherapeutic drugs on

proliferation and invasion (Zhu et al., 2020).

1.5 Function of VGSC f subunits in cancer

The different VGSC B subunits have very different effects in tumours, so these will be
addressed separately. The most abundant B subunit in carcinomas is B1. In vitro, this
increases cell-cell and cell-substrate adhesion, elongates the cell, and decreases migration
(Chioni et al., 2009). Overexpression of B1 in MDA-MB-231 cells, which have very little
endogenous B1, leads to a larger VGSC Na™ current. This could be explained by an increase
in functional Nay1.5, since B1 downregulation increases levels of Na,1.5 mRNA and protein
(Chioni et al., 2009), or it could be explained by increase in cell surface expression of
Nav1.7, as B1 expression has this effect in HEK293 cells (Laedermann et al., 2013). Indeed,
the increased Na* current induced by f1 in MDA-MB-231 cells was shown to be TTX-
sensitive, which makes it likely that Nay1.7 is the B1-induced channel (Haworth, 2019). As
in cerebellar granule neurons, B1 trans-homophilic adhesion increases the length of cell
membrane outgrowths in MDA-MB-231 cells (Brackenbury et al., 2008). B1 trans-
homophilic adhesion between MDA-MB-231 cells and fibroblasts has the same effect
(Nelson et al., 2014). Interestingly, in both the studies in neurons and cancer cells, B1-

induced formation of cell membrane outgrowths is dependent on fyn kinase activity and Na*

31



current, so o-subunits must be involved in this mechanism (Davis et al., 2004; Brackenbury

et al., 2008; Brackenbury et al., 2010).

The role of B2 in cancer has not been extensively studied. It is upregulated in the metastatic
prostate cancer cell line C4-2B compared to the weakly-metastatic cell line LNCaP from
which it is derived (Jansson et al., 2012). Overexpression in LNCaP cells elongates the cell
morphology and increases adhesion to certain substrates but not others. It also decreased the
rate of tumour growth when these cells were implanted to form xenograft tumours (Jansson

etal., 2012).

In contrast to B1, B3 appears to be a tumour-suppressor. It is activated by p53 and induces
apoptosis in response to DNA damage (Adachi et al., 2004). This might explain its low
expression in breast cancer and small-cell lung cancer (Roger et al., 2007; Gillet et al., 2009;
Campbell et al., 2013). B4 is another tumour suppressor. It represses invasive behaviour and
is downregulated in both breast cancer and cervical cancer (Bon et al., 2016; Sanchez-

Sandoval & Gomora, 2019).

1.6 Potential mechanisms of VGSC-induced invasion and
migration

There are several putative mechanisms by which VGSCs potentiate invasion and migration
(Figure 1.3). Given that the channels have many direct protein interactions, they depolarise
the cell Vi, and they affect Na* homeostasis, this is not surprising. The following section will

discuss the various mechanisms which have been experimentally confirmed.

1.6.1 Cytoskeletal reorganization and migration

VGSC expression and activity in breast cancer cells promotes cortactin phosphorylation on
Y421 (Brisson et al., 2013). This phosphorylation activates cortactin to act as an actin
nucleation-promoting factor (Wang et al., 2011b). Cortactin binds and activates the actin-

related protein 2/3 (Arp2/3) complex resulting in F-actin polymerisation in a branching
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pattern (MacGrath & Koleske, 2012). This is needed to form lamellipodia at the invading
edge of cells, so cortactin aids cell migration in cancer (MacGrath & Koleske, 2012). Given
that VGSC activity also activates src (Brisson et al., 2013), and src can activate cortactin, it
is likely that the effect of VGSCs on cortactin is mediated by src. In neurons f1 and Na,1.6
subunits together lead to activation of the src family kinase fyn to stimulate outgrowth of
neurites (Brackenbury et al., 2008; Brackenbury et al., 2010). A similar process occurs in
breast cancer cells, resulting in increased invasion and metastasis (Nelson et al., 2014).
Reciprocally, src can phosphorylate Nay1.5 in cardiomyocytes which depolarises the voltage
dependence of inactivation (Ahern et al., 2005). This would mean that src would increase
Nay1.5 channel availability at the resting membrane potential and likely increase the
persistent Na* current through the channel. Given that VGSC activity can increase src
activity in some cell lines and vice versa in other cell lines, there may positive feedback

between these proteins.

In colon and breast cancer, VGSC activity increases the expression of several invasion-
related genes that are regulated by the ERK1 and ERK2 mitogen-activated protein kinases
(MAPK). These genes include VEGFC (vascular endothelial growth factor C), WNT9A,
HIF1A (hypoxia-inducible factor 1a), and CD44. (House et al., 2010; House et al., 2015;
Nelson et al., 2015b). CD44 is a CAM which binds to the ECM component hyaluronan, and
this binding promotes the cell’s invasive ability. CD44 expression increases with VGSC
activity in breast cancer cells (Nelson et al., 2015b). Interestingly, CD44 activates src in
ovarian cancer cells (Bourguignon et al., 2001), so this could explain how VGSC activity
activates src and cortactin in breast cancer cells in (Brisson et al., 2013), by the pathway
VGSC — CD44 — src — cortactin. CD44 interacts with a Racl-activated protein kinase,
PKN-y, and this complex leads to cortactin activation (and Ca?* mobilisation) in
keratinocytes (Bourguignon et al., 2004). In these cells, invasion and migration were not
assessed, but cortactin activation and Ca?* mobilisation led to cell adhesion and

differentiation.
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In summary, VGSC a-subunits and 1 subunits lead to activation of cortactin which
stimulates initiation of actin polymerisation in a branching shape, important for migration.
VGSCs also activate src and fyn tyrosine kinases which activate cortactin, and VGSCs also
activate CD44, which in turn activates src. VGSCs may therefore be players in an
interlinked network of proteins controlling actin polymerisation, as well as a gene network

controlling invasion.

1.6.2 Vm depolarisation

1.6.2.1 Effect of Vi, on proliferation

The classical function of VGSCs is to depolarise the Vi, to initiate and propagate action
potentials in neurons and myocytes (Hille, 2001). Although carcinoma cells have not been
demonstrated to fire action potentials, VGSC opening does lead to depolarisation of the Vi,
in these cells (Yang et al., 2020). This is intriguing, since cancer cells and rapidly
proliferating cells have relatively a depolarised Vi compared to their healthy or slowly
proliferating equivalents (Figure 1.2). There is evidence that Vi, could be a direct regulator
of proliferation since depolarisation of the Vi, in Xenopus embryos triggers the development
of a neoplastic phenotype (Lobikin et al., 2012). This may be linked to the changes in Vi,
that accompany the stages of the cell cycle (Sachs et al., 1974), since hyperpolarising the Vn,
prevents DNA synthesis and mitosis (Cone, 1970) and prevents progression through the cell

cycle in Chinese hamster ovary (CHO) cells (Cone & Tongier, 1971).

The mechanism by which Vy, controls proliferation is not clear, but there are several
possibilities. The oncogene K-ras, which increases proliferation via the MAPK pathway,
increases its activity when the Vi is depolarised. This is due to reorganisation of charged
phospholipids in the inner leaflet of the plasma membrane, leading to nano-clustering and
therefore activation of K-ras (Zhou et al., 2015). VGSC activity increases MAPK signalling

in colon cancer cells (House et al., 2010; House et al., 2015). It is possible that VGSCs do
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this at least partly via modulation of the V, as well as the PKA/Rap1B/MEK/ERK pathway

delineated in (House et al., 2015).

1.6.2.2 Effect of Vi, on galvanotaxis

In addition to the effect on cellular proliferation, Vi changes also regulate cell migration.
Intact epithelial layers develop a potential difference across them due to the polarity of the
cells (Barratt, 1976). The strength of this electric field is between 50-500 mV/mm
(Mycielska & Djamgoz, 2004), and when the layer is breached, a lateral electric field is
generated across the wound (du Bois-Reymond, 1843), with the negative pole in the centre
of the wound (Borgens et al., 1977). Interestingly, amiloride, an inhibitor of the epithelial
Na* channel (ENaC), collapsed this electrical gradient across wounds in newts (Borgens et
al., 1977). The electrical field generated across wounds aids directional migration of cells to
close the wound (Borgens et al., 1977; Barker et al., 1982). Electric field-induced wound
healing is due to galvanotaxis: the motion of cells in the direction of an electric field. For
example, skin-derived keratinocytes migrate towards the negative pole in electric fields
similar to those found in wounds (Nishimura et al., 1996). Similarly, cancer cells display
galvanotaxis, although the direction of movement may depend on the metastatic ability of
the cells (Mycielska & Djamgoz, 2004). Galvanotaxis of Mat-Ly-Lu prostate cancer cells
was shown to be VGSC-sensitive (Djamgoz et al., 2001). Galvanotaxis is controlled by
several signalling mechanisms. It usually requires extracellular Ca?* and total intracellular
[Ca?] increases when the electric field is present (Onuma & Hui, 1988). It is dependent on
phosphoinositide-3-kinase (PI(3)K) signalling at the leading edge of cells, (the side towards
the cathode) (Zhao et al., 2006). Additionally, the small Rho guanosine triphosphatase Racl
is required for migration towards the cathode, where it is the common downstream effect of
both B4 integrin and epidermal growth factor receptor (EGFR)-induced galvanotaxis (Pullar
et al., 2006). Similarly, Racl has been shown to be important in electrically-induced
migration of cancer cells. Vi, depolarisation promotes migration but not invasion of MDA

MB-231 cells, and Vr hyperpolarisation decreased the density of F-actin and active Rac-1 in
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the leading edge of lamellipodia (Yang et al., 2020). In this study, VGSC activity
depolarised the Vi, by around 4 mV, and this small change in Vi, when induced in a VGSC-
independent manner was sufficient to increase cellular migration. In summary, cancer cells,
like other epithelial cells, have the ability to migrate in a direction defined by an electric

field

1.6.3 Increasing intracellular [Ca?*]
Since Ca?" influx is an integral feature of cell migration, it is possible that VGSCs might
increase migration through regulation of Ca?* dynamics. There are several ways in which

Na* channels might do this:

1. Through direct control of Ca?" influx through the Na*/Ca?* exchanger (NCX)

2. Through alteration of the Vi, which regulates gating of voltage-gated Ca?* channels
(VGCCs) and which alters the driving force of Ca?" into the cell through any Ca?*-permeant

channel

3. Through regulation of release of Ca?* from intracellular stores

Na*/Ca?* exchange is a major mechanism for Ca?* removal from cells, and this is powered
by the electrochemical Na* gradient, where entry of 3 Na* ions is linked to exit of one Ca?*
ion (Bers & Ginsburg, 2007). Reduction of the inward Na* gradient through VGSC activity
would be expected to reduce Ca?* clearance from the cell and increase intracellular [Ca?*].
There are some studies showing that reducing this Ca?*-clearance function of NCX induces a
cancerous phenotype. Reducing NCX expression at the cell membrane in kidney epithelial
cells leads to increased [Ca?*] and increased migration through Ca?*/calmodulin activation of
PI1(3)K (Balasubramaniam et al., 2015). In addition, NCX knock-down in kidney cells leads
to EMT, and as expected from this, the expression of NCX is reduced in kidney tumours

(Balasubramaniam et al., 2017). There is even evidence for NCX1 functioning in reverse
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mode (Na* exit and Ca?* entry mode) in pancreatic cancer cells, since a specific inhibitor of
reverse-mode function of NCX and knock-down of NCX1 both abrogated TGFp-induced
elevation of intracellular Ca?* and migration (Dong et al., 2010). Acidic intracellular pH
inhibits forward action (Na* entry and Ca?* exit) of NCX (Philipson et al., 1982), which
could lead to elevation of intracellular [Ca?*] in severely hypoxic tumours, although most

cancer cells have a slightly alkaline intracellular pH (White et al., 2017).

Another Na*/Ca?* exchanger, NCLX is present on mitochondrial membranes. In melanoma
and monocytic cell lines, Na* entry into the cytoplasm through Na,1.6 leads to Na* entry
into mitochondria, resulting in release of Ca?* from mitochondria into the cytoplasm. The
elevation in Ca?* increases melanoma and monocyte invasiveness (Carrithers et al., 2009).
The VGSC-induced increase in cytosolic Ca?* is likely mediated through NCLX since it is

inhibited by the NCLX blocker CGP-37157 in the monocytic cell line.

The driving force for Ca?* entry is larger the more negative the Vi and since VGSC activity
makes the Vm less negative (Yang et al., 2020), VGSCs might be expected to reduce Ca?*
entry through plasma membrane Ca?* channels. However, VGCCs open in response to
depolarisation of the Vm. Therefore, despite reducing the driving force for Ca?* entry, VGSC
activity might be able to increase Ca?* entry by promoting opening of VGCCs. Many VGCC
subtypes are downregulated at the mRNA level in breast cancer cells (Phan et al., 2017), but
others are upregulated in breast cancer (Wang et al., 2015a), so it is possible that VGSCs

could increase open probability of VGCCs to increase Ca?* entry.

Release of Ca?* from intracellular stores could potentially be affected by Na* homeostasis. In
cardiomyocytes Na,1.5 persistent current increases Ca2*-calmodulin kinase Il (CaMKII)
autophosphorylation leading to CaMKII activation (Yao et al., 2011). CaMKII has many
oncogenic effects in cancer, for example it interacts with the MEK/ERK mitogenic pathway,

increases Racl activation to increase migration and increases NF-«xB signalling to promote
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progression through the cell cycle (Wang et al., 2015b). CaMKII autophosphorylation
increases CaMKII phosphorylation of its many substrates including the ryanodine receptor 2
(RyR2). The result of CaMKII phosphorylation of RyR2 can either increase or decrease leak
of Ca?* out of the sarcoplasmic reticulum depending on the experimental conditions,
(Couchonnal & Anderson, 2008). The consequences of RyR2 phosphorylation by CAMKII
have not been investigated in cancer, but there is a potential for Nay1.5 persistent current to

affect RyR2 Ca?* release from the ER in cancer via CAMKII phosphorylation of RyR2.

In contrast to Ca?* entry through the plasma membrane which is often associated with
increased migration, Ca?* release from intracellular stores and uptake into mitochondria
more often promotes apoptosis in cancer cells (Akl & Bultynck, 2013). In fact, many well-
known tumour suppressors such as BRCA1 and PTEN promote ER release of Ca?* via
inositol triphosphate receptors (IP3Rs). Conversely, several oncogenes such as Bcl-2 and
PKB/Akt suppress IP3R activity (Bultynck & Campanella, 2017). There is no direct
evidence for connection of involvement of VGSCs in release of Ca?* from the endoplasmic
reticulum in non-excitable cells, but possible evidence for Na* channels promoting Ca?*
entry through the plasma membrane. For example, depolarisation of the Vr, (an effect of
VGSC activity) does not affect intracellular release of Ca?" in salivary acinar cells, but it

does reduce Ca?* entry through the cell membrane (Zhang & Melvin, 1993).

1.6.4 Increasing intracellular [Na*]

An influx of Na* may be expected to raise [Na*]i. Indeed, a small increase in [Na*]; can be
attributed to VGSCs in H460 non-small cell lung cancer cells, where blockade of VGSCs
with TTX reduced [Na*]i from 22.3 to 10.8 mM (Campbell et al., 2013). TTX also reduced
the [Na*]; of MDA-MB-231 breast cancer cells from 15.6 mM to ~ 11 mM (Yang et al.,
2020). In another study, H460 cells had a higher [Na*]i (15.3 mM) than the “normal” lung

cell line NL-20 which does not have a detectable Na* current and a [Na*]i of 7.8 mM (Roger
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et al., 2007). In the first two studies above TTX also reduced invasion or migration as well

as reducing [Na*]i.

An increase in [Na*]; will have myriad effects on cancer cells including changes in V,, and
plasma [Ca?'] (sections 1.6.2 and 1.6.3). In addition, many processes essential to nutrient
import in cancer cells are powered by the inward electrochemical Na* gradient, for example
glucose import through SGLT2 and amino acid (particularly glutamine) import through Na*-
dependent transporters such as SLC1Ab5. These transporters are upregulated in cancer, for
example SGLT?2 is upregulated in lung cancer (Ishikawa et al., 2001), and SLC1A5 is
upregulated in lung cancer (Hassanein et al., 2013), breast cancer (van Geldermalsen et al.,
2016), colorectal cancer (Witte et al., 2002) and glioma (Dolinska et al., 2003). Importantly,
two of the main pH regulatory mechanisms, the Na*/HCOs™ cotransporter NBCn1 and the
Na*/H* exchanger NHEL1 are powered by the Na* gradient. These transporters are also
upregulated and highly active in cancer cells. NBCn1 is the most important pH control
mechanism in breast cancer cells at intracellular pH > 6.6, whereas NHE1 is most important
at pH < 6.6 (Boedtkjer et al., 2013; Lee et al., 2015). NHEL is upregulated in glioma
(McLean et al., 2000), head and neck squamous cell carcinoma (Kaminota et al., 2017),

breast cancer (Amith et al., 2015) and hepatocellular carcinoma (Yang et al., 2011).

An increase in [Na*]i would reduce the inward Na* gradient powering these important
processes. Nonetheless, all of these processes are heavily used in cancer cells which will act
to deplete the Na* gradient further. Cancer cells maintain the inward Na* gradient using

NKA in the plasma membrane (Section 1.6.7).

1.6.5 Na*entry is linked to pH dysregulation
Unlike in normal tissue where the intracellular pH is acidic (~ pH 7.2) compared to the
extracellular pH (~pH 7.4), in solid tumours there is an inversion of the pH across the

plasma membrane (White et al., 2017). Alkalinisation of the intracellular pH has been
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shown to be an early event in malignant transformation when NIH3T3 fibroblasts were
transformed by the HPV16 oncogene E7 (Reshkin et al., 2000). In this study, NHE1-induced
intracellular alkalinisation promoted proliferation, glycolysis and serum- and anchorage-
independent growth. Acidification of the extracellular pH aids the spread of cancer in many
ways. Low extracellular pH is sensed by several G-protein-coupled receptors such as GPR4
and GPR1/OGR1 and TDAGS, leading to cAMP production and thence to PI3K/Akt
pathway activation and PKA/ERK pathway activation (Damaghi et al., 2013). These are
both pro-survival and mitogenic pathways. The amiloride-sensitive epithelial Na* channel
ENaC, and the related acid-sensing ion channels (ASICs), also respond to low extracellular
pH to permit entry of Na* into the cell. As well as contributing to an increase in [Na'];,
activity of these ion channels has been linked to proliferation, migration, invasion and

metastasis in various cancers (Xu et al., 2016; Zhou et al., 2017; Zhu et al., 2017).

On top of the effects intrinsic to cancer cells, extracellular acidity hinders anti-tumour
immunity by inducing cytotoxic T-cell anergy (Calcinotto et al., 2012; Bellone et al., 2013;
Sukumar et al., 2013). Low pH is optimal for secreted enzymes such as cathepsin B and
matrix metalloproteinases 2 and 9 (MMP2 and MMP9) which break down the extracellular
matrix, aiding invasion of cancer cells through basement membranes and eventual metastasis

(Turk et al., 1999; Rofstad et al., 2006; Busco et al., 2010).

VGSC activity has been shown to increase the H*-extrusion activity of NHEL in breast and
lung cancer. This leads to extracellular acidification and increased activity of extracellular
proteolytic enzymes (Roger et al., 2007; Gillet et al., 2009; Brisson et al., 2011; Brisson et
al., 2013). Given that Na* entry through VGSCs would deplete the Na* gradient driving
NHE1, VGSC activity would be expected to decrease rather than increase NHE1’s ability to
remove intracellular H*. It was postulated that Na* allosterically modulates activity of NHE1

by binding to an intracellular binding site (Brisson et al., 2013).
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It is possible that VGSC activity may be affecting NHE1 through another mechanism. Lee et
al. (2010) showed that the oncogene BAX inhibitor-1 promotes glycolysis and reduces
mitochondrial respiration as well as increasing activity of NHE1 and MMP-2/9 in HT1080
fibrosarcoma cells (Lee et al., 2010). The authors’ conclusion was that the increase in NHE1
activity was a homeostatic mechanism to maintain intracellular pH, by removing H*
generated by glycolytic respiration. An intriguing possibility, therefore, is that VGSC

activity also leads to an increase in glycolytic respiration, thereby increasing NHE1 activity.

1.6.6 Na* entry increases glycolytic respiration

A common feature of cancer cells is their highly glycolytic metabolism, even in the presence
of adequate oxygen. This is known as aerobic glycolysis, or the Warburg effect (Warburg,
1925). This effect is not completely understood and is the subject of much research (Parks et
al., 2013; Liberti & Locasale, 2016). Although Na* entry through VGSCs has not been
linked to an increase in glycolytic rate, Na* entry through other means has been. In rat
skeletal muscle, Na* entry was produced by incubation of whole muscles with monensin, an
ionophore which equilibrates Na* (and to some extent H* and K*) across the plasma
membrane. This caused an increase in lactate production which was inhibited by incubating
in a Na*-free medium, or by adding the NKA-blocker ouabain (James et al., 1996). This

result indicates that Na* entry causes an increase in glycolysis which is mediated by NKA.

Further evidence for a link between Na* entry and glycolysis can be found by looking at
another Na* channel. Mutations in the non-voltage-gated isoform of the VGSC family Nay,
encoded by SCN7A have recently been implicated as important in oesophageal cancer (Yuan
et al., 2022) and a recent transcriptomics study highlighted Nay as the key gene associated
with tumour mutation burden in gastric cancer (Li et al., 2022). Nay acts as a sensor of
extracellular [Na*] in the brain. This channel forms a complex with the al subunit of the
NKA and activity of the channel leads to increased intracellular lactate production and

glucose uptake in glial cells (Shimizu et al., 2007; Berret et al., 2013). Nomura et al. showed

42



that this Nay activation in glial cells releases H* as well as lactate, and this goes on to
activate ASIC1la channels in neighbouring neurons (Nomura et al., 2019). The increase in
glucose uptake combined with lactate and H* production caused by increased activity of Nay
is most likely due to an increase in the rate of glycolysis. The fact that Nax forms a
functional complex with NKA suggests that Na* entry drives Na* pumping by NKA as part
of this mechanism. Indeed, an increase in [Na*]; will increase activity of NKA to maintain
homeostasis. Na* binds to the cytoplasmic side of the NKA and increases its rate of activity
(Pellerin & Magistretti, 1994; Chatton et al., 2000; Humphrey et al., 2002; Clarke et al.,

2003).

While the above studies indicate that increasing cytoplasmic [Na*] increases the rate of
glycolysis, it has been shown that elevated mitochondrial [Na*] inhibits ATP production via
the electron transport chain (Hernansanz-Agustin et al., 2020). ATP would then need to be
formed via an alternative route. Since raising cytoplasmic [Na*] may increase mitochondrial
[Na*] via NCLX, it is possible that this is another mechanism by which glycolysis may be

upregulated when cytoplasmic [Na*] is elevated.

1.6.7 Na*/K* ATPase is fuelled by glycolysis

NKA is located on the plasma membrane and uses a large proportion of a cell’s total ATP
supply, ranging from 75% in neurons (Attwell & Laughlin, 2001) down to 34-60 % in
hepatocytes and skeletal muscle (McBride & Early, 1989). Despite much interest in the
NKA as a potential therapeutic target in cancer, we do not yet know the relative proportion

of ATP used by NKA in cancer cells compared to normal cells.

NKA activity has been investigated in a tissue other than cancer which exhibits aerobic
glycolysis: vascular smooth muscle. Increasing activity of NKA has been shown to increase
the rate of lactate production in vascular smooth muscle (Paul et al., 1979). By performing

several ionic manipulations to control NKA activity and Vm and by inhibiting NKA with

43



ouabain, Paul et al showed that although vascular smooth muscle contractility was mainly

fuelled by oxidative metabolism, NKA was mainly fuelled by glycolysis.

In cardiomyocytes, inhibition of NKA using ouabain did not affect O, consumption but
greatly affected the total ATPase activity, as measured by NADH change where pyruvate
kinase and lactate dehydrogenase were provided (Sepp et al., 2014). These researchers also
found that cellular ATPases are closely coupled to pyruvate kinase (PK), which catalyses a
rate-limiting reaction in glycolysis (Sepp et al., 2010). Similarly, NKA activity was shown
to increase the rate of aerobic glycolysis but not O, consumption in renal cell lines (Lynch &
Balaban, 1987a, b). Inhibition of NKA with ouabain in normal breast and breast cancer cell
lines reduced the proton production rate (glycolytic rate) dramatically, but did not
significantly affect the O, consumption rate, further supporting the notion that NKA is
fuelled by glycolysis (Epstein et al., 2014). Similar to NKA, the plasma membrane Ca?*
ATPase (PMCA) was confirmed to rely predominantly on glycolysis in pancreatic cancer
cells (James et al., 2015). The reason why NKA predominantly utilises glycolysis for its
ATP supply was investigated in a model by Epstein et al. (2014). The model predicted that
diffusion limitations in the cytoplasm and a fluctuating demand for ion pumping activity
meant that NKA would require an ATP source close to where it is located in the plasma
membrane, which can respond quickly to a fluctuating ATP demand. In this scenario,
glycolytic enzymes would be found close to the plasma membrane and mitochondria much

further away (Epstein et al., 2014).

In summary, VGSCs have been shown to act via CD44, src and cortactin, and via
depolarisation of Rac1, all of which increase branching of the actin cystoskeleton and
promote migration. VGSCs may also alter Ca?* signalling through increased Ca?* entry
through the plasma membrane via VGCCs and NCX. VGSCs increase extracellular

acidification via increasing activity NHE1 which increases invasion by creating an optimal
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pH for ECM-degrading enzymes. In addition, increasing Na* influx would be expected to
increase activity of NKA (Figure 1.3).
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Figure 1.3 Some mechanisms of VGSC-induced malignant cell behaviours.

VGSCs can increase activation of cortactin to increase branching of the actin cytoskeleton,
required for forming plasma membrane processes and cell migration. VGSC activity can
also increase src activation, which activates cortactin. VGSC activity increases CD44
expression which increases src activation. VGSC-induced cell Vi, depolarisation leads to
clustering and activation of Racl which increases migration via cortactin. VGSCs increase
[Na*]i and this can increase cytosolic [Ca?*] through NCX. It may also increase
mitochondrial [Na*] via NCLX, which disrupts the electron transport chain. Elevated [Na*];
would increase the activity of the Na*/K* ATPase and increase extracellular acidification via
NHE1.
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1.7 Hypotheses and aims

The overarching hypothesis tested in this thesis is that VGSCs are functionally upregulated

in breast cancer cells, promoting invasion and metastasis. The main aims of this PhD project

were:

1. To delineate the mechanisms by which VGSCs could regulate extracellular

acidification (Chapter 3).

2. To study gene expression and networks regulated by Nay1.5 (Chapter 4).

3. To evaluate expression and prognostic value of VGSCs in clinical specimens
(Chapter 5).

4, To assess electrophysiological effects of a modern anti-epileptic VGSC inhibitor,

eslicarbazepine acetate on Na,1.5 in vitro (Chapter 6).
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2 Materials and methods

2.1 Cell and tissue culture

2.1.1 Cell lines

The MDA-MB-231 and MCF7 breast cancer cell lines were gifts from M. Djamgoz,

Imperial College, London. SKBR3 cells were a gift from J. Rae, University of Michigan.

MCEF-10A cells were a gift from N. Maitland, University of York. HEK293 cells stably

expressing Nav1.5 were a gift from L. Isom, University of Michigan. Molecular identity was

confirmed by short tandem repeat analysis (Sample reference JC 15 D1007544 6302

LW5000014 17). MDA-MB-231 cells stably expressing enhanced green fluorescent protein

(GFP) and MDA-MB-231 cells over-expressing 31-GFP C-terminal fusion (hereafter called

“MDA-MB-231-B1” cells) were gifts from M. Djamgoz (Chioni et al., 2009). MDA-MB-

231 cells stably expressing shRNA targeting SCN5A (Nay1.5) were developed by M. Nelson,

University of York.

2.1.2 Patient breast cancer tissue and primary cells

Table 2.1 Breast cancer patient tissue and primary cell samples.

Tumour ER status HER2 status LN status Age at diagnosis
T1 Borderline Positive Positive 79
T2 Positive Negative Unknown 81
T3 Positive Negative Positive 49
1° culture sample ER status HER2 status LN status Age at diagnosis
BC1 Negative Negative Positive 30
BC2 Positive Borderline Positive 57
BC3 Positive Borderline Positive 32
BC4 Positive Positive Positive 70
BC5 Negative Positive Negative 54
N1 N/A N/A N/A N/A
N2 N/A N/A N/A N/A
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2.1.3 Maintenance of cells/tissue

MDA-MD-231, MCF7 and SKBr3 cells were cultured in Dulbecco’s modified eagle
medium (DMEM, Gibco) supplemented with 5 % (MDA-MB-231 and MCF7) or 10 %
(SKBr3) foetal bovine serum (FBS) and 4 mM L-glutamine (all from Gibco). MCF10A cells
were cultured in DMEM:F12 (Invitrogen), 5 % heat-inactivated horse serum, 0.5 pg/ml
hydrocortisone, 20 ng/ml human EGF, 10 pg/ml insulin and 100 ng/ml cholera toxin. MDA.-
MB-231 xenograft tumour slices were cultured in 50% MEM with Glutamax (Gibco), 25%
Earle’s balanced salt solution, 35 mM glucose, 25% heat-inactivated horse serum, 1
ml/200ml pen/strep. Human primary cells and human breast tumour slices were cultured in
DMEM:F12 (D8437 Sigma) with 1 mI/100ml pen/strep, 2.5 ug/ml Fungizone, 10 % FBS,
0.5 pg/ml hydrocortisone, 10 pg/ml apo-transferrin, 10 ng/ml human EGF and 5 pg/ml
insulin. Human primary cells were cultured on collagen-coated glass coverslips and plastic-
ware. MDA-MB-231-GFP and MDA-MB-231-B1 cells were maintained in medium
containing hygromycin (100 pug/ml), HEK-293 cells stably expressing Nav1.5 and MDA.-
MB-231 cells transfected with ShRNA were maintained in medium containing G418 (400
ug/ml). Cells and tissues were cultured at 37 °C and 5% CO; in a humidified Binder C150
incubator. Cells were grown in Corning tissue culture-treated cell culture dishes and were
detached with 0.05 % (v/v) Trypsin-EDTA (Life Technologies) in phosphate buffer saline
(PBS, Life Technologies). Cells were passaged approximately weekly when they reached
near confluency and were discarded after 10 passages post-thawing. Cells were confirmed to
be Mycoplasma-free every month using the 4',6-diamidino-2-phenylindole (DAPI) method

(Uphoff et al., 1992).

2.1.4 Freezing and thawing cells

Cells were stored in cryovials in liquid nitrogen. To thaw cells, a 200 pl aliquot of frozen
cells was thawed quickly in a waterbath at 37 °C, and the aliquot was diluted in 10 ml
medium. The culture medium was replaced after 12-24 h to remove DMSO from the

freezing medium. To freeze cells, a near-confluent 10 cm dish of cells was trypsinised then
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suspended in cell culture medium. The cell suspension was centrifuged at 100 g for 5

minutes at room temperature and the supernatant was removed. The cells were resuspended

in 1 ml freezing medium and aliquots of 200 ul were transferred into cryovials (Greiner) and

stored at -80 °C for 2 days before moving to liquid nitrogen. For MDA-MB-231, MCF7 and

HEK293-Nav1.5 cells, freezing medium contained 70 % (v/v) DMEM, 20 % (v/v) FBS and

10 % (v/v) cell culture grade dimethylsulfoxide (DMSO, PanReac AppliChem). For

MCF10A cells, freezing medium was the same as for other cell lines apart from Horse serum

(Invitrogen) was used instead of FBS.

2.2 Pharmacology

Drugs were dissolved in solvent at near-maximal solubility and were then aliquoted and

frozen at -30 °C. On the day of use, an aliquot would be thawed and diluted in the assay

medium (usually physiological saline solution (PSS) or cell culture medium), using serial

dilutions where large changes in concentration were required. In control conditions equal

volumes of solvent were added to assay media as in the test conditions.

Table 2.2 Drugs used in this thesis.

Drug Supplier Stock Solvent Working
concentration concentration
TTX citrate HelloBio 1 mM Water 30 uM
(HB1035)
Ouabain Sigma (03125) | 50 mM DMSO Various
octahydrate
Cariporide SantaCruz 50 mM DMSO 20 uM
Biotechnology
(SC337619)
lodoacetic acid | Acros Organics | 400 mM (made | Water 2 M
(170970250) fresh)
Oligomycin A | SantaCruz 10 mM DMSO 1uM
Biotechnology
(SC201551)
Eslicarbazepine | TCI Chemicals | 67 mM DMSO 100 puM or 300 pM
acetate (E1046)
Licarbazepine | Tocris (3865) 300 mM DMSO 100 uM or 300 uM
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2.3 Whole cell patch clamp recording

2.3.1 Micropipettes

The whole-cell patch clamp technique was used to record cell membrane currents from cells
grown on glass coverslips (Grimes et al., 1995; Fraser et al., 2005). Filamented borosilicate
capillary tubes were pulled and fire-polished using a Narishige MF-830 microforge to a
resistance of ~5 MQ when measured containing intracellular pipette solution (IPS) in the

recording bath. The resistance was changed to ~10 MQ for recording from primary cells.

2.3.2 Recording solutions

Extracellular physiological saline solution (PSS) contained, in mM, NaCl 144, KCI 5.4,
MgCl, 1, CaCl, 2.5, HEPES 5, D-glucose 5.6, and was adjusted to pH 7.2 (unless otherwise
stated) using NaOH, with a final osmolarity of 315 + 10 mOsm/kg. For the extracellular
recording solution for HEK-293 cells expressing Nay1.5, the extracellular [Na*] was reduced
to account for the much larger Na* currents and contained (in mM): NaCl 60, Choline CI 84,
KCI 5.4, MgCl; 1, CaCl, 2.5, D-glucose 5.6, and HEPES 5, and was adjusted to pH 7.2 with
NaOH. In Na*-free recording solution, Na* was replaced with NMDG. Intracellular
recording solution for measuring Na* currents contained, in mM, NaCl 5, CsCI 145, MgCl;
2, CaCl; 1, HEPES 10, EGTA 11 and was adjusted to pH 7.4 (unless otherwise stated) using
CsOH, with a final osmolarity of 295 + 10 mOsm/kg (Brackenbury & Djamgoz, 2006).
Intracellular recording solution for measuring K* currents contained, in mM, NaCl 5, KCI
145, MgCl; 2, CaCl, 1, HEPES 10, EGTA 11 and was adjusted to pH 7.4. Intracellular
recording solution for measuring Vr, contained, in mM, NaCl 5, KCI 145, MgCl, 2, CaCl, 1,

HEPES 10, EGTA 1.57 and was adjusted to pH 7.4.

2.3.3 Recording set-up
Patch clamp recordings were made using a MultiClamp 700B amplifier (Molecular Devices)
linked to a computer running MultiClamp 700B Commander 2.1.0 software (Molecular

Devices). Currents were digitized using a Digidata 1440A interface (Molecular Devices),
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low-pass filtered at 10 kHz, sampled at 50 kHz, and analysed using pPCLAMP 10.7 software
(Molecular Devices). Series resistance was compensated by 40-60% and linear components

of leak were subtracted using a P/6 protocol (Armstrong & Bezanilla, 1977).

Cells were visualised with an Olympus BX51WI light microscope with a dry 10X and
water-dipping 40X lens. GFP was excited by using a pE100 CoolLED at 470 nm and the
fluorophore emission was gathered at 525 + 50 nm. An open recording chamber (Warner
Instruments RC-26GLP) was fixed to the microscope by a stage adaptor (Warner
Instruments SAOLY/2) and cells on coverslips or tissue slices were perfused with PSS at a
rate of ~ 1 ml/minute using a gravity-fed perfusion system. To change the solution, over four
bath changes (4 ml) were perfused over the cells. Tissue slices were immobilised with a

SHD-26GH/15 slice anchor (Warner Instruments).

The ground electrode was a Ag/AgCI pellet and the pipette electrode was a silver wire
coated with AgCI. The electrode wire was re-coated by soaking in NaHCIO for 20 minutes

every two weeks. The pipette was moved using a PatchStar micromanipulator (Scientifica).

2.3.4 Recording protocols
Cells were clamped at a holding potential of -120 mV or -80 mV for 250 ms, dependent on
experiment (detailed in the Figure legends). Five main voltage clamp protocols were used, as

follows:

1. To assess the effect of drug/low pH perfusion and wash-out on peak current in real time, a
simple one-step protocol was used where cells were held at -120 mV or -80 mV for 250 ms

and then depolarised to -10 mV for 50 ms.

2. To assess the voltage-dependence of activation, cells were held at -120 mV for 250 ms

and then depolarised to test potentials in 5-10 mV steps between -120 mV and +30 mV for
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50 ms. The voltage of activation was taken as the most negative voltage which induced a

visible transient inward current.

3. To assess the voltage-dependence of steady-state inactivation, cells were held at -120 mV
for 250 ms followed by prepulses for 250 ms in 5-10 mV steps between -120 mV and +30

mV and a test pulse to -10 mV for 50 ms.

4. To assess recovery from fast inactivation, cells were held at -120 mV for 250 ms, and then
depolarised twice to 0 mV for 25 ms, returning to -120 mV for the following intervals
between depolarisations (inms): 1, 2, 3, 5, 7, 10, 15, 20, 30, 40, 50, 70, 100, 150, 200, 250,
350, 500. In each case, the second current was normalized to the initial current and plotted

against the interval time.

2.3.5 Noise reduction in recordings
1. For the simple one-step protocol the step voltage change was applied 20 times and the

resulting current traces were averaged to reduce noise.

2. To assess voltage of activation or inactivation, peak currents were detected and the peak-
to-peak noise during the quiescent period before depolarisation was calculated. Half of this

peak-to-peak noise was subtracted from every peak current measurement.

3. For recordings from primary cells and cells in patient tumour slices, currents were low-

pass filtered at 1 kHz.

2.3.6 Calculations
To calculate conductance, the noise-subtracted current was divided by the driving force for

Na*:
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Driving force (mV) = Depolarisation voltage - reversal potential (Vrev) for Na*

where Vv Was calculated using the Nernst equation:
Viev=RT x In [Na*]e
zF [Na'*];

where [Na*]e is the extracellular [Na*] and [Na']; is the intracellular [Na*], R is the universal
gas constant (8.314 J K mol?) , T is the temperature in Kelvin, z is the charge of the ion

(+1) and F is the Faraday constant (96485 C mol™).

The Vyev for Na* was +85 mV for most experiments but due to different recording solutions

used when recording Na* currents from HEK-Na,1.5 cells, the Ve, was +63 mV.

The voltage-dependence of conductance and availability were normalized and fitted to a

Boltzmann equation:

G = Gmax/[1 + exp (V12— Vm)/K)], where Gmax is the maximum conductance, V. is the
voltage at which the channels are half activated/inactivated, Vi, is the membrane voltage and

k is the slope factor.

The time course of inactivation was fitted to a double exponential function:

I = Asexp (-t/tr) + As exp (-t/ts) + C, where As and As are maximal amplitudes of the slow
and fast components of the current, s and 15 are the fast and slow decay time constants and C

is the asymptote.

To analyse recovery data, currents were normalised to the initial current (I /li=0), plotted

against recovery time (t) and fitted to a single exponential function:

T=A1+ A2 exp (-t/to), where Al and A2 are the coefficients of decay of the time constant

(1), tis time and to is a time constant describing the time dependence of 1.
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To measure Vm, the amplifier was used in current clamp mode and the bridge balance and
capacitance were compensated (Molecular-Devices, 2012). The gigaseal was formed and the
membrane patch broken in voltage clamp mode then the amplifier was then switched to | = 0
mode (no current or voltage inputs) as soon as possible after breaking the membrane patch,
and the voltage was measured over 60 seconds. The average voltage over this time was
corrected for liquid junction potentials (-3.7 mV in the recording conditions) calculated

using the pClamp 10.7 liquid junction potential calculator (Barry, 1994).

2.4  Orthotopic breast tumour model

All animal procedures were carried out after approval by the University of York Animal
Welfare and Ethical Review Body and under authority of a UK Home Office Project
Licence. Rag2™ 112rg™"~ mice were bred in-house and females over the age of 6 weeks were
used for tumour implantation. A suspension of 1 x 108 MDA-MB-231 cells in Matrigel
(Corning) (50% v/v in PBS) was implanted into the left inguinal mammary fat pad of each
animal whilst under isoflurane anaesthesia (Figure 2.1 A). For some experiments MDA-MB-
231 cells stably transfected with shRNA directed against SCN5A or scrambled shRNA
(Nelson et al., 2015b) were implanted instead of wild-type MDA-MB-231 cells. Mice were
weighed and their body condition and tumour size were checked at least every 2 days.
Tumours were measured using callipers and the tumour volume was calculated using the
modified ellipsoidal formula, volume = 1/2(length x width?) (Tomayko & Reynolds, 1989).

Mice were euthanized after approximately four weeks.

2.5 Tumour slice preparation

Tumours were dissected immediately after euthanasia and sliced in ice-cold PBS using a
Campden 5100MZ vibratome to a thickness of 200 um for patch clamp recording or 500 pm
for ion selective microelectrode recording. They were then immediately transferred to a PSS
bath at room temperature. To make lung tissue slices, the mouse was euthanised, the thorax

was opened by splitting the sternum, the trachea was cannulated using a 20G 1V cannula and
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Figure 2.1 Tissue slice preparation.

A. Schematic showing protocol: 1 x 10® MDA-MB-231 cells in 50 % Matrigel were
implanted into the mammary fat pad of GC’/Rag2” mice. Mice were euthanised after 4
weeks. Lungs were filled with 1% low-melting-point agarose then dissected and embedded
in low-melting-point agarose. Primary tumours were also dissected and tissues were sliced to
a thickness of 250 um. Whole cell patch clamp was used to measure Na* currents and Vi
from cells in slices. B. Mould for embedding lungs in low melting point agarose. C. Some
slices were maintained in culture on a transwell insert at the interface between the culture
medium and the air.
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1% low melting point agarose at 37 °C was injected through the cannula into the lungs
(Figure 2.1 A). When this had reached room temperature and set, the lungs were dissected
out and embedded in more 1% low melting point agarose at 37 °C. The resulting block was
then sliced to a thickness of 250 um. For long-term culture, tissue slices were held on a

transwell insert at the interface between culture medium and air (Figure 2.1 C).

2.6 lon sensitive microelectrodes (ISMEs)

2.6.1 Micropipettes

Unfilamented borosilicate capillary tubes were pulled to a resistance of ~5 MQ (measured
after silanization and when filled with PSS and in a recording bath). Pipettes were then
coated with a hydrophobic layer (silanized) at 200 °C for 15 minutes with N,N-

dimethyltrimethylsilyamine (TMSDMA) (Sigma).

2.6.2 Recording solutions

For measuring Na*, microelectrodes were back filled with PSS (see section 2.3.2). For
measuring H*, they were back filled with the following solution, in mM: NaCl 100, HEPES
20, NaOH 10, adjusted to pH 7.5. After back-filling with aqueous solution, the
microelectrodes were front-filled by suction with oil containing ionophores (Sigma
hydrogen ionophore | — cocktail A to make H*-selective electrodes, or Sigma sodium
ionophore Il — cocktail A to make Na*-selective electrodes) (Voipio et al., 1994). Tissue
slices were perfused with PSS (see section 2.3.2). PSS solutions adjusted to pH 5.43, 6.4, 7.2
and 8.23 were made for calibration of H* ISMEs. PSS solutions with [Na*] of 48, 96, 144 or

192 mM (with no replacement ion) were made for calibration of Na* ISMEs.

2.6.3 Recording set-up
ISME recordings were made using a MultiClamp 900A amplifier (Molecular Devices)
linked to a computer running MultiClamp 900A Commander software (Molecular Devices).

The headstage amplifier was a high impedance 0.0001MU Axon HS-2 (Molecular Devices).
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Currents were digitized using a ITC018 A/D converter (HEKA Instruments), regular
oscillatory noise was reduced with a HumBug noise eliminator (Quest Scientific) and the
voltage signal was low-pass filtered at 10 Hz. VVoltage was recorded using Axograph

software (version 1.7.6).

Tissue slices were magnified using a stereo microscope. A humidified recording chamber
(designed by Prof. M. Whittington) housed the tissue slices on the interface between PSS at
30 °C and humidified, warmed air (Figure 2.2 A). PSS was perfused by a Gilson F117604
peristaltic pump (ThermoFisher) with a bubble trap to reduce mechanical noise from the
pump. The ground electrode and the pipette electrode were silver wires coated with AgCl.

The electrode wires were re-coated by soaking in NaHCIO for 20 minutes every two weeks.

2.6.4 ISME recording from tumour slices

ISME measurements from tumour slices were made within one hour of mouse euthanasia.
Sketches were made of the slices with grossly visible colour differences between “core” and
“peripheral” regions identified in the drawing. ISMEs were placed on the top surface of
tumour slices, since it was found that deeper placement would damage the ISME (Figure 2.2
A). After each placement the Faraday cage was closed and the voltage was monitored until a
steady voltage was reached, then this voltage was recorded. In total, 12 measurements were
made from each region of the slice, alternating between regions, with calibrations and bath

measurements taken before, half-way through and at the end of the measurements.

2.6.5 Calibration of ISMEs

The ISMEs were calibrated just before use in microcentrifuge tubes outside the recording
chamber. A separate ground electrode of the same material as in the recording chamber was
used in the calibration tubes. Once the ground electrode and ISME were placed in each
calibration tube, the Faraday cage was closed and the voltage was allowed to stabilise before

a measurement was read from the Axoscope screen. This equilibration took ~1 minute for H*
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electrodes and ~3 minutes for Na* electrodes. If the electrode was found to be insensitive to
changing ionic concentrations it was discarded. Given that the calibration could not be
performed in the recording chamber with the same ground electrode as the test recordings,
there was a voltage offset between the two conditions. The voltage offset between the PSS in
the bath around the tumour and in the microcentrifuge tube containing the same ion
concentrations was calculated. This offset was later subtracted from the measured voltages
in the tumour slice. Calibration and offset calculation was performed before and after every
12 measurements since it could drift with repeated electrode placement. If the electrode had
greatly reduced sensitivity, the electrode was discarded, along with the measurements made

between the first and second calibrations.

Where there was only a small change in ISME sensitivity, the calibrations and offsets
performed immediately before and after a set of 12 measurements were averaged, so each set
of 12 measurements was calibrated separately. A straight line was fitted to the offset-
corrected voltage/pH calibration points, and the equation of this straight line was calculated:
voltage = (slope x pH) + y intercept. For each voltage measurement from the tumour slice,
the corresponding pH was calculated by rearranging the equation for pH: pH = (voltage —y
intercept)/slope (Figure 2.2 B). The same calibration method was used for Na*-sensitive

electrodes (Figure 2.2 C).
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Figure 2.2. lon-sensitive microelectrode recording from MDA-MB-231 xenograft slices.

A. Schematic of protocol: tumour-bearing mouse was euthanised, the tumour dissected and
sliced on a vibratome into 400 pm thick slices. These were maintained at the interface of air
at 100 % humidity and perfused PSS at 30 °C. lon sensitive microelectrodes were placed in
various locations at the top surface of the slices and the voltage between the bath and the
microelectrode was measured. B. Example of two averaged calibrations for a pH-sensitive
electrode, showing a slight reduction in sensitivity after it had been used for several
measurements. C. Example of two averaged calibrations for a Na*-sensitive electrode,
showing a slight reduction in sensitivity after it had been used for several measurements.
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2.7  Xenograft tumour tissue

2.7.1 Tissue preservation and sectioning

After recording with ISMEs, tumour slices were fixed in 4% paraformaldehyde (PFA) for 1
h, cryoprotected in 10 % then 30 % sucrose in PBS over 48 h and frozen in optimal cutting

temperature (OCT) compound (Agar scientific) before being sectioned to a thickness of 12

um on a Leica CM1950 cryostat and mounted on SuperFrost plus slides (Epredia Menzel).

2.7.2 Haematoxylin and eosin staining

Tumour section slides were post-fixed in 4 % PFA for 10 minutes then washed for 3 x 5
minutes in 0.1 % PB, then in distilled water before being stained in 1 x Gills Hematoxylin
(Richard Allan Scientific) for 5 minutes. Sections were then rinsed with water, acidified in
1% HCI in 70% ethanol for 2 minutes and rinsed again with water before being alkalinised
in 0.1 % NH4OH in water, then rinsed with water. Sections were then stained with Eosin-Y
alcoholic (Richard Allan Scientific) for 1 minute then rinsed briefly with water and mounted

with Faramount aqueous mounting medium (Dako).

2.7.3 Xenograft tumour immunohistochemistry

For immunohistochemical labelling, sections were drawn around with a hydrophobic PAP
pen (Dako) then post-fixed in 4 % PFA for 10 minutes and washed in 0.1 M phosphate
buffer (PB) (40.5 ml of 0.8 M Na,HPO. and 9.5 ml of 0.8 M NaH,PQ,, diluted to 400 ml
with distilled water). Fixed sections were blocked in 0.1 M PB with 0.3 % Triton-X-100 and
10 % goat serum (PBTGS) for 1 h at room temperature, then primary antibodies were
diluted in PBTGS and sections were incubated in these overnight at room temperature.
Active caspase 3 antibody (R&D Systems AF835) was diluted 1:200 and Ki67 antibody
(Abcam AB15580) was diluted to 1:5000. Both antibodies were raised in rabbits so they
were used on separate tissue sections from each tissue slice. After incubating with primary
antibody, sections were washed in 0.1 M PB for 3 x 5 minutes then incubated with Alexa-

568 conjugated goat anti-rabbit secondary antibody (Invitrogen A11036) at 1:500 dilution in
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PBTGS for 2 h at room temperature. After this sections were counterstained with DAPI by
washing with 0.1 M PB containing DAPI (0.5 pug/ml) for 3 x 5 minutes, then mounted in

Prolong Gold + DAPI (Thermofisher P36931).

2.7.4 Xenograft tumour IHC image analysis

Stained sections were imaged on a Zeiss AxioScan.Z1 slide scanner with a 20X objective.
Images were viewed using Zen 3.4 (blue edition) software (Zeiss) and the maximal intensity
in the red and blue (DAPI) channels were changed to maximise the visibility of positively
stained cells. The minimum intensity was not changed. Images were then converted from
.czi format to 8-bit .tif format. In ImageJ 1.53c software (NIH), a whole section was viewed
at a time and the shape was matched to the drawing of the tissue slice during ISME
recording. Regions of interest (1000 x 1000 pixels) were chosen in both “core” and
“peripheral” regions identified during ISME recording. Six ROIs were selected from each
region (often sampling the majority of the region). These ROIs were saved as numbered
image files for analysis. The rest of the analysis was performed using an ImageJ macro
(Section Appendix V). Briefly, a nuclear count was performed by a particle count in the
DAPI channel. A minimum level intensity cut-off was applied to remove background
staining in the red channel, and this value was kept consistent within all ROIs from each
tissue section. Nuclear Ki67 staining was quantified by a particle count where the DAPI
signal colocalised with the red signal (using a mask generated from the DAPI channel).
Since activated caspase 3 staining was not nuclear, the DAPI mask was not applied to these
images before making a particle count. Particle counts were expressed as a percentage of the
DAPI count in the same ROI to give the percentage of positively stained cells in each ROI

for each antibody.

2.8  Human tumour tissue microarray immunostaining
A tumour microarray consisting of formalin-fixed, paraffin-embedded sections of 1740

primary breast tumour cores was obtained from the Breast Cancer Now Tissue Bank. Slides
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were deparaffinised in Histoclear (National Diagnostics) then rehydrated in decreasing
concentrations of ethanol. Antigen retrieval was achieved by incubating with citrate-based
Target Retrieval Solution (Dako S1699) at 95 °C for 30 minutes. Samples were drawn
around with a hydrophobic PAP pen (Dako S2002) then blocked with peroxidase block
(Dako S202386-2) for 5 minutes. Samples were incubated with primary antibody diluted in
antibody diluent (Dako S0809) at 1:25 for anti-p1 N-terminal (Abgent AP10645a) or 1:100
for anti-Nay1.5 (Alomone ASC-013). Slides were incubated with primary antibody for 1 h
(B1) or 3 h (Nay1.5) at room temperature. After gentle rinsing and immersion in buffer
solution, slides were stained with EnVision+ Dual Link System/HRP (DAB+) (Dako
K401011), following the manufacturer’s instructions. Slides were then counterstained with
Mayer’s haematoxylin (Dako S3309) and mounted in Faramount aqueous mounting medium

(Dako S3025).

Negative control slides were not exposed to primary antibody. As a control to show
specificity of staining, some protocol optimisation slides were stained with antibodies which
had been preincubated with the immunising peptides. Preincubations were performed in
Dako antibody diluent overnight at 4 °C, then the mixture was centrifuged at 16000 x g for
20 minutes and the supernatant used for immunostaining. Preincubation with immunising
peptides required optimisation for both antibodies, increasing the proportion of
peptide:antibody in both cases to maximal possible proportions given the volumes that were
available. Final proportions were 0.2 pl (0.19 pg) antibody and 93 ul (139.5 pg) peptide in a
total volume of 200 ul for Anti-Nay1.5 antibody. The molar ratio was not clear as the
molecular weight of the antibody was not specified but can be estimated at around 150 kDa.
The molecular weight of the peptide is 33 kDa, giving a molar ratio of peptide:antibody of

3337.

For the anti-p1 antibody the proportions were 0.8 ul (0.2 pg) antibody 48 ul (48 pg) peptide

in a total volume of 200 ul. Again, the molar ratio was not clear as the molecular weight of
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both the antibody and peptide were not specified but estimates in Abgent’s blocking peptide
protocol (https://www.abcepta.com/assets/pdf/Blocking_Peptides_Protocol.pdf) are 150 kDa
for an antibody and 1.65 kDa for a 15- residue peptide. This gives a molar ratio of

peptide:antibody as 21825.

2.9 TMA imaging and staining quantification

Slides were imaged on a Zeiss AxioScan.Z1 slide scanner with a 20X objective and staining
was visualised using Zen 3.4 (blue edition) software (Zeiss). Staining was quantified using a
modification to the Allred scoring system (Allred et al., 1998). In this system, the proportion
of positively stained cells is scored, and the intensity of staining is scored separately (Table

2.3).

Table 2.3 Scoring of anti-Na,1.5 or anti-B1 antibody staining of TMA sections.
The proportion score and intensity score were added together to make the final score for
each tissue core section. Allred score = proportion score + intensity score

Positive cells % | Proportion score Intensity Intensity score
0 0 None 0

<1 1 Weak 1

1-10 2 Intermediate 2

11-33 3 Strong 3

34-66 4

67-100 5

2.10 Immunocytochemistry

2.10.1 Immunocytochemical staining

Cells on coverslips were fixed in 4 % PFA for 10 minutes, washed with PBS then blocked
for 1 hour with PBTGS. They were then incubated with rabbit monoclonal anti

ER-a [SP1] (ab16660) or rabbit monoclonal anti-ErbB 2 (HER2) antibody [EP1045Y]
(ab134182), both at 1:250 dilution in PBTGS at room temperature overnight. After being
washed for 3 x 5 minutes with PBS, coverslips were incubated with Alexa-488 conjugated
goat anti-rabbit secondary antibody (Invitrogen A11034) at 1:500 dilution in PBTGS at

room temperature for 3 hours. Coverslips were then counterstained with DAPI by being
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washed in 0.1 M PB containing DAPI (0.5 pg/ml) for 3 x 5 minutes, then they were mounted
in Prolong Gold + DAPI (Thermofisher P36931). Anti-ER-a staining was compared against
the MCF?7 cell line as a positive control and the MDA-MB-231 cell line as a negative
control. Anti- HER2 staining was compared against the SKBr3 cell line as a positive control

and the MDA-MB-231 cell line as a negative control.

2.10.2 Imaging of immunocytochemical staining

Slides were imaged on a Nikon Eclipse TE200 fluorescent microscope with a Plan Fluor
40X objective using a RoleraXR Fast1394 charge-coupled device (CCD) camera
(QImaging) and SimplePCI 6.0 software. DAPI was excited at 340 nm and the fluorescence
signal was gathered at 455 nm. Alexa 488 was excited at 490 nm and fluorescence signal

was gathered at 512 nm. Files were saved as 8-bit .tif files at 150 pixels/inch.

2.11 RNA extraction and RT-PCR

2.11.1 RNA extraction

RNA was extracted using TRIzol reagent (Invitrogen) following a protocol from W.M. Keck
Foundation Biotechnology Microarray Resource Laboratory at Yale University. Briefly,
RNA was extracted from primary cells remaining on plasticware after coverslips had been
removed and used for other experiments. Cells from each well were scraped in 1 ml TRIzol
and vortexed. Xenograft tumour samples were frozen in TRIzol (1 ml TRIzol per 100 mg
tissue) at -80 °C until RNA extraction. On the day of extraction, the samples were thawed
then homogenised using a Dounce homogeniser, then centrifuged at 4°C and 12000 x g for 5
minutes to pellet debris. The vortexed primary cell samples in TRIzol and the TRIzol
supernatant from homogenised tissue samples were then treated by adding 0.2 ml
chloroform per ml TRIzol to each sample. Samples were then incubated at room temperature
for 3 minutes and centrifuged at 4 °C and 12000 x g for 15 minutes. The upper agueous
phase was kept and into this was added 0.5 ml isopropanol and 1 ul Glycoblue

(Thermofisher AM9516) to aid detection of the RNA pellet. Samples were then incubated at
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room temperature for 10 minutes and centrifuged at 4 °C and 12000 x g for 20 minutes. The
supernatant was removed and the pellet was washed twice in 75 % ethanol. The pellet was
then dried and dissolved in 10 pul RNAase-free water. RNA concentrations were checked

using a Nanodrop (Thermo Scientific).

2.11.2 RT PCR - cDNA synthesis

Samples were treated with DNAsel (Sigma AMPD1) to remove any contaminating DNA.
They were incubated with DNAsel at a concentration of 1 unit per 10 pl reaction, at 21 °C
for 15 minutes. DNAsel was then inactivated by addition of 1 pl stop solution to each
sample and heating to 70 °C for 15 minutes. cDNA was made using Superscript Il reverse
transcriptase (Invitrogen) by adding 1 ng RNA (5-8 ul depending on RNA concentration) to
250 ng random hexamer (2.5 ul of 100 ng/ul solution) and the reaction was made up to 11.5
ul with water. The sample was incubated at 70 °C for 10 minutes to separate RNA to single
strands, then rapidly cooled on ice. A reaction mixture of 2 ul of 0.1 M dithiothreitol (DTT),
4 ul Supercript 11 first strand buffer (5X), 1 ul 10 mM dNTP mix and 0.5 pl (20 U) RNAse
inhibitor was added to the sample, mixed and incubated at room temperature for 2 minutes. 1
ul (200 U) of Superscript 11 reverse transcriptase enzyme was added to the sample, stirred
and incubated at room temperature for 10 minutes. The reaction mixture was incubated at 42
°C for 1.5 hours then the reaction was halted by heating to 70 °C for 15 minutes then cooled

on ice.

2.11.3 PCR method
Using GoTaq Hot Start DNA polymerase (Promega) kit and protocol, a master mix of PCR

reagents was produced for each primer pair or template DNA, depending on the experiment.

A 50 pl PCR reaction contained:

10 ul Green GoTag Flexi Buffer (5X), 4 ul MgCl;, (25 mM), 1 ul dNTPs (10 mM each base),

1 ul each of the forward and reverse primers (100 nM), 0.25 ul GoTaq Hot Start Polymerase
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(5 U/ul) and 100 ng of template DNA, made up to 50 ul with nuclease-free water. For no

template controls, water was added instead of cDNA.

The annealing temperature of each primer pair was first calculated by the Promega online
Tm calculator (https://www.promega.co.uk/resources/tools/biomath/tm- calculator/) and
then optimised experimentally. In a typical PCR program, DNA was denatured at 95 °C for
2 min then it was subjected to 35 cycles of 30 s denaturation at 94 °C then 30 s annealing at

the optimal annealing temperature then 60 s extension at 72 °C.

Gel electrophoresis of samples was performed in 1-2 % agarose gels made with TBE buffer
(0.1 M Tris base, 0.1 M boric acid, 2 mM EDTA). SYBR safe DNA stain (Invitrogen) was
added at 10 pl per 100 ml gel to visualise DNA bands. Gels were run in TBE buffer at 100 V

for ~45 min. Gels were visualised and photographed using a Gel Doc EZ Imager (Bio-Rad).

2.12 Trypan blue viability assay

Cells were cultured in 6 well plates. Culture medium from each well was removed from
wells into 14 ml Falcon tubes using a pipette then adherent cells were detached from wells
using Trypsin-EDTA. The trypsin was inactivated using double the volume of serum-
containing medium. Suspended cells were recombined with their used medium in the 14 ml
Falcon tubes. These tubes were centrifuged at 800 x g for 5 minutes. The pellet was
resuspended in a known volume of DMEM and a 10 pl sample was mixed with an equal
volume of Trypan blue. Cells were counted using an Invitrogen Countess automated cell

counter.

2.13 Ratiometric ion indicators
2.13.1 SBFI-AM experiments in individual cells on coverslips

Cells were grown on glass coverslips for 48 h, then incubated for 1 h at 37°C in 10 uM

SBFI-AM (Thermofisher S1263) with 0.1% Pluronic F-127 (Sigma P2443) in DMEM. To
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allow esterified dye to diffuse out of the cells before recording, coverslips were washed
twice then left in PSS for 30 minutes before recording. Coverslips were mounted in a
Warner RC-20H recording chamber used in open configuration with PSS perfusion at 1
ml/min by a perfusion system with peristaltic pumps to control inflow and outflow.
Solutions were changed using the perfusion system except the calibration solutions at the
end of the experiment which were introduced drop-wise by syringe. Two-point calibration
was performed at the end of every experiment. For SBFI-AM, 10 mM Na* PSS (with K* as
replacement ion) containing 20 uM gramidicin D (Sigma), was applied for 12 minutes,
followed by 20 mM Na* for a further 12 minutes. Each cell’s fluorescence ratio was

calibrated to its own calibration line.

2.13.2 BCECF-AM experiments in individual cells on coverslips

Cells were grown on glass coverslips for 48 h, then were incubated for 10 minutes at 21°C in
1 uM BCECF-AM (Biotium 51011) without Pluronic F-127. The perfusion apparatus and
recording chamber were the same as for the SBFI-AM experiments. Solutions were changed
using the perfusion system, apart from ionophore-containing calibration solutions, which
were introduced drop-wise by syringe. Two-point calibration was performed at the end of
every experiment using K*-based PSS (where Na* was replaced by K*) at pH 7 with 13 uM
nigericin (Sigma) for 7 minutes, followed by K*-based PSS at pH 8 for a further 7 minutes.

Each cell’s fluorescence ratio was calibrated to its own calibration line.

2.13.3 Imaging of ratiometric fluorescent indicators

Exposures of 0.15 s duration were taken every 15 s with a Nikon Eclipse TE200 epi-
fluorescent microscope using SimplePClI 6.0 software to control the imaging system. Images
were captured with a RoleraXR Fast1394 CCD camera (Q-imaging) with a 20X Plan Fluor
lens and 2X binning (SBFI-AM) or with a 10X Plan Fluor objective and no binning
(BCECF-AM). Filters used in imaging were for SBFI-AM: Chroma 71000a (340 nm and

380 nm excitation, dichroic 400 nm LP and emission 510 = 80 nm) and for BCECF-AM:

67



Chroma 31044v2 (436 + 20 nm and 480 * 40 nm excitation, dichroic 505 nm LP and
emission 540 nm LP). Images were saved as 16-bit .tif files and analysed in NIH ImageJ
1.53c. Circular ROIs were placed over cells which had a healthy appearance (not unusually
small or bright, and which did not move appreciably during the recording period.) The mean
intensity at each wavelength was calculated for each ROI. Background fluorescence was
calculated for each excitation wavelength by selecting a ROl where there were no cells.
Background fluorescence was subtracted from the mean intensity of each ROI before
fluorescence ratio calculation. Each experimental repeat was the mean measurement from ~

40 cells per coverslip.

2.13.4 Plate reader-based SBFI-AM measurement

Cells were seeded at 2 x 10* (MCF7 and SKBr3), 2.5 x 10* (MDA-MB-231) or 4 x 10*
(MCF10A) cells/well in a Greiner 96 well, black walled, micro-clear polymer-bottomed
plate. Medium was exchanged and drug incubations started after 36 h. Before dye loading,
wells were washed with PBS, and 60 ul DMEM containing SBFI-AM (10 uM) and Pluronic
F-127 (0. 1%) + drug treatment was added to each well. Cells were incubated in SBFI-AM at
37 °C for 2 h. Wells were then washed twice in PSS + drug and left in PSS + drug for
imaging on a BMG Clariostar plate reader with excitation at 340 and 380 nm and emission
collected at 510 nm. Simultaneous calibration of [Na*]; was performed in separate wells of
the plate using 0 mM, 10 mM, 20 mM, 30 mM and 40 mM Na* PSS (with K* as the
replacement ion). Intracellular and extracellular [Na*] was equilibrated with 20 uM
gramidicin D until fluorescence ratios stabilised (~15 minutes). Background fluorescence
was subtracted from each wavelength before fluorescence ratio calculation. Calibration was
performed in each plate for each cell line separately. Each experimental repeat or calibration

point was the average fluorescence ratio of five wells from a single plate.
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2.14 Inductively coupled plasma mass spectrometry

Normal mammary glands from ex-breeding female GC”"Rag2”- mice or MDA-MB-231
xenograft tumours from the same genotype of mice were dissected and weighed. These were
freeze-dried overnight and re-weighed. The dried sample was transferred to a PTFE
digestion vessel which was then digested with nitric acid and hydrogen peroxide [4:1] (trace
metal grade) using a microwave digestion system (Ethos Up, Milestone). Digestion method
"SK-CL-002-Animal Tissue" was employed from the Ethos up library (Milestone). After
digestion was complete, the digestate was transferred to a 50 ml volumetric flask and diluted
to volume using deionised water (18 MQ). All digestion vessels and glassware were cleaned
beforehand using an acid steam cleaning system (traceClean, Milestone) to reduce the risk of
trace metal contamination. Na* content was quantified using calibration standards prepared
using certified reference standards (multi-element environmental calibration standard,
Agilent 5183-4688). In addition, a 10 ppb internal standard solution was prepared from a
certified reference solution (Agilent 5188-6526). Samples were analysed by ICP-MS to give
sodium content as ppm (dry mass). This value was converted to mmol/kg fresh mass by
multiplying by the fresh mass/dry mass ratio. Sample digestion and ICP-MS was performed

by Darren Phillips at the Biorenewables Development Centre, Dunnington, York.

2.15 RNA sequencing

2.15.1 Sample preparation and quality control

Xenograft tumours which had grown to a mean diameter of 10 mm were halved and half of
each was placed in TRIzol reagent immediately after dissection and stored at -80 °C. RNA
was extracted as described in Section 2.11.1. Library preparation and sequencing were
performed by Novogene. Firstly, RNA quantity, integrity and purity were assessed using
agarose gel electrophoresis and an Agilent 2100 bioanalyzer (Figure 2.3 A-C). Secondly, a
cDNA library was prepared and sequenced using an Illumina sequencer, generating > 2 X

107 clean reads per sample (Figure 2.3 D).
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2.15.2 Analysis of RNAseq data

RNASeq analysis was provided as a service by Novogene. FASTQ read files (Cock et al.,
2010) were mapped to the human genome or mouse genome using STAR aligner (Dobin et
al., 2013) creating BAM files. Count matrices were generated using HTSeq. To produce
heatmaps, samples were clustered using gene expression in Z scores which are produced
using log2(FPKM+1). Specifically, the distance between the log.(FPKM+1) of each gene
from the mean log>(FPKM+1) of all genes was calculated, then each value was divided by
the standard deviation of log.(FPKM+1) for each gene. using the hierarchical clustering
distance method in R. DESeq2 was then used to make differentially expressed gene (DEG)
tables (Anders & Huber, 2010). DESeq2 compared the expression of each gene between
samples by empirically fitting a negative binomial distribution to the raw read counts for
each transcript, using the trimmed mean read count (mean of the middle 50% of the total
gene expression distribution) as a reference value to normalise the read count to account for
read depth (Dillies et al., 2013). ClusterProfiler (Yu et al., 2012) was used to create
functional profiles for gene clusters for both human and mouse reads using the Gene

Ontology (GO) database (http://www.geneontology.org), the Reactome database

(https://reactome.org) and the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(http://www.kegg.jp). In addition, for the human gene data set only, disease ontology (DO)
analysis was performed using the Disease Ontology database (http://www.disease-
ontology.org) and the DisGeNET database (https://www.disgenet.org). Protein-protein
interactions within the differentially expressed gene set were explored using the STRING

database (http://string-db.org) (Shannon et al., 2003).

Since reads from a xenograft tumour could potentially be mapped both to the human and to
the mouse genome, ambiguously mapped genes were identified by Dr John Davey of the
Technology Facility, Department of Biology, University of York. This was performed using
BBsplit from the BBtools suite (Bushnell, 2021) which breaks reads into shorter sequences

(kmers) and assesses when reads have kmers found in both human and mouse genomes. The
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ambiguous reads were mapped back to the human genome using STAR aligner and this

information was added to the DEG table.

2.16 Quantification of lactate production

Cells were seeded at 5 x 10° cells/well of a 6 well plate. After 24 h, wells were washed twice
with PBS and 2 ml DMEM or FBS was added to each well. At this stage 24 h drug
treatments were added. For shorter drug incubations, wells were washed again and drugs
were included with a further change of DMEM. At the end of the drug incubations, 1 ml
DMEM was collected from each well and frozen at -80 °C until all experiments had been
performed. These were thawed and used in a colorimetric L-lactate assay (AAT Bioquest
13815). Absorbance from each well was measured at 575 nm and 605 nm on a BMG
Clariostar plate reader. Blank subtraction was not used since phenol red was present in the
culture medium. Each well in the lactate assay plate was from one well of cells in a 6 well
plate. Each experimental repeat was composed of three technical repeats (three wells). A
standard curve of known lactate concentrations was produced following the manufacturer’s
directions. This was not used to calibrate absorbance ratios because phenol red was present

in the culture medium in test samples.
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C Sample Concentration (ng/pl) Volume (pl)  Total RNA (ug) Integrity value  Sample QC result
ctrl 1 2010 18 36.18 6.6 Pass
ctrl 2 11190 21 234.99 7.1 Pass
ctrl 3 4020 15 60.3 8.8 Pass
ctrl 4 11100 18 199.8 71 Pass
ctrl 5 7260 18 130.68 8.5 Pass
ctrl 6 5970 17 101.49 8.5 Pass
shRNA 1 4040 18 72.72 7.9 Pass
shRNA 2 6810 16 108.96 8 Pass
shRNA 3 12830 15 192.45 7.2 Pass
shRNA 4 8320 16 133.12 7.5 Pass
shRNAS 10630 17 180.71 7.7 Pass
shRNA 6 9170 18 165.06 8.2 Pass
D Sample name Raw reads Cleanreads Raw bases Clean bases Errorrate(%) Q20(%) Q30(%) GC content(%)
ctri_1 24196727 23723856 7.3G 7.1G 0.03 97.84 | 93.98 48.75
ctrl_2 28516955 27951991 8.6G 8.4G 0.03 97.15 | 92.46 50.06
ctr_3 20994395 20523243 6.3G 6.2G 0.03 97.72 93.79 49.69
ctrl_4 25423132 24840073 7.6G 7.5G 0.03 97.82 93.88 4917
ctrl_5 21365625 20882636 6.4G 6.3G 0.03 97.79 | 93.89 49.66
ctrl_6 23242508 22688995 7.0G 6.8G 0.03 97.92 | 94.16 49.11
shRNA_1 24536101 23708564 7.4G 714G 0.03 97.93 94.15 49.36
shRNA_2 25110851 24657959 7.5G 7.4G 0.03 97.2 92.6 50.34
shRNA_3 23391450 22977730 7.0G 6.9G 0.03 97.21 92.65 50.37
shRNA_4 22660735 22256953 6.8G 6.7G 0.03 97.85 | 93.98 49.66
shRNA_S 21910069 21364601 6.6G 6.4G 0.03 98 94.09 50.36
shRNA_6 22697078 22063831 6.8G 6.6G 0.03 97.87 | 94.01 48.28

Figure 2.3. RNA sequencing sample quality control.

A. Agarose gel electrophoresis showing ribosomal RNA bands to check RNA integrity from
the 12 samples. B. Sample 1 from A., further examined for purity and integrity with an
Agilent 2100 bioanalyzer. C. RNA quality results from an Agilent 2100 bioanalyzer. D.
Quality and number of reads from each sample by an Illumina sequencer.
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2.17 Statistical analysis

Linear regression was used for calibration of ratiometric indicators and ISMEs, since the
calibration curves approximated linear relationships over the ranges used. Linear regression
was also used for determining rates of pH change in BCECF experiments. Statistical
analysis was performed on raw (hon-normalized) data using GraphPad Prism 8.4.0 for most
analyses, or IBM SPSS Statistics 27 for Intraclass Correlation Coefficient, Cohen’s weighted
kappa and Cox multivariate proportional hazard analysis. RNAseq statistics were handled
with DESeq2 and ClusterProfiler Pairwise statistical significance was determined with
Student’s paired or unpaired, or one-sample t-tests where data were normally distributed and
using Mann-Whitney u tests where there were not. Multiple comparisons were made using
ANOVA and Tukey’s or Dunnett’s multiple comparisons tests, where data were normally
distributed and using Kruskal-Wallis or Friedman’s tests where they were not. Results were
considered significant at P < 0.05 or Padj <0.05 for differential gene expression. Padj values
were corrected for false discovery rate (FDR) in DESeq2 using an interpretation of the
Benjamini and Hochberg method (Benjamini & Hochberg, 1995). In this method genes are
ranked by P value and then each P value is multiplied by the total number of tests and
divided by the rank number of the gene. P values adjusted for false discovery rate (Padj) of <
0.25 are often considered in overrepresentation analysis (Subramanian et al., 2005; Tamayo
et al., 2016) and when performing an exploratory experiment, especially when there are very
few significantly enriched terms as in the Gene Ontology analysis of mouse genes and

Reactome and Disease Ontology analysis of human genes in this study.
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3 Investigating involvement of VGSCs in Na* and pH
homeostasis

3.1 Introduction

Recent studies from the Brackenbury lab have shown that both Na,1.5 and 1 subunits
contribute to increased local invasion and metastasis in the MDA-MB-231 mouse model of
breast cancer (Nelson et al., 2014; Nelson et al., 2015b). The mechanisms by which these
two subunits increase metastasis may be unrelated, but since 1 increases size of whole-cell
VGSC Na* currents (Isom et al., 1992; Isom et al., 1995b; Chioni et al., 2009), it is possible
that its pro-metastatic effects are mediated through an increased Na* current. For this to be
the case, it would be expected that 1 would increase VGSC Na* currents in MDA-MB-231
cells in vivo as it does in vitro. However, this possibility has not yet been investigated. Yang
et al (2020) showed that Na,1.5 activity depolarised the Vi in MDA-MB-231 cells (Yang et
al., 2020). It is therefore possible that overexpressing p1 in MDA-MB-231 cells and tumours

will depolarise the Vi, as a consequence of an increased Na* current.

Another way in which VGSCs may alter cancer cell behaviour is through increasing the
[Na*]i. This is of particular interest because tumours contain an elevated Na* concentration
as determined by 2Na MRI (Ouwerkerk et al., 2003; Ouwerkerk et al., 2007; Jacobs et al.,
2010; Zaric et al., 2016; James et al., 2021). If VGSCs promote invasion by elevating [Na*];,

[Na*]i may correlate with VGSC current in cancer cell lines.

In breast cancer cells, Na,1.5 activity leads to extracellular acidification via NHE1, and this
increases invasion and migration in vitro (Brisson et al., 2013; Driffort et al., 2014). From
the results of these studies, it is likely that the connection between Nay1.5 activity and NHE1
is via an increase in [Na*];. Since Na* influx into cells through VGSCs would decrease the
inward Na* gradient powering H* efflux through NHE1, there may be some intermediary
steps in the VGSC-induced H*-efflux mechanism. A likely candidate for an intermediary

step is NKA, since this is the only protein which removes Na* from the cell. NKA activity is

74



increased by elevated [Na*]i (Pellerin & Magistretti, 1994) and is largely fuelled by
glycolysis in many tissues (James et al., 1996; Dutka & Lamb, 2007). Glycolysis produces
H* which is then extruded by NHE1, thus lowering pHe. There are many reports of low
extracellular pH (pHe) in solid tumours. This has been measured by pH electrodes in
peripheral malignant melanoma tumours (Ashby, 1966), mammary tumours (van den Berg et
al., 1982) and other tumours (Wike-Hooley et al., 1985). However, the links between VGSC

function, Na* homeostasis and pH have not yet been delineated.

An additional consequence of the possible link between high intracellular [Na*] and low pHe
is the potential feedback on VGSC function in breast cancer cells. Of all of the isoforms of
VGSC a subunit, at least Nay1.1, Nay1.2, Nay1.3, Na,1.4 and Na,1.5 show some degree of
H* block of the transient current, due to H* interactions with the pore of the channel (Khan et
al., 2002; Ghovanloo et al., 2018). Na,1.5 is the most sensitive to pH (Vilin et al., 2012;
Ghovanloo et al., 2018). The reduced slow inactivation of Na,1.5 in low pH increases the
persistent Na* current in the heart, leading to ischaemia-induced arrhythmia (Khan et al.,
2006; Jones et al., 2011). Recently low pH was shown to inhibit transient current through
Nay1.5 in breast cancer cells (Onkal et al., 2019) but the effect of pH on persistent current
has not been studied. The proposed interactions between VGSCs, [Na*]i and pH are shown

in Figure 3.1.
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Figure 3.1 Schematic of hypothesis linking VGSC activity to pH regulation and invasion.
VGSCs allow Na* into cancer cells, increasing [Na*]i. This upregulates NKA activity which
consumes ATP. Glycolysis is upregulated to supply ATP to NKA. Acidic metabolites of
glycolysis are removed from the cell via NHE1 along with other mechanisms, acidifying the
extracellular space. This aids digestion of the extracellular matrix by cathepsins and MMP-
2/9. Extracellular H* increases persistent VGSC current, further increasing Na* influx.

The aims of this chapter were to investigate:

1. The effect of 1 overexpression on Na* current and Vi, on MDA-MB-231 cells and

xenograft tumour tissue.

2. The functional relationship between VGSC expression, pH and [Na*]i in breast cancer

tumour tissue and cell lines.

5. The effect of pH. on VGSC activity in MDA-MB-231 cells.

76



3.2 Results

3.2.1 Effect of 1 on Na* current and Vm in tumour slices

First, the effect of B1 on VGSC current and Vi, was assessed in vitro in MDA-MB-231 cells.
As previously reported in (Chioni et al., 2009), expression of a B1-GFP construct in these
cells increased the whole cell VGSC current in vitro (Figure 3.2 A-D). The Vr, was assessed
by whole-cell patch technique in 1=0 mode over the course of the first 60 s after breaking the
membrane patch, and the mean Vr, over this time was calculated (Figure 3.2 E). Contrary to

our hypothesis, the Vim was unchanged with B1-GFP expression (Figure 3.2 F).

To assess the impact of 1 on electrophysiological aspects of MDA-MB-231 cells in vivo,
MDA-MB-231 cells stably expressing a p1-GFP construct or GFP were implanted into the
mammary fat pad of Rag2~~ 112rg” mice. Mice were euthanised once tumours were large
enough to make tissue slices for patch clamp analysis. Tumour cells were identified in slices
of primary tumours and lungs using fluorescence microscopy to detect GFP (Figure 3.3 B).
Patch clamp recording was performed on cells at the top surface of the slice. After filling the
lungs with low-temperature agarose, it was possible to make slices which maintained the
delicate lung structure, and this allowed patch clamp recording of Na* currents in metastases.
There is no report of microelectrode recordings previously having been made from
metastases, so this was a novel technique. Cell fluorescence was vital to allow identification

of cancer cells and for correct placement of the microelectrode (Figure 3.3 C and D).

Contrary to the situation in vitro (Chioni et al., 2009), the VGSC current in tumours was not
affected by B1 expression (Figure 3.3 E). Instead, the peak current density in both control
and pl-expressing cells in tumour slices was of a similar size to that in control cells in vitro
(Figure 3.3 F). Importantly, Na* currents were maintained when cells metastasised to the
lungs and were unchanged from the currents in the primary tumours (Figure 3.3 G). There
was no effect of 1 on Vn, in the tumour slices (Figure 3.3 H). In addition, there was no

difference in Vi, between primary tumours and metastases (Figure 3.3 1).
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Figure 3.2 Electrophysiological comparison between control and B1-expressing MDA-MB-
231 cells in vitro.

A. Example VGSC currents from isolated control and p1-expressing MDA-MB-231 cells
elicited by a depolarisation from -120 mV to -5 mV. B. Peak current density of VGSC
currents elicited by a depolarisation from -120 mV to -5 mV in isolated control and p1-
expressing MDA-MB-231 cells. C. Example family of VGSC currents elicited by
depolarisation to a range of voltages in a p1-expressing MDA-MB-231 cell. D. Current-
voltage relationship of VGSC currents in isolated control and p1-expressing MDA-MB-231
cells. E. Example Vr, recording in an isolated control MDA-MB-231 cell, during the first 60
s after breaking the membrane patch. F. Comparison between the Vi, of isolated control and
B1-expressing MDA-MB-231 cells. Results are mean = SEM, Student’s t tests.
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In summary, B1 did not alter Na* current or Vi, in MDA-MB-231 xenograft tumours, so it is
likely that the promotion of migration due to B1 expression is through a mechanism other
than Vi, depolarisation via increased Na* current through the o subunit. Because of this, |

decided to focus instead on the relationship between the o subunit Na,1.5 and [Na'];.

3.2.2 Total [Na*] is elevated in tumours compared to normal mammary
glands, but extracellular [Na*] is normal

To quantify [Na*] in the MDA-MB-231 model of breast cancer, tumour tissue was compared
to normal mammary glands from ex-breeding mice of the same strain. Analysis of total
tissue [Na*] was performed using ICP-MS to quantify Na* content in freeze-dried tissue
samples. The calculated total tissue [Na*] was 30.6 £ 2.7 mM in normal mammary glands
and 45.7 £ 4.2 mM in xenograft tumours, showing that the sodium content of tumours was
significantly increased (45.7 + 4.2 mM) compared to normal mammary tissue (30.6 + 2.8
mM) (P < 0.01; n = 7-8; Figure 3.4A). To further investigate whether [Na*] was elevated in
the extracellular compartment of the tumour tissue, [Na*]. was measured using ion-sensitive
microelectrodes (ISMEs) sensitive to Na*. The mean [Na*]e was found to be 157.8 £ 1.3
mM. This is within the normal range of plasma [Na*] for mice of this age and strain (Sinke
et al., 2011). [Na*]e was not significantly different between the peripheral and core regions
of the tumour (Figure 3.4 B, regions illustrated in Figure 3.6 A). In summary, the tumour
tissue total [Na*] was elevated compared to normal mammary tissue but the [Na*]e in tumour
tissue was physiologically normal. Together these results indicate that either [Na*]; and/or
the ratio of extracellular fluid volume to intracellular fluid volume is elevated in the tumour

tissue.

3.2.3 Intracellular [Na*] and VGSC Na* current measurement in breast
cancer cell lines

Since the results from section 0 indicated that in tumour tissue the total [Na*] was elevated
but [Na*]e was within normal limits, it was hypothesised that [Na*]i might be elevated in

breast cancer cells compared to normal breast cells. Therefore, [Na*]i was assessed in several
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Figure 3.3 Electrophysiological comparison between control and B1-expressing MDA-MB-
231 cells in vivo.

A. Bright field micrograph of patch clamp recording from a MDA-MB-231-GFP cell in a
tumour slice B. Fluorescence micrograph of patch clamp recording from a MDA-MB-231-
GFP cell in a tumour slice. C. Bright field micrograph of patch clamp recording in a lung
slice D. Fluorescence micrograph of same field of view as in C, showing p1-expressing
MDA-MB-231 cells in a lung slice. E. Peak VGSC current density in p1l-expressing and
control MDA-MB-231 cells in slices made from primary tumours F. Peak VGSC current
density in control MDA-MB-231 cells in slices made from primary tumours compared to
those on coverslips. G. Peak VGSC current density in f1-expressing MDA-MB-231 primary
tumours compared to those in lung metastases. H. Vi, of control and pl1-expressing MDA-
MB-231 cells in slices made from primary tumours. 1. Vi, of p1-expressing MDA-MB-231
cells in slices made from primary tumours or lungs. Results are mean £ SEM, Student’s t
tests.
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Figure 3.4 Measuring total tumour [Na*] and extracellular [Na*] ([Na*]e).

A. Comparison between total tumour [Na*] in normal mammary gland tissue and MDA-MB-
231 xenograft mammary tumours. Total tumour Na* content was quantified in freeze-dried
tissue using ICP-MS. (P < 0.01; n =7 or 8 glands; unpaired t test) B. Tumour slice [Na*]e
measured using ion selective microelectrodes, showing no difference between the core and
peripheral regions in each slice (P = 0.24; n = 6 tumours; results of paired t test). Results are
mean + SEM, Student’s t tests.

Table 3.1 Properties of breast cell lines used in this project.

(Subik et al., 2010; Holliday & Speirs, 2011)

Cell line Source Subtype | ER PR HER2 Ki67 Tumourogenicity
MDA-MB-231 Pleural Basal - - - 100% High
effusion
MCF7 Pleural Luminal + + - 90% High if oestrogen is
effusion A present
SKBr3 Pleural HER2 - - + 20% Low
effusion
MCF10A Normal Normal N/A N/A N/A 30% None
breast
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breast cancer cell lines (Table 3.1), including the triple-negative cell line MDA-MB-231, the
ER/PR positive MCF7, the HER2 positive SKBr3 and the non-cancerous breast epithelial
cell line MCF10A. [Na*]i was assessed using the ratiometric fluorescent indicator SBFI-AM
in plate-reader experiments (Section 2.13.4). MDA-MB-231 cells had a [Na*]i of 9.3 £ 0.8
mM, MCF7 cells had a [Na*]; of 10.2 £ 2.6 mM, SKBr3 cells had a [Na*]i of 21.4 + 4.7 mM
and the normal breast cell line MCF10A had a [Na*]; of 7.9 £ 3.0 mM (Figure 3.5 A). The
expected intracellular [Na*]i of healthy cells is 5-15 mM (lamshanova et al., 2016). All of
the cell lines had [Na*]i within this range apart from SKBr3 cells. There was no statistically
significant difference between the measured [Na*]; of any of the cell lines, except between
SKBr3 and MCF10A cells (P < 0.05; n = 4-5 experiments of 5 wells each; one-way ANOVA

with Tukey’s multiple comparisons test).

Even though there was no obvious relationship between [Na*]i and malignant phenotype in
the four cell lines studied, it was possible that there could be a correlation between
functional VGSC expression and [Na*]; as VGSC activity has been shown to increase [Na*];
(Campbell et al., 2013; Yang et al., 2020). To test this hypothesis, presence of VGSC Na*
currents was assessed using whole cell patch clamp recording in the same four cell lines in
which [Na*]; had been assessed. Only the breast cancer cell line MDA MB-231 had large
whole-cell Na* currents (Figure 3.5 B) and obvious Na* currents were present in 16/18 cells
tested (Figure 3.5 C). Unexpectedly, a small number of MCF10A cells (2/16 cells) also
displayed a very small VGSC-like inward current (Figure 3.5 B and C). Given the rarity and
small size of the currents found in MCF10A cells, the sensitivity of the currents to TTX was

not assessed. No VGSC Na* currents were detected in MCF7 or SKBr3 cells.

In summary, there was no relationship between cell line malignancy and [Na*];, and there
was no relationship between mean [Na*]i and mean VGSC Na* current across the four cell

lines (P = 0.65; Figure 3.5 D).
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Figure 3.5. Intracellular [Na*] and VGSC Na* currents in breast cell lines.

A. Quantification of [Na*]; in the four cell lines (n = 4-5 experiments, of which each is the
average of 5 wells, and each with its own calibration curve). B. Example VGSC Na* currents
(or lack thereof) measured using whole cell patch clamp in the four cell lines. C.
Quantification of the VGSC Na* current density measured in the four cell lines (n = 5-18
cells). D. Plot of [Na*]i against mean VGSC current density in the four cell lines. Results are
mean £ SEM, one-way ANOVA with Tukey's multiple comparisons tests.
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3.2.4 Extracellular pH is lower in peripheral regions of tumour

Since the tumour microenvironment is reported to be acidic (White et al., 2017), the pH. of
MDA-MB-231 xenograft tumour tissue slices was measured to ascertain whether this model
followed the same pattern. pH-sensitive ISMEs were placed on the top surface of tumour
slices and measurement of the voltage was recorded in at least 12 locations on each slice.
Measurements were taken alternately from the more opaque regions which roughly
correlated with the core of the tumour, and from the more translucent regions which were

generally more peripheral (see Figure 3.6 A).

The mean overall pHe was 6.9 + 0.1, which is significantly lower than pH 7.4 normally
found in healthy tissue (P = 0.001; n = 9; one sample t test) (White et al., 2017). The mean
pH. in the peripheral regions was 6.8 + 0.1 and in the core regions it was significantly

higher, at 7.0 £ 0.1 (P < 0.01; n = 9; paired t test; Figure 3.6 B).

3.2.5 Low extracellular pH correlates with high cellularity and proliferative
capacity

Given that there was a difference in pHe between the core and peripheral regions of the
tumour, next the differences between these regions were investigated in more detail using
H&E staining and immunohistochemistry (Sections 2.7.2 and 2.7.3). Proliferation was
assessed with an anti-Ki67 primary antibody (Figure 3.8), and apoptosis with an antibody

against cleaved caspase 3 (Figure 3.9).

In the H&E-stained sections, nuclei in core regions appeared less well-defined giving the
appearance of poor viability (EImore et al., 2016) (Figure 3.7 A). DAPI-stained nuclei were
counted to assess cellularity in the two regions (Figure 3.7 A and B). The peripheral regions
were more cellular than core regions. The mean nuclear count per ROI in the peripheral
regions was 988 + 29 compared to 838 + 47 in the core regions (P < 0.01; n = 9 tumours;
paired t test). Ki67 staining was more prevalent in peripheral regions than core regions; 20.1

* 7.0 % cells were Ki67 positive in the peripheral region, compared to 6.9 + 2.4 % cells in
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the core region (P < 0.05; n =9 tumours; paired t test; Figure 3.8 A and B). Conversely,
cleaved caspase 3 staining was greater in core regions (10.9 + 3.5 % positive cells) than
peripheral regions (2.1 + 0.7 % positive cells) (P < 0.05; n =9 tumours; paired t test, Figure

3.9 AandB).

Taken together with the ISME recordings, these results suggest that the pHe is lower in
regions with high cellularity which are proliferating rapidly, generally towards the periphery
of the tumour. The pH is higher where there is more apoptosis, towards the core of the

tumour.

3.2.6 Low extracellular pH decreases transient current but increases
persistent current in MDA-MB-231 cells

To assess the effect of the acidic tumour microenvironment on VGSC activity in MDA-MB-
231 cells, the pH of the extracellular recording solution was changed and Na* currents were
measured. For recording from this cell line, the pH of the PSS is normally adjusted to 7.2
(Fraser et al., 2005), which is already slightly more alkaline than the pH. of healthy tissue
(pH 7.4). This was compared with a pH. of 6.2 or 6.0 since the measured pHe of solid
tumours can approach this level of acidity (Gatenby & Gillies, 2004). After achieving the
whole cell patch clamp configuration in PSS at pH. 7.2 and performing several recording
protocols, the pHe was changed to 6.2 and the protocols repeated. The effects of changing
pHe on VGSC currents were found to be reversible upon change back to pH 7.2. First the
transient Na* current elicited by a depolarisation from -120 mV to -10 mV was assessed. At
pHe 6.2 the transient current was reduced to -9.6 + 1.5 pA/pF from -13.6 + 2.3 pA/pF at pH.
7.2 (P <0.01; n =11 cells; Wilcoxon matched pairs test; Figure 3.10 A and C). In contrast,
the persistent Na* current measured between 20 and 25 ms after depolarisation was increased
on acidification of the PSS. At pHe 6.2, the persistent Na* current was increased to -0.71 +
0.11 pA/pF from -0.31 £ 0.04 pA/pF at pHe 7.2 (P < 0.01; n = 10 cells; paired t test; (Figure

3.10 B and D).
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Figure 3.6 pH-sensitive microelectrode recording from MDA-MB-231 xenograft tumour
slices.

A. Photograph of a tumour slice showing the difference in appearance between the more
translucent periphery and more opaque core of the tumour. B. Tumour slice pH measured
using pH-sensitive microelectrodes, showing the difference between the core and peripheral
regions in each slice (P < 0.0.1; n = 9 tumours (one slice from each); results of paired t test).
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Figure 3.7 Cellularity of MDA-MB-231 xenograft tumour sections made after ISME pH
measurement from tissues slices.

A. Examples of sections with DAPI-stained nuclei (blue), taken from the peripheral or core
regions of a tumour slice. B. Assessment of cellularity in the peripheral and core regions of
each section, made by counting DAPI-stained nuclei in anti-activated caspase 3 stained
sections (P < 0.01; n =9 tumours (one section from each); paired t test). Results are mean +
SEM.
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Figure 3.8 Ki67 staining in MDA-MB-231 xenograft tumour sections made after ISME pH
measurement from tissues slices.

A. Examples of anti-Ki67 (red) antibody-stained sections with DAPI-stained nuclei (blue),
taken from the peripheral or core regions of a tumour slice. B. Quantification of Ki67
staining in peripheral and core regions of sections (P < 0.05; n = 9 tumours (one section
from each); paired t test). Results are mean + SEM.
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Figure 3.9 Activated caspase 3 staining in MDA-MB-231 xenograft tumour sections made
after ISME pH measurement from tissues slices.

A. Examples of anti-activated caspase 3 (red) antibody-stained sections with DAPI-stained
nuclei (blue), taken from the peripheral or core regions of a tumour slice. B.Quantification of
activated caspase 3 staining in peripheral and core regions of sections (P < 0.05; n=9
tumours (one section from each); paired t test). Results are mean £ SEM.
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Next the effect of pHe on voltage dependence of activation and inactivation of VGSCs in
MDA-MB-231 cells was investigated. To assess voltage dependence of activation, cells
were depolarised to a range of voltages, from a holding voltage of -120 mV (Figure 3.11 Ai)
to produce an 1V relationship (Figure 3.11 B). There was no effect of low pH on the
activation curve (Figure 3.11 C). The activation slope (k) and voltage of half activation (V%)
did not change when the pH. was reduced from 7.2 to 6.2 (P = 0.077 (k) and 0.087 (V%2); n =

10 cells; paired t tests, (Table 3.2).

3.2.7 Low extracellular pH depolarises VGSC voltage dependence of
inactivation in MDA-MB-231 cells.

The voltage dependence of fast inactivation was investigated by changing the holding
voltage before the depolarisation pulse (Figure 3.11 Aii and C). The inactivation curve V%
was significantly shifted towards more depolarised voltages, from -80.4 £ 1.4 mV at pH. 7.2
t0-73.3+ 2.8 mV at pH: 6.2 (P <0.01; n = 10 cells; paired t tests; Table 3.2). The slope of
the inactivation curve was also significantly reduced: k changed from 8.4 + 0.8 mV at pH.
7.2t011.9+ 0.9 mV at pH: 6.2 (P <0.01; n = 10 cells; paired t tests; Table 3.2). The effect
of this shift in activation increased the size of the window current, which is the region under
both activation and inactivation curves where some channels are open but not all channels
are inactivated. The window current is more easily visualised when the y axes from Figure
3.11 C are expanded (Figure 3.11 D). This shows that at the reported resting Vi of MDA-
MB-231 cells, -18.9 mV (Fraser et al., 2005), the availability of VGSCs more than doubled
from 1.9 £ 0.6 % to 4.9 £ 0.7 % of the maximal availability (P < 0.05; n =10 cells; paired t

test) when the pH. was reduced from 7.2 to 6.2 (Figure 3.11 G).

When the pHe was reduced further to 6.0, the effect on the inactivation curve and the
window current was even larger than at pH. 6.2. The inactivation V%2 changed from -78.2 +
21 mVatpHe 7.2t0 71.8 £ 2.9 mV at pHe 6.0 (P < 0.01; n = 8 cells; paired t test; Figure
3.11 E and F), although the inactivation k was not significantly different (P=0.13;n=8

cells; paired t test; Figure 3.11 E and F). The activation curve was also shifted to less
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Figure 3.10. Low pHe inhibits transient VGSC Na* currents but increases persistent currents.
A. Example VGSC Na* currents elicited by depolarisation to 0 mV from a holding voltage
of -120 mV. B. Expanded graph from A. between 20 and 25 ms after depolarisation. C. Peak
current density of Na* currents as in A. (P < 0.01; n = 11 cells, Wilcoxon matched pairs test).
D. Mean persistent Na* current density measured between 20 and 25 ms after depolarisation
(P <0.01; n =10 cells; paired t test). Results are mean £ SEM.
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negative voltages at pH 6.0 (V% shifted from -17.7+ 1.1 mVatpH 7.2t0-9.5+ 1.1 mV at
pH 6.0; P < 0.0001; n = 8 cells; paired t test; Figure 3.11 E and F). A depolarising shift in the
activation curve has the potential to reduce the window current, but this shift did not limit
the window current at the resting Vi, of -18.9 mV. Indeed, due to the larger shift in the
inactivation curve at pH 6.0, the window current increased nearly five-fold from 2.1 £ 0.9 %
t0 10.3 £ 2.2 % of the maximal available current when the pH. was reduced from 7.2 to 6.0

(P <0.001; n =8 cells, paired t test; Figure 3.11 H).

Although transient currents have not been demonstrated to occur in non-excitable cells such
as breast cancer cells, for completeness the activation kinetics were assessed by measuring
time to peak current at various depolarisation voltages. When depolarising from -120 mV to
-10 mV, the time from depolarisation to the peak of the transient current was longer at pHe
6.2 (3.02 + 0.35 ms compared to 2.07 + 0.24 ms at pH 7.2) (P < 0.001; n = 10; paired t test;
Table 3.2). When assessing the time to peak at each voltage, qualitatively, the time to peak
appeared to be longer at each voltage when the pH. was 6.2 than when it was 7.2 (Figure
3.11 1), however there was no significant difference in t of the single exponential line of best

fit between the two pHs (P = 0.24; n = 10; paired t test).

3.2.8 Low extracellular pH decreases intracellular pH

Changing the pH of the PSS could affect VGSCs in a variety of ways. In particular, H* could
be binding to channels on the intracellular or extracellular side. This is important to ascertain
in the context of cancer, because although the pHe in tumours is usually lower than normal,
the pHi is usually slightly higher than normal (White et al., 2017). To investigate how pHi is
affected by changes in pHe in this experimental context, pH; was measured using the
ratiometric, fluorescent H* indicator BCECF-AM (Section 2.13.2). In these experiments, pH;
followed changes in pHe, indicating that it was possible that H* was altering gating by

binding to the intracellular side of VGSCs (Figure 3.12).
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Figure 3.11. Effect of extracellular pH on voltage dependence of activation and inactivation
of VGSCs.

A.i. Example family of Na* currents generated by the activation voltage clamp protocol
(inset). ii. Example family of Na* currents generated by the steady-state inactivation voltage
clamp protocol (inset). B. Average current density/voltage relationship generated by the
activation voltage clamp protocol (inset) at pH 7.2 or 6.2 (n = 17 cells). C. Overlay of
activation and inactivation curves at pH 7.2 and 6.2 (n = 10 cells with largest currents). D.
Expanded graph from C. showing the window current which is the area under both
activation and inactivation curves. This area is larger at pH 6.2 than at pH 7.2 and shifted
towards less negative voltages. E. Overlay of activation and inactivation curves at pH 7.2
and 6.0 (n = 16 for activation and 8 for inactivation curves). F. Expanded graph from E.
showing the window current which is the area under both activation and inactivation curves.
This area is larger at pH 6.0 than at pH 7.2, and shifted towards less negative voltages. This
shows a greater increase in window current with a larger reduction in pH. G. Fraction of
channels available at the reported resting membrane potential in MDA-MB-231 cells of -
18.9 mV, at pH 7.2 and 6.2, showing a greater proportion of channels are available at pH 6.2
(n =10 cells with largest currents). H. Fraction of channels available at the reported resting
membrane potential in MDA-MB-231 cells of -18.9 mV, at pH 7.2 and 6.0, showing a
greater proportion of channels are available at pH 6.0 (P = 0.0007; n = 8 cells; paired t test).
1. Time from depolarisation to peak current, at various depolarisation voltages. Comparison
between pH 7.2 and pH 6.2, showing that transient currents are generally slower at pH 6.2 (n
= 10 cells). Results are mean = SEM.
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Table 3.2. Effect of reduced pH on VGSC Na* current parameters.

Parameter pH 7.2 pH 6.2 P N
Peak current -135+23 9.6+1.5 0.006 11
density (pA/pF)

Persistent current -0.31+£0.04 -0.71+0.11 0.006 10
density (pA/pF)

Activation VY2 (mV) | -15.2+ 2.0 -129+1.8 0.087 10
Activation k (mV) 10.7+0.5 95+04 0.077 10
Inactivation V%2 -80.4+1.4 -73.3+2.8 0.003 10
(mV)

Inactivation k (mV) | 8.4+0.8 11.9+0.9 0.005 10
Tp at -10 mV (ms) 2.07+£0.24 3.02+0.35 <0.001 10

V¥%: half (in)activation voltage; k: slope factor for (in)activation; T,: time to peak current;

The holding potential was -120 mV. Results are mean = SEM. Statistical comparisons were
made with paired t-tests on non-normalised data.
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Figure 3.12 Effect of extracellular pH on intracellular pH.

A. Example two-point calibration of BCECF-AM fluorescence ratio in 40 MDA-MB-231
cells on a coverslip. B. Effect of 10-minute incubation with PSS at pH 7.2 or 6.0 on pH; in

Extracellular pH

MDA-MB-231 cells (P < 0.01; n = 5-6 experiments of 40 cells each; unpaired t test). Results

are mean * SEM.

96



3.2.9 Altering intracellular pH does not affect VGSC currents or gating

To investigate whether pH; affects VGSC current or gating, the pH of the intracellular
solution was altered in patch clamp experiments, and similar recording protocols were
performed as in sections 3.2.6 and 3.2.7. The pH was changed in the range pH; 7.2 to pH; 7.6
to avoid affecting the quality of the glass to membrane seal necessary for patch clamp
recording. This change did not affect peak VGSC Na* current (P = 0.36; n = 10 cells;
unpaired t test; Figure 3.13 A); nor did it affect persistent Na* current (P =0.89; n =11 or 13
cells; unpaired t test; Figure 3.13 B). In addition, the change in pH; did not affect the
current/voltage relationship (Figure 3.13 C) or the voltage dependence of activation or
inactivation (Figure 3.13 D and E). The V% of activation was unchanged (P = 0.33; n = 10
or 11 cells; unpaired t test), the k (slope constant) of activation was unchanged (P =0.30; n =
10 or 11 cells; unpaired t test). The V% of inactivation was also unchanged (P = 0.14; n = 10
or 12 cells; unpaired t test) and the k (slope constant) of activation was unchanged (P = 0.55;

n =10 or 12 cells; unpaired t test).

In summary, the results from this section show that VGSCs in MDA-MB-231 cells are
sensitive to pHe but not sensitive to pHi. If the pHe is reduced from pH 7.2 to 6.2, a pHe
commonly found in the tumour microenvironment, transient Na* currents are decreased but
persistent Na* currents are increased. The persistent current is increased due to a
depolarising shift of the voltage dependence of inactivation at low pHe. Thus, low pHe in the
tumour microenvironment might provide a physiological basis for [Na*]; elevation via

VGSC activity.
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Figure 3.13 Effect of intracellular pH on VGSC currents and gating.

A. Peak current density of Na* currents (P = 0.36; n = 10 cells, unpaired t test). B. Mean
persistent Na* current density measured between 20 and 25 ms after depolarisation (P =
0.89; n = 11-13 cells; unpaired t test). C. Average current density/voltage relationship
generated by the activation voltage clamp protocol at pH; 7.2 or 7.6 (n = 10-12 cells). D.
Overlay of activation and inactivation curves at pH; 7.2 and 7.6 (n = 10-12 cells). E.
Expanded graph from D. showing the window current which is the area under both
activation and inactivation curves. This area is unchanged between pH; of 7.2 and 7.6.
Results are mean £ SEM.
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3.2.10 Investigating the mechanism of VGSC-induced extracellular
acidification

Several publications have shown that VGSC activity in cancer cells increases H* extrusion
through NHEL (Brisson et al., 2011; Brisson et al., 2013), leading to increased invasion. The
mechanism underlying this H* extrusion is not clear, since influx of Na* via VGSCs would
be expected to reduce the inward Na* gradient which drives NHE1-dependent H* extrusion,
therefore VGSC-induced extracellular acidification is counter-intuitive. In this thesis, the
theory being tested is that VGSC activity increases activity of the NKA, which consumes
ATP derived from glycolysis. VGSC activity might thereby increase the rate of glycolysis in
cancer cells leading to the production of lactate and H*, which is then extruded via NHE1,

lowering the pHe..

3.2.10.1 Na*-dependent regulation of intracellular pH

First, an experiment was carried out to determine whether extracellular Na* is necessary for
normal pH; control in MDA-MB-231 cells. Extracellular Na* was replaced with NMDG for
a period of 10 minutes and the pH; response to this manoeuvre was assessed using BCECF-
AM. Intracellular pH decreased when Na* was not present in the PSS (P < 0.01;n=3
experiments of 40 cells each; one-way ANOVA with Tukey’s multiple comparisons test),
indicating that a Na*-dependent mechanism is likely to be important for pH; control in these

experimental conditions (Figure 3.14).

Both the Na*/HCO3 exchanger and NHE1 use the inward Na* gradient to regulate pHi.
Given there is no HCOjs™ in the standard electrophysiological solutions used here, NHE1 is
likely a more important regulator of pH; than the Na*/HCOj3 exchanger in these conditions.
The next experiment was therefore designed to investigate the effect of the NHE1 inhibitor
cariporide on pHi. The rate of change in pH; was assessed before and after addition of 20 uM

cariporide to the PSS perfusate (Figure 3.15 A). This assay showed high variability in the
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Figure 3.14 Effect of extracellular Na* depletion on intracellular pH in MDA-MB-231 cells.
Cells loaded with BCECF-AM were first perfused with PSS with 144 mM Na* and then 0
mM Na* (replaced with NMDG) for 10 minutes, after which 144 mM Na* PSS was
reintroduced. BCECF-AM fluorescence ratio was calibrated in each cell at the end of each
experiment. (P < 0.01; n = 3 experiments of 40 cells each; one-way ANOVA with Tukey’s
multiple comparisons test). Results are mean £ SEM.
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baseline pH change/min but cariporide induced an increased rate of pH; acidification (P <
0.01; n = 6 experiments of 40 cells each; paired t test; Figure 3.15 B). These results are
consistent with previously published data linking NHE1 to pH; (Busco et al., 2010; Brisson

etal., 2011).

Since NKA predominantly utilises ATP derived from glycolysis in many tissues (James et
al., 1996; Epstein et al., 2014), this ATP consumption in turn would increase glycolytic
production of acidic metabolites. NKA activity was expected to increase production of
intracellular H*, therefore pH; was measured when NKA was inhibited with ouabain (Figure
3.15 C). Due to difficulties in assessing when the fluorescence ratio had reached a stable
baseline, this experiment was performed differently from the cariporide experiment above.
Instead of comparing the rate of pH change at the start of the experiment (control) with the
end of the experiment (treatment), the rate of pH change was measured during 10 minutes at
the end of the experiment, perfusing on PSS with/without treatment. There was considerable
variability in rate of pH change and ouabain had no effect (P = 0.78; n = 4 experiments of 40

cells each; unpaired t test; Figure 3.15 D).

It is possible that due to the cell’s buffering capacity, a change in the production rate of
acidic metabolites might not significantly alter the pHi. The above experiment was therefore
repeated, while disabling the main pH control mechanism, NHE1 from removing excess H*.
The hypothesis was that cariporide would cause the pH; to decrease rapidly, but when
ouabain was present to inhibit NKA at the same time, (thereby reducing the glycolytic rate),
the pH; would reduce less rapidly. The rate of pH; change in cariporide treatment was
compared with the rate of pH; change in cariporide + ouabain treatment (Figure 3.15 E).
There was no significant difference in the rate of pH change between the treatments (P =
0.17; n = 7 experiments of 40 cells each; unpaired t test; Figure 3.15 F). These results show

that there was no detectable change in intracellular pH; due to perturbation of NKA activity.
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Figure 3.15 Effects of NHE1 and NKA inhibition on rate of change of intracellular pH.

A. Example BCECF-AM fluorescence ratio recordings from 40 cells on a coverslip, to
measure the rate of change of pH; in control PSS with that in 20 uM cariporide. Calibration
was performed in each cell at the end of the experiment. B. Rate of change of pH; before and
after addition of cariporide to PSS perfusate (P < 0.01; n = 6 experiments with 40 cells in
each; paired t test). C. Example BCECF-AM fluorescence ratio recordings to compare rate
of pH change in control PSS with that in 10 uM ouabain treatment. D. Rate of change of pH;
in control PSS or 10 uM ouabain (P = 0.78; n = 4 experiments of 40 cells each; unpaired t
test). E. Example BCECF-AM fluorescence ratio recordings to compare rate of pH change
in 20 uM cariporide with that in 20 uM cariporide + 20 uM ouabain. F. Rate of change of
pHi in cariporide alone or cariporide + ouabain (P = 0.17; n = 7 experiments of 40 cells each;
unpaired t test). Results are mean + SEM.
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3.2.10.2 Effect of VGSC and NKA inhibition on lactate production

To test whether VGSC activity and NKA activity increase the rate of glycolysis, lactate in
the culture medium was assayed as a measure of glycolytic flux. First it was necessary to
find a concentration of ouabain which would inhibit NKA activity without causing cell death
within the time frame of the experiment. SBFI-AM was used in a plate reader to measure
accumulation of [Na*]; as a read-out of NKA inhibition (Section 2.13.4). Dose-response
curves were generated for 2-hour and 6-hour incubations of MDA-MB-231 cells with
ouabain (Figure 3.16 A). These results showed that 30 nM ouabain had little effect after 2
hours, but approximately 2/3 maximal effect after 6 hours. A concentration of 300 nM after
6 hours had a maximal effect. Ouabain concentrations as high as 3 uM for 6 hours caused no
loss of viability of MDA-MB-231 cells as assessed by a Trypan blue assay (P = 0.45; n =3
wells from one experiment; one-way ANOVA, Figure 3.16 B). Therefore a concentration of

300 nM ouabain was chosen for further experiments.

A colorimetric lactate assay was used to measure lactate secreted by MDA-MB-231 cells
and MCF7 cells. To test the kit’s ability to detect changes in lactate production, cells were
incubated for two hours with oligomycin which inhibits oxidative phosphorylation by
blocking ATP synthase, or iodoacetic acid which inhibits glycolysis by inhibiting GAPDH.
The standard curve generated using the provided lactate reagent showed that the relationship

of absorbance ratio to logso [lactate] followed a sigmoid relationship (Figure 3.17 A).

Two-hour treatment with oligomycin to inhibit oxidative phosphorylation resulted in a
significant increase in lactate production in MCF7 cells (P < 0.05; n = 3 experimental
repeats; paired t test; Figure 3.17 C), but the increase was not significant in MDA-MB-231

cells (P = 0.11; n = 3 experimental repeats; paired t test) (Figure 3.17 G).
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Figure 3.16 Optimisation of ouabain dose and incubation period for lactate assays.

A. Dose response curve showing the effect of ouabain on [Na+]i in MDA-MB-231 cells at
two incubation durations (5 wells per condition). Dotted lines show IC50 for each incubation
duration. B. Viability of MDA-MB-231 cells after incubation with various concentrations of
ouabain for 6 h (P = 0.45; n = 3 wells from one experiment; one-way ANOVA with
Dunnett’s multiple comparisons test). Results are mean = SEM.
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Two hour treatment with iodoacetic acid to inhibit glycolysis resulted in a significant
decrease in lactate production in MCF7 cells (P < 0.05; n = 3 experimental repeats; paired t
test; Figure 3.17 D), but the decrease was not significant in MDA-MB-231 cells (P = 0.16; n
= 3 experimental repeats; paired t test; Figure 3.17 H).These results show that the lactate
assay kit was giving expected results, although the sample size may have been too small to

reliably quantify changes in lactate production by MDA-MB-231 cells.

During the same assay, the effect of 24 h TTX incubation on lactate production was tested.
TTX did not change lactate production by MCF7 cells (P = 0.11; n = 3 experimental repeats;
paired t test; Figure 3.17 E) but it decreased apparent lactate production by MDA-MB-231
cells, although the latter effect was not significant (P = 0.052; n = 3 experimental repeats;
paired t test; Figure 3.17 I). To assess whether NKA activity affects glycolytic rate, lactate
production was assessed during incubation with ouabain. Surprisingly, a six-hour incubation
with 300 nM ouabain significantly increased apparent lactate production by MCF7 cells (P <
0.01; n = 3 experimental repeats; paired t test; Figure 3.17 F) but did not change that of
MDA-MB-231 cells (P = 0.17; n = 3 experimental repeats; paired t test; Figure 3.17 J). The
lactate assay was repeated once more with a new Kit to increase the sample sizes in these
experiments but the findings could not be replicated due to experimental issues with the

second Kit.

3.2.11 Viability and Na* accumulation with metabolic inhibitors

Viability of MDA-MB-231 cells and MCF7 cells was assessed after incubation with
oligomycin, iodoacetic acid and ouabain after the medium from these cells was used for the
lactate assay. MCF7 cells were found to be far more sensitive to the effects of ouabain than
MDA-MB-231 cells, since a six hour treatment with 300 nM ouabain reduced their viability
by 16 % (P < 0.05; n = 3 experimental repeats; one sample t test; Figure 3.18 B) whereas
300 nM ouabain had no effect on MDA-MB-231 viability (P = 0.18; n = 3 experimental

repeats; one sample t test; Figure 3.18 A). [Na*]i accumulation was measured using SBFI-

106



AM in a plate reader and it was increased by a similar amount in MCF7 and MDA-MB-231
cells after 6 h incubation with 300 nM ouabain (P < 0.001 for both cell lines; n =3

experimental repeats; one sample t tests; Figure 3.18 C and D).

Two hour incubation with a 1 uM oligomycin had no effect on viability in either cell line (P
=0.74 (MDA-MB-231) and P = 0.84 (MCF7); n = 3 experimental repeats; one sample t
tests; Figure 3.18 A and B), whereas 2 h incubation with 2 mM iodoacetic acid greatly
reduced viability in both cell lines (P < 0.01 (MDA-MB-231) and P < 0.05 (MCF7); n=3
experimental repeats; one sample t tests; Figure 3.18 A and B), indicating that in these
experimental conditions, both cell lines were reliant on glycolytic respiration but could cope
with loss of oxidative phosphorylation capacity. Similarly, oligomycin treatment did not
change the [Na*]; in either cell line (P = 0.62 (MDA-MB-231) and P = 0.14 (MCF7); n=3
experimental repeats; one sample t test; Figure 3.18 C and D), whereas iodoacetic acid
increased [Na*]i significantly in both cell lines, but to a greater extent in MDA-MB-231 cells
than in MCF7 cells (P < 0.01 for both cell lines; n = 3 experimental repeats; one sample t

test; Figure 3.18 C and D).

In summary, the results from this section suggest that both MDA-MB-231 and MCF7 cells
rely on glycolysis for survival in these experimental conditions and they can survive without
oxidative phosphorylation for at least two hours. In addition, NKA which drives Na* export
in both cell lines, activity requires ATP derived from glycolysis, but not from oxidative

phosphorylation.
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Figure 3.17 Lactate assays with inhibitors oligomycin (OM), iodoacetic acid (1IAA),
tetrodotoxin (TTX) and ouabain.

A. Standard curve generated using the provided lactate standard in the Amplite L-lactate
assay kit. B. Initial experiment to determine a suitable dose and duration of ouabain
treatment of MDA-MB-231 cells for a lactate assay, showing an approximately 2-fold
reduction in lactate assay absorbance ratio with 300 nM ouabain for 6 h (P <0.001; n =3
wells in one experiment; unpaired t test). C. Lactate assay absorbance ratio in culture
medium from MCF7 cells incubated for 2 h with 1 uM OM or control (P <0.05; n=3
experiments of 3 wells each; paired t test). D. Lactate assay absorbance ratio from MCF7
cells incubated for 2 h with 2 mM IAA or control. E. Lactate assay absorbance ratio from
MCF7 cells incubated for 24 h with 30 uM TTX or control. F. Lactate assay absorbance
ratio from MCF7 cells incubated for 6 h with 300 nM ouabain or control. G-J. As above in
C-F but in MDA-MB-231 cells (P values for C-J stated on each graph; n = 3 experiments of
3 wells each; paired t tests). Results are mean = SEM.
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Figure 3.18 Effect of ouabain and metabolic inhibitors on viability and [Na*]i accumulation
in MCF7 and MDA-MB-231 cells.

A. Trypan blue viability of MCF7 cells after 6 h treatment with the NKA inhibitor ouabain
(P < 0.05), or 2 h treatment with the glycolytic inhibitor iodoacetate (P < 0.05) or the
inhibitor of oxidative phosphorylation, oligomycin (P = 0.84). (n = 3 experimental repeats;
one sample t tests). B. Trypan blue viability of MDA-MB-231 cells after 6 h treatment with
ouabain (P = 0.18) or 2 h treatment with iodoacetate (P < 0.01) or oligomycin (P = 0.74). (n
= 3 experimental repeats; one sample t tests). C. SBFI-AM fluorescence ratios normalised to
the ratio in the control condition of MDA-MB-231 cells after 6 h treatment with ouabain (P
< 0.001), or 2 h treatment with iodoacetate (P < 0.01) or oligomycin (P = 0.62). D.
Normalised SBFI-AM fluorescence ratios of MCF7 cells after 6 h treatment with ouabain (P
<0.001), or 2 h treatment with iodoacetate (P < 0.01) or oligomycin (P = 0.14). Results are
mean + SEM.
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3.3 Discussion

3.3.1 Summary of main findings

o VGSC currents were present both in primary MDA-MB-231 tumours and in lung
metastases and were of the same size in both locations. f1 over-expression did not change
the size of VGSC Na* current in ex vivo tissue slice recordings, despite increasing Na*
current in vitro.

o Total [Na*] is elevated in MDA-MB-231 tumours compared to normal mammary
glands, but [Na*]e is normal.

e Inexvivo MDA-MB-231 tumour slices pH. was lower in peripheral parts of the
tumour than in the core. The peripheral regions were more cellular and had a higher
proliferative index than the core regions. The peripheral regions also had a lower
apoptotic index than the core.

e The peak transient Na* current of VGSCs in MDA-MB-231 cells was reduced at low
pH. but the persistent Na* current was increased.

¢ Inhibition of glycolysis decreased viability and increased [Na*]; in both MDA-MB-
231 cells and MCF7 cells, but inhibition of mitochondrial respiration with the ATP

synthase blocker oligomycin did not affect viability or [Na*]; in either cell line.

3.3.2 Effect of 1 on Na* current in tumours

Although the B1 subunit increased whole cell Na* currents in MDA-MB-231 cells in vitro, it
did not have this effect in vivo. The reason for this disparity is not clear, but it is not due to
loss of B1 expression in vivo because the cells that were chosen for recording were
fluorescent and this must indicate the presence of 1 protein, since GFP was fused to p1.
The mechanism by which B1 increases Na* current in vitro has not yet been fully elucidated,
but it may be due to increased transcription of VGSC a subunits or recruitment of a subunits

to the plasma membrane as discussed in Section 1.2. Given the differences in cell adhesion
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interactions between isolated cells and cells in tissue slices, it is likely that the interactions of

B1 with other CAMs will differ between the in vitro and in vivo situations.

There was no effect of B1 expression on Vi, either in vitro or in vivo. This is understandable
in vivo where B1 had no effect on the Na* current. However, this is a little unexpected in the
in vitro situation where B1 increased the Na* current, since it has been shown that VGSC
activity depolarises the Vi, in MDA-MB-231 cells (Yang et al., 2020). An explanation may
be that 1 hyperpolarises the voltage dependence of inactivation (Isom et al., 1992) and
thereby decreases persistent Na* current through Nay1.1 in HEK293 cells (Lopez-Santiago et
al., 2007; Aman et al., 2009). If 1 decreases the persistent Na* current in MDA-MB-231
cells, it might be expected to hyperpolarise rather than depolarise the Vi, in cancer cells.
Since no electrophysiological effects of B1 were seen in vivo, it was not studied further in

this thesis, and instead most work concentrated on the VGSC a subunit Nay1.5.

3.3.3 VGSC currents and their relation to [Na*] and pH

Experiments in this chapter were performed to investigate steady-state concentrations of
[Na*] and pH in intracellular and extracellular compartments of breast tumours. The
contribution of VGSCs to [Na*]i and glycolytic rate (and thus production of H*) was also
tested to test the hypothesis that VGSCs increase extracellular acidification through
upregulation of glycolysis. The extracellular pH was found to be acidic in tumours, so the

effect of this on VGSC activity in breast cancer cells was determined.

3.3.3.1 VGSC currents and [Na*]i in breast cancer cell lines

The finding that VGSC currents were present in highly metastatic MDA-MB-231 cells but
not in less metastatic MCF7 cells is consistent with (Fraser et al., 2005). The small, voltage-
gated inward currents found in a small proportion of MCF10A cells was unexpected, since
no such currents were found in (Fraser et al., 2005) or (Gillet et al., 2009). In both of these

previous studies, outward currents were present in MCF10A cell recordings which may have
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obscured small inward currents, whereas Cs* was present in the pipette intracellular solution
to inhibit outward currents in this study. Since TTX was not used to inhibit the inward
currents in this study, it is possible that the inward currents were through VGCCs rather than
VGSCs. There was no evidence that [Na*]; correlated with expression of VGSC currents in
these breast cancer cell lines, suggesting that other Na* transport mechanisms may be

important in regulating [Na*]..

3.3.3.2 [Na*] in MDA-MB-231 tumours

The finding that total tissue [Na*] was elevated in MDA-MB-231 tumours compared to
normal mammary glands (Figure 3.4 A) agrees with much published research showing that
[Na*] increases in line with tumour aggressiveness (Ouwerkerk et al., 2003; Ouwerkerk et
al., 2007; Zaric et al., 2016; Barrett et al., 2018). The normal mammary glands used in this
study were from lactating mice which contained milk, a component of the extracellular fluid
that was not present in the tumours. This could not fully explain the difference in tissue

[Na*] between normal glands and tumours however (see Appendix I).

An increase in total tumour [Na*] could be due to an increase in intracellular [Na*] ([Na*]y),
extracellular [Na*] ([Na*]e), or both. Since [Na*]e is an order of magnitude larger than [Na*];
(Hille, 2001), in increase in total tumour [Na*] could also be due to an increase in the ratio of
the extracellular fluid volume to intracellular fluid volume. There is little evidence
explaining the location of this additional Na* in tumours, although two studies used xray
dispersion to conclude that [Na*]; is elevated in tumours (Cameron et al., 1980; Hurter et al.,
1982). Supporting this, multiparametric diffusion-weighted and 2Na MRI studies of tumours
have indicated that [Na*] decreased upon successful chemotherapy treatment when apparent
diffusion increased, indicating that the total [Na*] had decreased despite the fact that ratio of
extracellular fluid to intracellular fluid had increased (Jacobs et al., 2009; James et al.,
2021). Based on the evidence from these studies and the finding that [Na*]e in these tumours

was within the physiological range (Figure 3.4 B), it is likely that the elevation of total [Na*]
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in these xenograft tumours compared to normal mammary glands is due to an increased

[Na*]i in the tumours.

3.3.3.3 pH: in MDA-MB-231 tumours

As previously reported in other types of tumour, the average pHe. of MDA-MB-231
xenografts was pH 6.9, which is below the normal physiological pH. of pH 7.4 for healthy
tissue (White et al., 2017). This pH was not homogeneous but varied across the tumour, and
low pH correlated with viable-appearing tissue towards the periphery of the tumour.
Subsequent sectioning and staining indicated that the more acidic, peripheral region
corresponded with areas with lower apoptosis and higher proliferation. H&E staining
showed that subjectively, these areas had intact nuclei, and appeared more viable than the
necrotic core. These findings are in agreement with other studies (Helmlinger et al., 1997;
Grillon et al., 2011; Grillon et al., 2015; Jardim-Perassi et al., 2019) which show that
invasive, more peripheral parts of tumours have an acidic pH.. Thus, it is not appropriate to
assume that low pH. in tumours is due to hypoxia and poor vascularisation. This may help to
explain why cancer treatments targeting angiogenesis have not been as successful as it was
hoped (Zirlik & Duyster, 2018). It also fits with the large amount of evidence that tumours
perform aerobic glycolysis, which will lead to acidification even in areas with adequate

oxygen (Gatenby & Gillies, 2004; Vander Heiden et al., 2009).

3.3.3.4 Effect of pHe on VGSCs in tumours

The low pHe found in tumours will increase the persistent Na* current through Na,1.5, and
therefore Na* influx into cancer cells expressing VGSCs. This will mean that Na* influx will
be greater in regions of lower pH. which may be partially responsible for the heterogeneity
of [Na*] found in tumours by 2Na MRI (Ouwerkerk et al., 2007; James et al., 2021).
VGSCs are not the only transport mechanisms which may link pH. and Na* influx: other Na*
channels such as ENaC and ASIC channels are also more likely to pass an inward Na*

current in low pHe (Collier & Snyder, 2009; Boscardin et al., 2016). These, along with pH
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regulatory mechanisms powered by the Na* gradient such as NHE1 and NBCn1 will
combine to increase Na* influx in regions of the tumour with low pHe. The likely presence
of these other Na* transporters in breast cancer cells may explain why VGSC currents did

not correlate with [Na*]; in the cell lines investigated.

To summarise this far, data from this chapter have shown that the pH. of MDA-MB-231
breast cancer xenografts was relatively acidic, particularly in peripheral, highly proliferative
regions. In turn, low pH. leads to an increased influx of Na* into breast cancer cells
expressing Nay1.5. Taken together, activity of VGSCs may be higher in the more
proliferative regions of the tumour. This chapter also showed that total tissue [Na*] is
elevated in MDA-MB-231 breast cancer xenografts compared to normal mammary glands,
and this is not due to an increase in [Na*]e. These findings point towards an elevation of
[Na*]i in these tumours compared to normal mammary glands, or an increase in volume of
the extracellular compartment. Although previous work has shown that VGSC activity
increases [Na*]i by a small amount in cancer cell lines (Campbell et al., 2013; Yang et al.,
2020), this did not lead to a correlation between VGSC current and [Na*]i in breast cancer
cell lines. It is likely therefore that other Na* transport mechanisms such as NKA are at least

as important as VGSCs in regulating [Na*]i.

3.3.3.5 Mechanism of VGSC-induced extracellular acidification

Since expression of a VGSC current was not shown to greatly increase steady state [Na*]; in
breast cancer cell lines, it seemed likely that a more important effect of VGSCs was
increasing the flux of Na* into cancer cells, leading to an increase in Na* efflux through
NKA. The contribution of VGSCs to NKA-mediated acidosis was next investigated since
there is already substantial evidence that NKA utilises glycolysis as its main ATP source
(section 1.6.7), and NKA activity would therefore increase the rate of H™ production. It was
hypothesised that inhibiting NKA with ouabain would reduce intracellular acidification. This

was not found to be the case, but it is likely that cells can maintain a stable intracellular pH

115



by removing excess H* through NHE1 and other pH regulatory mechanisms (Cardone et al.,
2005; Boedtkjer et al., 2013; White et al., 2017). A more reliable method of assessing
glycolytic acid production would therefore be to measure changes in extracellular pH. In
fact, extracellular acidification has already been assessed in the short term while treating
MDA-MB-231 cells with ouabain, and ouabain treatment did decrease H* production
(Epstein et al., 2014). This fits with the hypothesis that NKA is powered by aerobic
glycolysis in breast cancer cells. Further evidence provided by (Epstein et al., 2014)
supporting the theory that VGSCs increase the rate of glycolysis was that gramicidin
treatment greatly increased H* production in breast cancer cells. Gramicidin is an ionophore
which equilibrates extracellular and intracellular [Na*]i (as well as other cations) so it would

lead to Na* influx and be expected to increase the activity of NKA.

Another way of assessing the rate of glycolysis is by measurement of lactate (James et al.,
1996). Inhibition of NKA with ouabain was predicted to reduce lactate production, but
instead lactate production was unchanged in MDA-MB-231 cells and it increased with
ouabain treatment in MCF7 cells (Figure 3.17 F and J). There are many possible
explanations for this. The dose and duration of ouabain treatment used was later shown to be
toxic to MCF7 cells (Figure 3.18), so any of the processes associated with cell death may
have contributed to an increase in lactate production. A common feature of apoptosis is a
collapsed mitochondrial membrane potential, disabling mitochondrial ATP synthesis (Ly et
al., 2003). As when mitochondrial respiration was prevented with oligomycin in this study,
inhibiting mitochondrial ATP production leads to an increase in glycolytic ATP synthesis
and lactate production. This experiment highlighted the need to perform dose response and
viability experiments in each cell line separately before choosing appropriate concentrations
for physiological experiments. In addition, a much shorter-term experiment such as in
(Epstein et al., 2014) is preferable, since inhibiting NKA sufficiently to allow [Na*]; to

accumulate will always be toxic to the cell eventually.
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It is likely that there was not enough statistical power to show significant effects of drugs in
the MDA-MB-231 cells in the lactate assay study. However, clear non-significant trends
were seen and were as expected with the positive controls — the GAPDH inhibitor iodoacetic
acid reduced lactate production and the mitochondrial ATP synthase inhibitor oligomycin
increased lactate production. Intriguingly, TTX also caused a non-significant decrease in
lactate production by MDA-MB-231 cells in all three independent experiments but not in
MCF7 cells which have no detectable VGSC current. This would fit with the hypothesis that
VGSC activity leads to increased glycolysis, but further repeats of this experiment are

required to test whether there truly is an effect of VGSC activity on lactate production.

From the experiments assessing intracellular Na* accumulation with metabolic inhibitors, it
appeared that NKA in both MCF7 and MDA-MB-231 cell lines depended on glycolysis and
could cope without oxidative phosphorylation. Cell viability followed the same pattern —
cells were unable to survive without glycolysis but could manage without oxidative
phosphorylation. These findings echo those where glycolysis was found to be the ATP
source for another plasma membrane ion pump, the plasma membrane Ca?* ATPase
(PMCA) in pancreatic cancer cells (James et al., 2015). From these results it is not possible
to judge whether NKA is more reliant on glycolysis than other ATP-consuming processes,
as in vascular smooth muscle (Paul et al., 1979), but it does indicate that in our in vitro
experimental conditions, NKA activity will mostly be powered by glycolysis. Our
experimental conditions provide 25 mM glucose in the culture medium, far more than would
be available in vivo, so cells cultured in DMEM will be trained to be particularly reliant on
glucose as an energy source (James et al., 2015). However, this experiment reflects the
situation in most in vitro experiments including those in which the effect of VGSC activity
on NHEL extracellular acidification in MDA-MB-231 cells was elucidated (Gillet et al.,
2009; Brisson et al., 2011; Brisson et al., 2013). This means that the cells, and in particular
NKA, in those experiments were likely to be highly reliant on glycolysis as an ATP source.

Therefore, if NKA activity had been increased by VGSC activity in those experiments, it is
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highly likely that this increased the rate of glycolytic H* production. This could explain the

increase in H* extrusion through NHE1 which was reported.

3.3.4 Future work
As highlighted above, more lactate assays are necessary to test the effect of VGSC activity
on rate of glycolysis. In addition, the effect of VGSC activity on extracellular acidification

rate (as a proxy for glycolytic rate) should be tested in a Seahorse analyzer.

Part of the VGSC-induced glycolysis hypothesis which has not been tested in this thesis is
the effect of Na* influx on NKA activity. It has been shown that NKA activity in astrocytes
is increased by intracellular Na* binding (Pellerin & Magistretti, 1994), but it would be
possible to test the effect of VGSC activity on NKA activity in cancer cells using radioactive

tracer ions such as ®Rb* to replace K* entering the cell through NKA (Fujii et al., 2021).

Another way to test the VGSC-induced glycolysis hypothesis would be to cause Na* influx
independently of VGSCs, since VGSCs could act via a direct protein interaction with NHE1
as hypothesised in (Brisson et al., 2013), rather than through an increase in [Na*]i. The Na*
ionophore monensin has been used to increase [Na*]; artificially in skeletal muscle and
increase lactate production (James et al., 1996), however monensin functions as a Na*/H*
antiporter (Huczynski et al., 2012), so it may affect pH; as well as [Na*];. Gramicidin is
another Na* ionophore which has been used to show an increase in extracellular acidification
in breast cancer cells (Epstein et al., 2014), however gramidicin also equilibrates other
cations in addition to Na* which complicates the interpretation. There are no selective
ligands which open ENaC or ASIC channels so Na* influx could be controlled via a
genetically engineered cation channel which is gated selectively by a synthetic ligand,
reducing the possibility of interactions of ligands with endogenous channels (Magnus et al.,
2011). In particular, the effect of activation of this channel on NKA activity and

pericellular/extracellular acidification should be assessed to add further confidence to the
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theory that VGSCs affect extracellular acidification through NKA activity and glycolytic

respiration.

It would be useful to assess [Na*]; in both normal glands and tumours to further explain why
total tissue [Na'] is elevated in tumours. This is possible to perform using SBFI-AM in ex-
vivo tissue slices as in (James et al., 2021). In addition, [Na*]e in tumours as measured by
ISMEs in this study should be compared to that in normal mammary glands. Given the links
between [Na*]; and pH. suggested by this work, it would be important to assess the
distribution of [Na*]; and pHe within tumours, for example using 2Na MRI and MRI-CEST
pH imaging (Anemone et al., 2021), or by co-registering 2Na MRI images with histological
sections of the same tumour, to assess pHe using pimonidazole as in (Jardim-Perassi et al.,

2019).

3.3.5 Conclusion

MDA-MB-231 breast tumours have a lower pH. than normal tissues, particularly in the
peripheral, highly proliferative region. This decreased pHe in turn increases persistent Na*
current into cancer cells containing VGSCs. This may in part explain why elevated tissue
[Na*] is higher in these tumours compared to normal mammary glands. Conversely, Na*
entry into breast cancer cells through VGSCs is likely to increase the rate of glycolysis and
extracellular acidification through upregulation of NKA activity, and some evidence for this
was presented in this chapter. Together these mechanisms form a positive feedback loop

linking Na* influx and H* efflux with aerobic glycolysis in breast cancer cells.
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4  Gene networks associated with Nay1.5 expression in
MDA-MB-231 cells

4.1 Introduction

Several ion channels have been shown to affect gene transcription, for example VGCCs can
affect activity of the transcription factors NFAT, CREB and calmodulin, thereby
contributing to cancer progression (Tajada & Villalobos, 2020). The main function of
VGSCs in cancer cells discovered by in vitro assays is to increase invasion (Grimes et al.,
1995; Laniado et al., 1997; Roger et al., 2003; Fraser et al., 2005; House et al., 2010). The
mechanism by which VGSCs increase invasion of cancer cells is not fully understood.
Previous work has implicated Nay,1.5 in transcriptional regulation of invasion-related genes.
For example, in colon cancer cells, Na,1.5 activity increased expression of a network of
invasion-related genes by upregulating the PKA/ERK/c-JUN/ELK-1/ETS-1 transcriptional
pathway (House et al., 2010; House et al., 2015). VGSCs may regulate this signalling
cascade by interacting with the small GTPase Rapl, which is activated by depolarisation of
the Vi (House et al., 2015). In contrast, another study showed no robust transcriptional
signature in differentially expressed genes from non small-cell lung cancer and
neuroblastoma cells treated with VGSC inhibitors (Hompoonsup et al., 2019). This second
study examined a relatively small number of genes (44 genes chosen from a preliminary
microarray analysis) to come to this conclusion and the function of the differentially
expressed genes was not analysed, but instead global transcriptional changes were examined.
Despite their main conclusion, the authors mentioned that there was a small gene set that
was consistently perturbed with VGSC inhibition. It is therefore possible that this small gene
set was important for cancer progression. In another study using the MDA-MB-231 cell line,
shRNA knock-down of Nay1.5 reduced EMT, characterised by an elongated cell shape and
increased filopodia. EMT is an important precursor to invasion out of the primary tumour in
carcinomas (Gradek et al., 2019). In this study, Nay1.5 knock-down reduced transcription of

SNAIL, one of four genes involved in EMT which were assessed by gPCR in this project.
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whereas overexpression of Na,1.5 in MCF7 cells increased expression of the EMT genes
SNAIL and ZEB1. This points towards a possible function of Na,1.5 in transcriptional

regulation of EMT genes.

In this chapter an unbiased transcriptomics experiment was performed using RNA
sequencing to determine the gene expression changes caused by Nay1.5 in breast cancer,
since a transcriptomics analysis of the effect of VGSCs in breast cancer has not so far been
reported. Transcriptional changes were assessed in xenograft tumours rather than in cell
lines as in (House et al., 2010; Gradek et al., 2019; Hompoonsup et al., 2019). This would
allow assessment of the function of Na,1.5 in its interactions with the tumour
microenvironment, shown to be important in Chapter 3. In addition, gene expression in
stromal cells could be investigated separately from that in cancer cells because the cancer
cells were derived from a different species than the stromal cells. Although CRISPR
knockout of Na,1.5 was performed in MDA-MB-231 cells (Appendix I11), in this experiment
SCN5A was knocked down in MDA-MB-231 cells using shRNA and control cells were
treated with scrambled shRNA. These cells were developed by Michaela Nelson who
showed that Nay1.5 knock-down MDA-MB-231 xenografts grew more slowly and showed
less local invasion and metastasis less than control xenografts (Nelson et al., 2015b). As in
(Gradek et al., 2019), Nay1.5 knock-down increased the circularity of MDA-MB-231 cells
but no protein expression changes were seen in the EMT markers investigated. In this same
study, Nay1.5 knock-down reduced CD44 expression in vitro, indicating that Na,1.5 may act

partly through the CD44-src-cortactin pathway as discussed in Section 1.6.1.

On the basis of these previous studies, sShRNA knock-down of Na,1.5 in MDA-MB-231
tumours was predicted to reduce expression of genes involved in invasion. In addition,
metabolism and pH regulatory pathways were predicted to be affected by Nay1.5 expression

due to evidence presented in Chapter 3.
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4.2 Results

4.2.1 RNA sequencing experiment

To assess gene expression differences due to the presence of Nay1.5, previously
characterised sShRNA Nay1.5 knock-down MDA-MB-231 cells (Nelson et al., 2015b) were
used in an RNA sequencing experiment. These cells or scrambled shRNA control cells were

implanted in mice to produce xenograft tumours (Section 2.4).

4.2.1.1 Growth curve and [Na'] of Na,1.5 knock-down tumours

Mice were weighed (Figure 4.1 A) and tumours were measured using callipers (Figure 4.1
B) after tumour implantation. The shRNA Na,1.5 knock-down tumours grew slightly more
slowly than control tumours as in (Nelson et al., 2015b) but this was not significant at day

33 (Figure 4.1

Figure 4.1 B; P = 0.40; n = 6; unpaired t test). To test the hypothesis that total tissue [Na*]
would be decreased in the absence of VGSCs, [Na*] was measured using ICP-MS (Section
2.22). There was no difference in the total tissue [Na*] with knock-down of Nay1.5 (Figure

4.1 C; P=0.58; n=6or 7; unpaired t test).

4.2.1.2 Quality control

First samples were checked for integrity and purity using agarose gel electrophoresis and an
Agilent 2100 bioanalyzer. All samples had excellent integrity and purity (Section 2.15.1).
Next the reads were mapped to the human or mouse genome (Section 2.15.2). Most of these
reads were mapped to exons (Figure 4.2 A) and were evenly distributed between the
chromosomes (Figure 4.2 B). The distribution of reads per gene was similar for all 12
samples, after controlling for the total number of reads per sample (Figure 4.3 A). Control
and Nay1.5 knock-down samples were well separated by cluster profiling based on gene
expression level (Figure 4.3 B), and principal component analysis based on gene expression

level (Figure 4.3 C).

122



It was important to check that the reads had been mapped to the genomes properly, since it is
possible for a read to map to more than one location within a genome. The STAR aligner
program produced BAM files for each read, and HTSeq generated the read count matrices,
which indicated the number and percentage of reads which mapped to more than one gene in
the human genome (multiple mapped reads). These reads comprised approximately 3% of
the total reads for each sample (Table 4.1). Multiple mapped reads were ignored when

generating the count matrix.

In a xenograft experiment, it is possible for reads to map to both human and mouse
genomes. BBsplit was used to analyse which reads could be mapped to both genomes. It
assigned 96-97% of the raw reads to human, mouse, or both and it labelled a very small
percentage (0.45-0.55%) of reads as ambiguous to human or mouse genomes. To assess the
likely impact of ambiguous reads on differentially expressed gene (DEG) analyses, the
ambiguous reads were mapped back to the human and mouse genomes to show which gene
read counts were affected. Very few genes in the significantly differentially expressed
human gene set were affected, and in almost all of these genes the effect was negligible. In
the case of only 9 out of 512 differentially expressed genes the ambiguous reads comprised
over 1% of the total reads for that gene. These genes are shown in Table 4.2, along with the
% ambiguous reads per gene. Even in these most affected genes, the proportion of
ambiguous reads was never larger than 6.9%. All genes with over 5% ambiguous reads were
removed from further analysis. Table 4.3 shows mouse DEGs with the most ambiguous

reads. Again, all genes with over 5% ambiguous reads were removed from further analysis.
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Figure 4.1 shRNA knock-down of SCN5A in MDA-MB-231 xenografts.

A. Mouse bodyweight during the period of the tumour growth. B. Growth of primary
tumours. Tumours were measured with callipers every 2-3 days and tumour volume was
calculated as 0.5 x length x width?. C. Sodium content of tumours measured using ICP-MS
after euthanasia (P = 0.58; n = 6 or 7; unpaired t test).
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Figure 4.2 Mapping of reads to human genome.

A. Relative proportion of reads mapped to exons compared to other regions of the genome —
example from one sample. B. Relative mapping of reads (inner circle, grey regions) to
different chromosomes or mitochondrial DNA (MT).
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Figure 4.3 Read counts per human gene and clustering of genes by read count.

A. Distribution of the number of reads per gene (FPKM = fragments per kilobase of
transcript per million) showing similar distribution for each sample. B. Cluster analysis heat
map based on level of gene expression. This separates control and Nay1.5 knock-down
(shRNA) samples clearly. C. Principal component analysis of gene expression data showing
good separation between control and Na,1.5 knock-down (shRNA) samples. All graphs
produced by Novogene.
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Table 4.1 Quality of mapping of reads to genes within the human genome.

Multiple mapping indicates reads could be mapped to more than one location in the human

genome.

Sample name ctrl_1 ctrl_2 ctrl_3 ctrl_4 ctrl 5 ctrl_6

Total reads 47447712 | 55903982 | 41046486 | 49880146 | 41765272 | 45377990
Total mapped reads 42361264 | 48863164 | 37064946 | 44171910 | 36952552 | 40958354
Uniguely mapped reads 40724346 | 47440106 | 35784252 | 42613982 | 35890986 | 39822056
Multiple mapped reads 1636918 1423058 1280694 1557928 1061566 1136298
Total mapping rate 89.28% 87.41% 90.30% 88.56% 88.48% 90.26%
Uniquely mapping rate 85.83% 84.86% 87.18% 85.43% 85.93% 87.76%
Multiple mapping rate 3.45% 2.55% 3.12% 3.12% 2.54% 2.50%
Sample name shRNA 1 | shRNA 2 | shRNA 3 | shRNA 4 | shRNA 5 | shRNA 6
Total reads 47417128 | 49315918 | 45955460 | 44513906 | 42729202 | 44127662
Total mapped reads 43020532 | 44043534 | 38822678 | 38617972 | 38740742 | 39869482
Uniquely mapped reads 41391906 | 42729524 | 37312784 | 37509568 | 37512010 | 38738398
Multiple mapped reads 1628626 1314010 1509894 1108404 1228732 1131084
Total mapping rate 90.73% 89.31% 84.48% 86.75% 90.67% 90.35%
Uniquely mapping rate 87.29% 86.64% 81.19% 84.26% 87.79% 87.79%
Multiple mapping rate 3.43% 2.66% 3.29% 2.49% 2.88% 2.56%

Table 4.2 Ambiguous reads mapped to human genome.

All significantly differentially expressed genes for which over 1% of the reads mapped

ambiguously to human and mouse genomes, showing ambiguously mapping reads as a % of
total reads for each human gene.

Total Ambig %

Gene name padj log2FC Reads Reads Ambig

EPB41L4B 4.02E-07 | 0.659717 8634 264 3.1
SSBP2 0.0035522 | -0.540957 1618 112 6.9
WDR20 0.0052997 | 0.3196335 6791 285 4.2
SOCS2 0.0056031 | -0.464032 2676 56 2.1
ADD1 0.0158078 | 0.3143308 48915 1635 3.3
PCDH7 0.0288516 | 0.3507883 3123 36 1.2
LCP1 0.0398588 | 0.5235747 10511 167 1.6
GMFG 0.0426087 | -0.453212 3127 189 6.0
FHL1 0.043432 | -0.297429 16520 514 3.1
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Table 4.3 Ambiguous reads mapped to mouse genome.

All significantly differentially expressed genes for which over 2% of the reads mapped
ambiguously to human and mouse genomes, showing ambiguously mapping reads as a % of
total reads for each mouse gene.

Total Ambig %

Gene name padj log2FC Reads Reads Ambig

Gm18194 4.02E-07 | 0.659717 8634 264 19.7
Zc3h14 0.0035522 | -0.540957 1618 112 10.8
Rpl351-ps2 0.0052997 | 0.3196335 6791 285 5.6
Pdia3 0.0056031 | -0.464032 2676 56 55
Mest 0.0158078 | 0.3143308 48915 1635 3.8
Pcdh7 0.0288516 | 0.3507883 3123 36 3.6
Whbp1l 0.0398588 | 0.5235747 10511 167 3.1
Epb41i4b 0.0426087 | -0.453212 3127 189 2.3

4.2.1.3 Human gene differential expression analysis

The count matrices of reads per gene need to be normalised to the sequencing depth such as
the number of reads per sample and to the gene lengths. Normalising to the total reads does
not take account of the gene lengths, so the measure of read count shown in the quality
assessments above is FPKM (fragments per kilobase of exon per million reads/fragments
mapped). Using this type of normalisation for DEG analysis does not allow accurate
comparison of gene expression between samples as required in this study, since extreme
over or underexpression of a few genes can artificially affect the results. To avoid skewing
of data by outlier genes, the counts were instead normalised to sample-specific size factors
determined by the median ratio of gene counts between samples relative to the geometric
mean per gene (Anders & Huber, 2010) in the algorithm used by DESeq2. An overview of
the differentially expressed genes in the human and mouse genomes are shown in (Figure
4.4). For panel A (human DEGs) P values adjusted for false discovery rate were used. There
were very few mouse DEGs once this adjustment had been made so DEGs with P values not

adjusted for false discovery rate were plotted in panel B.
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Figure 4.4 Volcano plots showing differentially expressed genes in human and mouse

Log2FoldChange

genomes following Nay1.5 knockdown in MDA-MB-231 tumours.
A. Human DEGs (Padj < 0.05) B. Mouse DEGs using P values rather than Padj values (P <
0.05). Red symbols show significantly upregulated genes and blue symbols downregulated
genes. Grey symbols are genes which were not significantly differentially expressed.
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In the human genome there were more downregulated genes in the Nay1.5 knock out
tumours than upregulated genes. These downregulated genes were ordered by degree of
differential expression (Log.Fold change) and the functions of the most downregulated
genes were investigated using Uniprot.org and Genecards.org (Stelzer et al., 2016;
Consortium, 2019). Brief descriptions of the most downregulated genes and categorisation
of the descriptions are shown in Table 4.4. From this table it appeared that genes related to
detoxification of ROS were strongly downregulated, with some important genes highlighted
in Table 4.5. Many of the top downregulated genes in Table 4.4 had mitogenic activity and
were associated with various cancers. In addition, there were many genes associated with
antigen presentation which were downregulated, for example the HLA class Il
histocompatibility antigens HLA-DPA1, HLA-DRA and CIITA, and the HLA class |
histocompatibility antigen HCP5. Other categories of downregulated genes that became
apparent were Ca?* regulatory genes (Table 4.6), genes associated with migration and
invasion (Table 4.7) and genes associated with acid-base balance and metabolism (Table
4.8). The most downregulated genes associated with immune system function are shown in

Table 4.9.

Genes involved in pH regulation were of particular interest because Nay1.5 increases
invasion through extracellular acidification via NHE1 in breast cancer (Brisson et al., 2011).
There were no expression changes in genes coding for NHE proteins, but an NHE3
inhibitory factor NHE-RF1, encoded by SLC9A3R1, was upregulated (L2FC = 0.40, Padj =
0.011). This gene is often mutated in breast cancer (Dai et al., 2004). Another important pH
regulatory protein, carbonic anhydrase IX, encoded by CA9, was downregulated with Na,1.5
knock-down (L2FC = -0.87, Padj < 0.001). Acid-sensing ion channels (ASICs), which are
part of the epithelial Na* channel (ENaC) family are also important in pH control as these
open in low pHe to allow Na* into cells (Gupta et al., 2016). ASIC1 was downregulated in

Nay1.5 knock-down tumours (L2FC = -0.83, Padj = 0.003), indicating that as well as
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Table 4.4 Most downregulated human genes in Nay1.5 knockdown tumours.

ROS detoxification
Ca2+ release

Invasion through ECM

Migration/cytoskeleton

Mitogen/oncogene

Immune system

Gene name | L2FC Padj Gene name (long) Function
GSTM1 -6.38 1.85E-08 | Glutathione S transferase Antioxidant

Melanoma associated Enhances ubiquitin ligase activity of TRIM28,
MAGEA6 -6.16 1.85E-06 | gene A6 leading to p53/TP53 ubiquitination

AC090809.1 | -5.99 4.12E-08 | lincRNA

Unknown function

Brain expressed, X-linked,
nerve growth factor

Interacts with MAGES8A (a tumour specific

BEX5 -5.39 9.48E-06 | receptor assoc. antigen)
PR domain zinc finger Allows recombination during meiosis, double
PRDM9 -5.05 | 0.0001913 | protein 9 stranded DNA break repair
Melanoma associated
MAGEC1 -4.97 6.46E-05 | gene C1 Tumour specific antigen - unknown function
Thiosulfate:glutathione Helps remove H2S, which would otherwise
TSTD1 -4.73 1.29E-09 | sulfurtransferase inhibit cytochrome oxidase

Melanoma associated
MAGEA11 -4.17 2.56E-20 | gene A1l

Aids proliferation in BCa. Linked to ER-beta
and HER2 expression in Bca

Small integral membrane

SMIM31 -4.16 | 0.0001478 | protein 31 Unknown function
Ca?* release from sarcoplasmic reticulum in
RYR2 -4.04 | 0.0012066 | Ryanodine receptor 2 heart
Enhances ubiquitin ligase activity of TRIM28,
MAGEC2 -3.85 | 0.0001832 | Melanoma assoc gene leading to p53/TP53 ubiquitination
Lymphoblastic leukemia-
LYL1 -3.85 7.47E-15 | derived sequence 1 Transcriptional regulation

KIAA0040 -3.36 | 0.0063334 | Uncharacterised

Unknown function

Myelin protein zero-like

Homophilic cell adhesion - important in inner

MPZL2 -3.26 9.43E-07 | protein 2 ear
Serine protease 2
PRSS2 -3.24 1.31E-20 | (trypsinogen) Aids invasion and digestion of food

Tumour necrosis factor
ligand superfamily member

Aids activation of T-cells - triggers

TNFESF18 -3.17 3.79E-05 | 18 phosphorylation of STAT1
Rho-related GTP-binding

RHOD -2.88 3.34E-10 | protein RhoD Regulates cytoskeleton

MT1A -2.78 4.19E-07 | Metallotthionein 1A Binds heavy metals

Serpin family A member 5 -
plasma serine protease
SERPINAS -2.76 | 0.0476905 | inhibitor

Pro-coagulant and pro-inflammatory

CD33 -2.71 | 0.0234668 | Cluster of differentiation 33

Myeloid cell surface protein (particularly found
in microglia)

Affects adhesion and migration, lost its tyrosine

histocompatibility antigen
HLA-DPA1 -2.54 8.22E-15 | DP alphal

EPHB6 -2.70 6.14E-05 | Ephrin type-B receptor 6 kinase activity
Same domain-containing Inhibits B-cell activation, promotes Rac1-
SAMSN1 -2.61 | 0.0375999 | protein SAMSN-1 dependent reorganization cytoskeleton
HLA class Il

Antigen presentation

Kinesin family member

Oncogene, microtubule-associated motor

KIF21B -2.54 | 0.0210948 | 21B protein, allows centrosome polarisation
Ferroxidase (converts Fe?* to Fe®*), involved in
HEPH -2.49 | 0.0069617 | Hephaestin iron and copper regulation
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Oncogenic in gastric cancer - acts via wnt/beta

STRA6 -2.30 | 0.0002283 | Receptor for retinol uptake | catenin
Innate immunity activator Upregulated in breast cancer (GEO) and
INAVA -2.30 4.16E-08 | protein unfavourable in endometrial cancer
Interferon alpha inducible Involved in typel IFN-induced apoptosis
IF127 -2.27 1.27E-14 | protein 27 (mitchondrial) (release of cyt C from mitochondria)
Activated by trypsin and thrombin - involved in
F2RL3 -2.21 | 0.014408 | Thrombin receptor-like 3 clotting and inflammation
AC068985.1 | -2.20 | 0.0152657 | lincRNA Unknown function
Janus kinase 3 (TRK Found in NK and T cells, also in epithelium.
JAK3 -2.17 | 0.0347521 | enzyme) Mediates IL-8 induced chemotaxis
von Willebrand factor A
domain-containing protein Candidate breast cancer suppressor (aka
VWASA -2.16 | 2.40E-08 | 5A BCSC1, LOH11CR2A)
Glutathione S-Transferase | Detoxifies ROS and toxins including
GSTM2 -2.16 6.28E-05 | Mu 2 carcinogens
Mannosyl-oligosaccharide
MAN1C1 -2.13 | 0.000105 | 1,2-alpha-mannosidase IC | Involved in protein glycosylation
Transient receptor
potential cation channel Ca?* channel, activated by hypotonicity,
TRPV4 -2.12 | 0.0007072 | subfam. V memb. 4 motion, heat, low pH
Inhibits cAMP, increases proliferation in ER
ADORAL1 -2.06 | 0.0010632 | Adenosine receptor Al +ve BCa
LINC02253 -2.03 | 0.0215554 | lincRNA Unknown function
Dorsal inhibitory axon Chemo-repulsive agent in axon guidance.
DRAXIN -1.99 | 0.0006151 | guidance protein Antagonises wnt beta catenin pathway
Tripartite motif containing
TRIM22 -1.99 7.47E-15 | 22 IFN-induced ubiquitin ligase
Leukocyte receptor Promotes growth, neurite outgrowth, and cell
LTK -1.93 | 0.0151545 | tyrosine kinase survival. Involves PI3 kinase pathway
ADAM metallopeptidase
with thrombospondin type Has aminoprocollagen type | processing
ADAMTS14 | -1.93 | 0.0001532 | 1 motif 1 activity in the absence of ADAMTS2
Hook microtubule tethering
HOOK1 -1.92 | 0.0008047 | protein 1 Actin and microtubule binding
FBXO39 -1.86 | 0.0347521 | F-box protein 39 Part of ubiquitin ligase pathway
Inhibits muscle differentiation. Activates beta-
MDFI -1.82 | 0.0001531 | MyoD family inhibitor catenin pathway

Table 4.5 Key human ROS detoxification genes significantly downregulated (Padj < 0.05) in
Nay1.5 knock-down tumours.

Log2Fold
Gene name Change Description

Glutathione S transferase (GSTM1) -6.38 Detoxifies ROS and toxins including carcinogens
Thiosulfate:glutathione sulfurtransferase Helps remove H2S, which would otherwise inhibit

(TSTD1) -4.73 cytochrome oxidase
Glutathione S-Transferase Mu 2 (GSTM2) -2.16 Detoxifies ROS and toxins including carcinogens

Carboxylesterase 3 (CES3) -1.54 Detoxifies xenobiotics

Nicotinamide N-Methyltransferase (NNMT) -1.19 Enzyme that uses SAMe donor to detoxify xenobiotics
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Table 4.6 Key human genes involved in Ca?* regulation, significantly downregulated (Padj <

0.05) in Nay1.5 knock-down tumours.

Log2Fold
Gene name Change Description
Ryanodine receptor 2 (RYR2) -4.04 Ca2+ release from sarcoplasmic reticulum in heart
Transient receptor potential cation channel Ca2+ channel, activated by hypotonicity, motion, heat,
subfam.V memb. 4 (TRPV4) -2.12 low pH
Voltage-dependent calcium channel
subunit alpha-2/delta-4 (CACNA2D4) -0.80 Voltage dependent plasma membrane Ca2+ channel
cAMP-specific 3',5'-cyclic Hydrolyzes cAMP - involved in Ca2+ handling in heart,
phosphodiesterase 4B (PDE4B) -0.55 chemotaxis and migration
Calcium/calmodulin-dependent protein
kinase type IV (CAMK4) -0.51 Ca2+/calmodulin dependent kinase
Calcium-dependent transcriptional repressor that binds
Calsenilin (CKNIP3) -0.48 to the DRE element of genes
Sodium/potassium/calcium exchanger 1 Transports 1 Ca2+ and 1 K+ in exchange for 4 Na+ in
(SLC24A1) -0.42 visual transduction cascade

Table 4.7 Key human genes involved in migration and invasion, significantly downregulated

(Padj < 0.05) in Nay1.5 knock-down tumours.

Log2Fold
Gene name Change Description
Serine protease 2/Trypsinogen (PRSS2) -3.24 Aids invasion through ECM
Rho-related GTP-binding protein RhoD (RHOD) -2.88 Regulates cytoskeleton
Affects adhesion and migration, lost its tyrosine
Ephrin type-B receptor 6 (EPHB6) -2.7 kinase activity
Promotes Racl-dependent reorganization
Same domain-containing protein (SAMSN1) -2.61 cytoskeleton
Promotes growth, neurite outgrowth, and cell
Leukocyte receptor tyrosine kinase (LTK) -1.93 survival
Metalloproteinase with thrombospondin type 1 Has aminoprocollagen type | processing activity
motif 1 (ADAMTS14) -1.93 in the absence of ADAMTS2
Hook microtubule tethering protein 1 (HOOK1) -1.92 Actin and microtubule binding

Table 4.8 Key human genes involved in metabolism and acid-base balance, significantly
downregulated (Padj < 0.05) in Nay1.5 knock-down tumours.

Log2Fold
Gene name Change Description
Carbonic anhydrase 11 (CA11) -1.28 Unlikely to have catalytic activity
Serine Incorporator 2 (SERINC?2) -1.21 Amino acid synthesis
glycoside-pentoside-hexuronide cation
symporter transporter family and may play a
Solute Carrier Family 45 Member 1 (SLC45A1) -1.21 role in glucose uptake
Choline dehydrogenase, mitochondrial (CHDH) -1.09 Amino acid synthesis
Hydroxycarboxylic acid receptor 1 (HCAR1) -0.88 Receptor for L-lactate - anti lipolytic
pH regulation and control of cell proliferation
Carbonic anhydrase 9 (CA9) -0.87 and transformation
Isoform 1 does not show proton gated ion
Acid-sensing ion channel 1 (ASIC1) -0.83 channel activity
P2X purinoceptor 5 (P2RX5) -0.81 Purinergic-gated cation channel
Enoyl-CoA hydratase domain-containing protein
2, mitochondrial (ECHDC?2) -0.81 Fatty acid oxidation
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Table 4.9 Key human genes involved in immune system function, significantly
downregulated (Padj < 0.05) in Nay1.5 knock-down tumours.

Log2Fold
Gene name Change Description
Tumour necrosis factor ligand superfamily Aids activation of T-cells - triggers
member 18 (TNFSF18) -3.17 phosphorylation of STAT1
Serpin family A member 5 (SERPINA5) -2.76 Pro-coagulant and pro-inflammatory
Myeloid cell surface protein (particularly found in
Cluster of differentiation 33 (CD33) -2.71 microglia)
HLA class II histocompatibility antigen DP
alphal (HLA-DPA1) -2.54 Antigen presentation
Upregulated in breast cancer and unfavourable in
Innate immunity activator protein (INAVA) -2.30 endometrial cancer
Found in NK and T cells, also in epithelium.
Janus kinase 3 (JAK3) -2.17 Mediates IL-8 induced chemotaxis
Tripartite motif containing 22 (TRIM22) -1.99 IFN-induced ubiquitin ligase
TNF Receptor Superfamily Member 18 Involved in interactions between activated T-
(TNFRSF18) -1.70 lymphocytes and endothelial cells
HLA class Il histocompatibility antigen, DR alpha
chain (HLA-DRA) -1.54 Antigen presentation
Reduces anti-tumour immunity by inhibiting
Caspase 1 (CASP1) -1.53 CGAS-STING. Initiates pyroptosis

Table 4.10 Most upregulated human genes in Na,1.5 knockdown tumours.

Gene name | L2FC | padj Gene name (long) Function

Potassium channel tetramerization | Inhibits AP2A (transcription factor) -
KCTD15 8.88 4.51E-20 | domain containing 15 tumour suppressor

Expressed in spermatogonia, tumour

MAGEA10 4.29 4.79E-03 | Melanoma associated gene A10 specific antigen
GPR158 3.71 2.14E-07 | G protein-coupled receptor 158 Aids proliferation in prostate cancer

Family with sequence similarity 133
FAM133A 1.81 2.59E-28 | member A Unknown function

Serine peptidase inhibitor, Kazal Inhibits trypsin before exit from the
SPINK1 1.60 2.61E-02 | type 1 pancreas
INHBB 1.46 3.31E-04 | Inhibin subunit beta B Inhibits FSH secretion from pituitary
AP003555.2 1.36 4.06E-09 | Novel transcript Unknown function
PAGES5 1.36 | 8.75E-03 | Prostate-associated gene 5 Unknown function
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increasing Na* influx in low pH. conditions itself (section 3.2.6), Nay1.5 increases

expression of another Na* channel which performs this same action.

There were no clear patterns in the most upregulated human genes in Nay1.5 knock-down
tumours, and the significantly upregulated genes were not changed by as great a degree as

the downregulated genes. The most changed genes are shown in Table 4.10.

4.2.1.4 Human gene overrepresentation analysis
Overrepresentation analysis was performed to look for enrichment of the differentially
expressed gene set for certain cell compartments, biological processes or molecular

functions. Using the Gene Ontology (GO) database (http://www.geneontology.org/) there

were 102 significantly enriched GO terms in the set of genes which were downregulated in
Nay1.5 knock-down tumours. In contrast, there were no significantly enriched GO terms in
the set of genes which were upregulated in Nay1.5 knock-down tumours. The 102
significantly enriched GO terms in the downregulated gene set fell into distinct categories,
the largest of which was terms associated with immune system function, in particular
antigen presentation. (Figure 4.5). Another category of significantly enriched GO terms was
terms associated with invasion and migration; in particular many terms involving peptidase
function (Figure 4.6 A). A third category of enriched GO terms was kinases, particularly
tyrosine kinases (Figure 4.6 B). A fourth, large category was GO terms involved with ion
channels, mostly Ca?* ion transport (Figure 4.7 A). The final category was GO terms
involved in detoxification of ROS (Figure 4.7 B). Only eleven significantly enriched GO

terms remained which did not fall into one of these categories.

Although there were no significantly enriched GO terms in the upregulated human genes,
there were some interesting findings when the GO terms with lowest Padj values were
examined. These were separated into biological process (BP), cell component (CC) and

molecular function (MF) (Figure 4.8). Categories of GO terms which were enriched in the

135


http://www.geneontology.org/

upregulated gene set in Nay1.5 knock out tumours included cell adhesion regulation
(particularly in BP), plasma membrane processes including those involved in migration

(particularly in CC) and redox genes (MF).

4.2.1.5 Human disease ontology
It is helpful to assess whether the differentially expressed genes are likely to be relevant to

the disease process in question. The disease ontology (DO) database http://www.disease-

ontology.org is an ontology database which links biomedical datasets, for example
transcriptomics datasets, with various diseases. When the DEG set from this study was
analysed against the DO database, there were no significantly enriched terms at the Padj <
0.05 level. The 16 DO terms with Padj values < 0.3 are displayed in Figure 4.9 A. The

majority of these DO terms are cancers, including breast cancer.

4.2.1.6 Human DEG analysis with Reactome

The Reactome database contains information about which genes are associated with certain
reactions or pathways. When the downregulated set from this study was analysed against the
Reactome database, there was only one significantly enriched Reactome term, “interferon
signalling”. The 16 terms most enriched terms with Padj values < 0.5 are shown in Figure
4.9 B. The terms from this analysis match some findings from the GO analysis, particularly
in interferon signalling and antigen presentation. An interesting addition to this group of
terms was “PD-1 signalling” since this pathway is a major way in which cancer cells
negatively regulate the adaptive immune response (Ahmadzadeh et al., 2009). Again, in
agreement with the GO analysis, redox reactions were affected by Nay1.5 knock down. An
interesting category of terms which appeared from this analysis was VEGF signalling and
reversible hydration of CO,. These terms indicate that Na,1.5 knock down might interfere
with hypoxia signalling and pH regulation, both of which are disrupted in cancer and are

associated with upregulation of glycolysis.
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Figure 4.5 Enriched GO terms associated with the immune system in human DEGs from Nay1.5 knock-down tumours.
These GO terms are particularly associated with antigen presentation and response to interferon-gamma. Produced using the Gene Ontology database.
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Figure 4.6 Enriched invasion, migration and kinase GO terms in human DEGs from Na,1.5
knock-down tumours.

A. Enriched invasion and migration-related GO terms B. Enriched kinase-related GO terms.
Produced using the Gene Ontology database.
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Figure 4.7 Enriched ion transport and ROS detoxification GO terms in human DEGs from
Nay1.5 knock-down tumours.

A. Enriched ion transport-related GO terms B. Enriched ROS detoxification-related GO
terms. Produced using the Gene Ontology database.
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Figure 4.8 Enrichment of GO terms in upregulated human DEGs in Na,1.5 knock-down
tumours.

BP. 10 Most significant biological process GO terms CC. 10 Most significant cell
component GO terms. MF. 10 Most significant molecular function GO terms. Produced
using the Gene Ontology database.
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Figure 4.9 Disease Ontology and Reactome analyses.
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downregulated DEGs from Nay1.5 knock-down tumours. Note Padj scaling is different from
GO analyses in previous figures. Produced using the Disease Ontology database and the
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4.2.1.7 Mouse gene differential expression analysis

In MDA-MB-231 xenograft tumours there appears to be little stromal tissue compared to
patient breast tumours. Closely packed round cells with large nuclei are seen in H&E stained
sections of MDA-MB-231 xenografts for example in Figure 3.7 A and in (Nelson et al.,
2014). Therefore as expected, most RNA sequencing reads (~ 90 % of reads, see Table 4.1)
mapped to the human genome. The stromal component of these tumours is very small so
only around 6-11 % of reads per sample mapped to the mouse genome. This provided an
order of magnitude fewer reads per gene for the mouse genome than for the human genome,
reducing the statistical power to detect DEGs. Despite this, the volcano plot in Figure 4.4
shows 474 mouse genes which were differentially expressed in Nay1.5 knock-down tumours.
The P values for all of these genes were < 0.05 but the Padj values were not. In fact, there
was only one significantly downregulated gene (Hbb-bs) and only one significantly
upregulated gene (Chill) with Padj values < 0.05. The most significantly downregulated
genes in Nay1.5 knock-down tumours are displayed in Table 4.11. The main category which
appeared here was oxygen carrying function. The most significantly upregulated mouse
genes in Nay1.5 knock-down tumours, displayed in Table 4.12 are mostly associated with
immune system function. Of particular interest were the genes Idol (L2FC = 2.73,P =
0.028, Padj = 0.999) and Kyat1 (L2FC = 0.89, P = 0.045, Padj = 0.999). Both Ido1 and
Kyatl which codes for Kynurenine Aminotransferase 1 are involved in the IDO1 pathway

which cancers utilise to suppress the immune system (Liu et al., 2018).
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Table 4.11 Most significantly downregulated mouse genes in Nay1.5 knock-down tumours.
Inclusion in this table was determined by lowest Padj values, but genes are ordered by

L2FC.

Oxygen carrying

Immune system

Gene
name L2FC | Padj Gene name (long) Description

aminolevulinic acid
Alas2 -1.42 0.30277 | synthase For synthesizing heme
Hbb-bs -0.95 0.03049 | Beta-globin Binds heme

Interferon-induced IFN-induced antiviral protein - stops virus
Ifitm1 -0.91 0.07232 | transmembrane protein 1 fusing with endosome
Hba-al -0.86 0.18048 | Haemoglobin alpha Binds heme

Neuronal regeneration- Promotes axonal regeneration and
Nrep -0.60 0.45684 | related protein augments motility of gliomas.

ECM component - controls formation of

Fbinl -0.45 0.57032 | Fibulin 1 basement membrane

Table 4.12 Most significantly upregulated mouse genes in Nay1.5 knock-down tumours.
Inclusion in this table was determined by lowest Padj values, but genes are ordered by

L2FC.
Immune system
Gene
name L2FC | Padj Gene name (long) Description
Thyroid hormone-inducible

Thrsp 3.33 | 0.57032 | hepatic protein Lipogenesis in lactating mammary gland
Involved in Th2 response, macrophages,

Chill 2.03 | 0.00269 | Chitinase-3-like protein 1 regulates apoptosis in response to ROS
Blocks interferon-dependent interphase and

Krt7 1.58 | 0.05336 | Keratin Type Il cytoskeletal 7 stimulates DNA synthesis in cells

Krt19 1.53 | 0.57032 | Keratin Type | cytoskeletal 19 | Cytoskeletal organisation in myocytes
Chemoattractant for blood monocytes,

Ccls 0.84 | 0.06859 | C-C motif chemokine 5 memory T-helper cells and eosinophils.

Anxa8 0.84 | 0.07232 | Annexin A8 Anticoagulant, Ca2+ binding, IP3 binding
Purine degradation - contributes to

Xdh 0.47 | 0.34199 | Xanthine dehydrogenase generation of ROS
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4.2.1.8 Mouse gene ontology

In the mouse GO analysis very few Padj values were < 0.05, but when the terms with lowest
Padj values were listed some interesting categories appeared. When Nay1.5 was knocked-
down in tumours, the mouse GO terms which were most enriched in the downregulated
genes were associated with cell division (Figure 4.10). This indicates that stromal cell
division may have been slower in Nay1.5 knock-down tumours than in control tumours.
Other mouse GO term categories which were enriched in the downregulated gene set were

oxygen binding and ROS detoxification.

Next the upregulated mouse genes were assessed for GO term enrichment. When Nay1.5 was
knocked-down in tumours, GO terms which were significantly enriched (Padj < 0.05) were
associated with ECM and epithelial membrane polarity (Figure 4.11 A). The molecular

function GO terms which were enriched included many associated with ROS detoxification.

4.2.1.9 Protein-protein interactions

Protein-protein interactions (PPIs) were assessed for human DEGs using the STRING
database (http://string-db.org/). The network of downregulated human genes is shown in
Figure 4.12 A. For this number of networked genes, the clusters of genes were not
particularly useful in comparison to the overrepresentation analysis, although some clusters
were seen, such as the genes involved in Ca?* signalling just below the SCN5A gene in
Figure 4.12, and the cluster of cancer-associated genes in the bottom left. A larger, mixed-
function network including many immune-system genes was seen at the top of the network
diagram. A separate, network of three glutathione S-transferase genes was also seen (Figure
4.12 B). The genes with direct PPIs with Nay1.5 were SPTBN2 (a membrane cytoskeletal
protein) and GJA3 (a connexin), SNTB1 (a cytoskeleton interacting protein), JUP (a
desmosomal protein) and RYR2 (the ryanodine receptor). A similar diagram displaying the

significantly upregulated human genes is shown in Figure 4.13. Like the overrepresentation
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analysis for the upregulated genes, there was no obvious pattern to the gene clusters in this

analysis.
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Figure 4.10 Enrichment of GO terms in downregulated mouse DEGs in Nay1.5 knock-down
tumours.

BP. 10 Most significant biological process GO terms. CC. 10 Most significant cell
component GO terms. MF. 10 Most significant molecular function GO terms. Produced
using the Gene Ontology database.
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Figure 4.11 Enrichment of GO terms in upregulated mouse DEGs in Nay1.5 knock-down
tumours.

BP. 10 Most significant biological process terms. CC. 10 Most significant cell component
GO terms (Padj all < 0.05). MF. 10 Most significant molecular function GO terms (Padj all
< 0.07). Produced using the Gene Ontology database.
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Figure 4.12 Downregulated human gene PPIs from the STRING database.

Darker coloured ovals indicate a greater degree of downregulation of the gene. Pink linker
lines indicate there is experimental evidence for a PPI between two gene products and grey

lines indicate any other kind of evidence for a PPI.
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Figure 4.13 Upregulated human gene PPIs from the STRING database.
Darker coloured ovals indicate a greater degree of downregulation of the gene. Pink linker
lines indicate there is experimental evidence for a PPl between two gene products and grey

lines indicate any other kind of evidence for a PPI.
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To summarise, the RNAseq data showed that knock-down of Na,1.5 in MDA-MB-231
xenograft tumours caused expression changes in both human and mouse genes. The human
DEGs were associated with cancer. The main findings from overrepresentation analysis of
human genes were downregulation of genes involved in Ca?* signalling, antigen

presentation, ROS detoxification and invasion and migration.

4.3  Discussion

4.3.1 Summary of main findings:

Knocking down SCN5A/Na,1.5 with shRNA in MDA-MB-231 xenografts led to changes in
expression of genes that are important in cancer. The main changes that were seen in the
cancer cells were decreased expression of genes involved in invasion and migration,
interferon signalling, antigen presentation, ROS detoxification and Ca?* signalling. The main
changes that were seen in the stromal cells were a decrease in oxygen carrying and mitosis-

associated genes and an increase in ECM modifying and redox-related genes.

4.3.2 Effects of Nav1.5 knock-down on the immune system

There were several indications that Nay1.5 knock down had implications for the immune
system in MDA-MB-231 tumours, for example changes in IFN and NF-kB signalling. The
GC”Rag2” mice which hosted these tumours exhibit T cell, B cell and NK cell
immunodeficiencies, but still have functioning innate immune system components such as
macrophages and neutrophils. Bearing this in mind, gene expression changes relating to
immune interactions may still be explored in the cancer cells in this model. The RNAseq
data showed that Nay1.5 knock-down decreased the expression of many genes involved in
the immune system, particularly several genes involved in antigen presentation. This is
apparently in conflict with the findings of (Murtadha et al., 2021) who showed that Na,1.5
downregulation in MDA-MB-231 cells by siRNA increased MHC class | mRNA expression.
This difference may be explained by the fact that one study was performed in MDA-MB-

231 cells in vitro whereas this project used the same cells but in an in vivo experiment
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model. Alternatively, there may be a change in MHC class with Nay1.5 knock-down, since
most of the downregulated HLA genes were class Il in this study. Class Il MHC molecules
mostly present peptides deriving from the endolysosomal system whereas class | MHC
mostly presents endogenously expressed proteins. Decreased expression of MHC class | is a
common method of immune evasion in cancer cells (Maleno et al., 2002; McGranahan et
al., 2017), since it prevents activation of cytotoxic T-cells. Another important means of
evading the adaptive immune system is by PD1 signalling, reducing activation of CD8 +ve T
lymphocytes (Iwai et al., 2002). The Reactome analysis showed that this pathway might

have been affected by knock-down of Nay1.5 (Figure 4.9 B).

The IDO1/kynurenine pathway is a third immunosuppressive mechanism important in
immune evasion by cancers. IDO1 and kynurenine aminotransferase 1 (encoded by Kyatl)
both convert tryptophan to kynurenine, starving immune cells of tryptophan. IDO1 is often
upregulated in cancer cells but it can also be produced by tumour stromal cells in response to
inflammatory mediators such as interferon-y and TNF-a (Liu et al., 2018). The upregulation
of mouse ldol and Kyatl in the Nay1.5 knock-down tumours could be due to an increase in
IFN signalling, as this appears to be changed in cancer cells upon knock-down of Na,1.5
(Figure 4.55 and Figure 4.9 B). There was no evidence of changed IDO1 expression in the

cancer cells however.

4.3.3 Effects of Nav1.5 knock-down on ROS signalling

The downregulation of human (Figure 4.7 B) and mouse (Figure 4.10) ROS detoxification
genes when Nay1.5 was knocked down was particularly interesting since ROS signalling is
disrupted in cancer and is important in regulating cell survival, angiogenesis and EMT
(Aggarwal et al., 2019; Lee et al., 2019b). ROS regulates VGSC function by increasing
persistent Na* current through Nay1.5 in cardiomyocytes (Avula et al., 2021). Similarly,
ROS increases VGSC current in dorsal root ganglion neurons (Wang et al., 2011a). In HEK-

293 cells expressing Nay1.5 however, acute ROS treatment decreased Na* currents by
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approximately half, so the effect of ROS on VGSCs may be timing- or context-dependent
(Liu et al., 2010). It is likely that ROS-dependent increase in Nay1.5 current may require

changes in transcription if this effect only happens with longer term ROS treatment.

There is little known about the effect of VGSCs on ROS homeostasis, so the finding that
Nay1.5 knock-down affects ROS-related genes opens a new avenue for research. Recently
high mitochondrial [Na*] has been shown to increase ROS production in mitochondria by
increasing inner membrane fluidity and therefore preventing ubiguinone from moving to
complex Il of the electron transport chain (Hernansanz-Agustin et al., 2020). Increase in
cytosolic [Na*] mediated by VGSCs might be expected to increase mitochondrial [Na*]

through NCLX, and VGSCs may therefore lead to ROS production in this way.

Superoxide anions and hydrogen peroxide regulate the activity of transcription factors,
including AP-1 and NF-kB in breast cancer cells (Li et al., 1998). In the overrepresentation
analysis, several gene ontology terms related to NF-«xB signalling were enriched in the
downregulated gene set (Figure 4.5) so it is possible that VGSCs affect NF-«B signalling via

ROS intermediates.

4.3.4 Effects of Nav1.5 knock-down on invasion and migration

Metastasis is associated with EMT which includes an increase in expression of ECM
components collagens and fibronectin, and matrix metalloproteases (MMPs) (Park &
Schwarzbauer, 2014). It is therefore unsurprising that VGSC downregulation, which
decreases metastasis (Nelson et al., 2015b) also decreases expression of genes associated
with the extracellular compartment (Figure 4.6 A). Interestingly, this category of genes was
also enriched in the upregulated mouse genes (Figure 4.11), suggesting that stromal cells
may resume control of extracellular matrix production when Nay1.5 is knocked down in the

cancer cells.
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After showing that Na,1.5 was involved in a network of invasion genes in colon cancer cells,
House et al. performed gPCR to look for changes of expression of certain invasion-related
genes after veratridine treatment to open VGSCs (House et al., 2015). The invasion genes
upregulated with increased VGSC activity were CD44, CLIC4, ITGB1, SEMAGA, VEGFC,
WNT9A and HIF1A. It might be expected that these same genes would have decreased
expression with reduction in VGSC expression, however, none of these genes were
downregulated in Nay1.5 knock-down tumours. The following similar genes were
downregulated: CLIC3, SEMA3F and WNT3. In addition, several genes involved in
degradation of ECM proteins were downregulated (Table 4.7 and Figure 4.6 A). These
results are consistent with the findings from (Gillet et al., 2009) showing that VGSC activity

in cancer cells aids degradation of the ECM.

Several Ca?* signalling terms were enriched in the overrepresentation analysis of Na,1.5
knock-down tumours, although the particular cancer cell functions which would be likely to
occur based on these changes are unclear. The gene coding for the transient receptor
potential cation channel subfamily member V4, TRPV4, was downregulated, and this gene
increases migration via the RnoA/ROCK1 pathway in endometrial cancer (Li et al., 2020),
so could potentially be important for migration in breast cancer cells. This would fit with the
findings that Na,1.5 promotes migration in cancer cells (Fraser et al., 2003; Brackenbury &
Djamgoz, 2006). Other Ca?* signalling genes which were downregulated were CACNA2D4
which codes for the 1284 subunit of VGCCs. 028 subunits increase VGCC currents at the
plasma membrane (Dolphin, 2018) and are associated with a poor prognosis in gastric
cancer (Wanajo et al., 2008). Also the gene coding for the ryanodine receptor 2 (RYR2) and
CAMK4 were downregulated. In breast cancer RyR2 protein expression correlates with
higher tumour grade and blocking RyR2 reduced proliferation in MCF7 and MDA-MB-231
cells (Abdul et al., 2008). Thus it is possible that Na,1.5 regulation of RyR2 expression may

be important for its function in cancer.
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4.3.5 Effects of Nav1.5 knock-down on hypoxia and pH homeostasis

To address the possibility that VGSC activity may increase glycolytic respiration it was
important to look at enzymes involved in respiration, hypoxia and acid-base regulation
(Table 4.8). The hypoxia biomarker and pH regulator CA9 (carbonic anhydrase 1X) was
downregulated when Nay1.5 was knocked down. It is possible that hypoxia is more prevalent
in Nay1.5-expressing tumours, but another explanation is that in Nay1.5-expressing tumours
carbonic anhydrase IX is required to mitigate a greater production of acidic metabolites even
in normoxic conditions. Other evidence for changes to metabolism are shown by the redox
regulatory genes discussed earlier. In addition, VEGF signalling was slightly enriched in the
Reactome analysis when Nay1.5 was knocked down (Figure 4.9 B). In a similar vein, in the
mouse genome analysis, oxygen delivery genes were downregulated in the Nay1.5 knock-
down tumours (Table 4.11). It is likely that these genes were present in reticulocytes
(premature erythrocytes which still contain some DNA) since these comprise up to 6% of
the red blood cells in mice (O'Connell et al., 2015). These findings indicate that oxygen
delivery might be better in Na,1.5-expressing tumours, despite a higher expression of
carbonic anhydrase 1X in the cancer cells. This indicates that Na,1.5 may be involved in

generating a Warburg phenotype.

4.3.6 Conclusions and further work

The key findings from the RNAseq experiment (Figure 4.14) go some way to support the
hypothesis that VGSC activity increases the rate of glycolysis and H* production. Particular
evidence which supports this theory is the positive regulation of CAIX by Na,1.5. An
increase in expression of CAIX indicates a greater need for H* removal from the cell. If the
previous hypothesis is true, that Nay1.5 activity allosterically modulates NHE1 to promote
H* extrusion (Brisson et al., 2013), there would be less requirement for CAIX when Na,1.5
is active. Other evidence of a change in metabolism was shown by changes in ROS
regulation in both cancer and stromal cells, since ROS is produced by mitochondria instead

of ATP in certain states such as hypoxia (Kim et al., 2007b). Nay1.5 promotion of VEGF
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Figure 4.14 RNAseq findings: possible oncogenic actions of Na,1.5 in MDA-MB-231 cells.
1. Extracellular acidification through reduced NHE-RF1 inhibition of NHE3 as well as
upregulation of CAIX. Others have shown that this increases ECM degradation and
invasion. 2.Immune evasion via a change from MHC class | to MHC class I, as well as via
extracellular acidification via NHE3 and CAIX. 3. Upregulation of ASIC1 which, like
Nay1.5 allows Na* into the cell in low pHe. 4. Upregulation of ROS signalling with positive
feedback on persistent Na* current through VGSCs. 4. Upregulation of NF-kB signalling
(possibly via ROS signalling) which promotes EMT. EMT increases migration and
production of ECM components which promotes cancer cell invasion. 5. Upregulation of
VEGEF signalling and angiogenesis, perhaps via ROS and/or NF-xB. 6. Increased Ca?*
signalling via RYR2, TRPV4 and the a20 subunit of VGCCs which might increase
migration.
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signalling and angiogenesis was another indicator that hypoxia may be more prevalent when
Nay1.5 is active, necessitating an upregulation of glycolysis. These new findings show that
there may be additional metabolic changes driven by Nay1.5 on top of those caused by an

increase in NKA activity.

The effect of Nay1.5 on ROS detoxification genes was particularly interesting, considering
that high mitochondrial [Na*] disrupts the electron transport chain (Hernansanz-Agustin et
al., 2020). Since several glutathione-S-transferase genes were downregulated when Nay1.5
was knocked down, this should be confirmed by qPCR. A glutathione functional assay
would then be useful to indicate whether glutathione antioxidant function is reduced in
Nay1.5 knock-down cells. Since glutathione is likely to be produced to counteract an
increase in cellular ROS, assays of ROS could be performed in cancer cells expressing
VGSCs and compared to those in which VGSCs are genetically or pharmacologically
inhibited. Linked to the ROS studies, immunohistochemical investigations into
vascularisation, oxygenation and pH status of tumours may show differences with VGSC
activity, even though no difference in protein expression of the endothelial marker CD31
was seen in Nay1.5 knock-down tumours (Nelson et al., 2015b). There were however
indications of Na,1.5-dependent changes to VEGF signalling in the human Reactome
analysis and changes to oxygen carrying genes in the mouse genome analysis of the RNAseq

data.

There is evidence that high extracellular NaCl may affect NFAT-5 signalling via ROS
intermediates (Zhou et al., 2005). The transcription factor NFAT-5 is important in regulating
the immune system and promotes VEGF signalling in response to hyperosmolar conditions
in breast cancer (Amara et al., 2016). Given that there are indications that VGSCs might be
involved in VEGF signalling and immune system modulation from this RNAseq data,

involvement of VGSCs or other Na* channels in the NFAT-5 pathway should be explored.

156



Performing an RNAseq experiment in a xenograft model of breast cancer does not allow a
proper examination of the anti-tumour immune response. Given several indications from this
study that Na,1.5 expression affects antigen presentation and immune modulation, it would
be helpful to perform a similar study in an immunocompetent host. A benefit of using a
xenograft model in this study was that gene expression in stromal cells could be examined
separately from gene expression in cancer cells, whereas in a syngeneic allograft (e.g. 4T1
cells in BALB/c mice) or spontaneous model of breast cancer (e.g. MMTV-PyMT
transgenic mice) (Liu et al., 2021) it would be impossible to know whether any gene
expression changes were in cancer cells or other cell populations. To be able to study the
activity of Nay1.5, this protein would need to be expressed in the cancer cells of whichever
model was chosen, and Na,1.5 has been shown to be present in 4T1 cells by

immunofluorescence (Mokhtar et al., 2019).
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5 Navl.5 expression and functional activity in breast
tumours

5.1 Introduction

Functional Na,1.5 has been found in the highly metastatic MDA-MB-231 breast cancer cell
line, and several experiments have been performed with this cell line to show that activity of
this channel is important for tumour growth and metastasis in mice (Driffort et al., 2014;
Nelson et al., 2015a; Nelson et al., 2015b). At the mRNA level, expression of Nay1.5 was
upregulated in breast cancer compared to normal breast in three datasets, and it correlated
with worse prognosis (Yang et al., 2012). Less is known about protein expression of Nay1.5,
but in subjective analysis of six breast cancer biopsies, protein expression of neonatal Nay1.5
was upregulated compared to four normal breast tissue specimens (Fraser et al., 2005). A
larger study of protein expression of Nay1.5 in 36 breast cancer biopsies also revealed that
Nay,1.5 was upregulated in cancer tissue compared to adjacent healthy breast tissue (Nelson
et al., 2015b). Similarly, neonatal Nay1.5 protein expression was higher in breast cancer

tissue than in normal specimens (Yamaci et al., 2017).

The predominantly expressed B-subunit in MCF7 cells is 1 (Chioni et al., 2009), and
artificial 1 expression in MDA-MB-231 cells increased tumour growth and metastasis
(Nelson et al., 2014). There is less information on 1 than on Na,1.5 in breast cancer
patients, but 1 mMRNA expression was upregulated in breast cancer in two out of eight
datasets (Nelson et al., 2014). At the protein level, B1 protein was upregulated in breast
cancer compared to adjacent healthy breast tissue in a sample size of 66 tumours, but it did
not correlate with ER status, lymph node invasion or grade (Nelson et al., 2014). Given the
role that B1 has been shown to have in breast cancer invasion and metastasis (Chioni et al.,
2009; Nelson et al., 2014), it would be desirable to know more about the relationship of f1

with breast cancer prognosis.
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Although there were indications that Nay1.5 expression might correlate with lymph node
invasion (Nelson et al., 2015b) and ER -ve status (Yamaci et al., 2017) in breast cancer, no
previous protein expression studies were able to find any statistically significant
relationships between Nay1.5 or B1 expression and survival, receptor status or other

prognostic indicators so there was a clear need for a larger study to address these questions.

VGSC currents have been reported in the MDA-MB-231 and MDA-MB-468 breast cancer
cell lines (Roger et al., 2003; Fraser et al., 2005; Fraser et al., 2016). However, to establish
clinical relevance, it is also important to evaluate whether VGSC are functionally active in
breast cancer tissue/cells direct from patients. The only VGSC currents reported thus far in
any primary cancer cells were in long-term primary cultures of cervical cancer cells from
two patients, out of an unknown number of samples tested (Farias et al., 2004; Hernandez-
Plata et al., 2012). There are no reported recordings of VGSC currents in cancer tissue slices
of any cancer type. In fact, patch clamp recording in tissue slices is uncommonly performed
other than in brain slices. There is one example of patch clamp recordings from cancer cells
in brain slices (Bordey & Sontheimer, 1998). It is therefore relevant to try to measure VGSC
currents in breast cancer tissue and/or near patient primary breast cancer cells. Therefore, the
aims of this chapter were to assess VGSC currents in breast cancer tissue slices and primary

cells using whole cell patch clamp recording.

5.2 Results

5.2.1 Protein expression of Nay1.5 and B1 in breast tumours

A TMA containing sections from 1481 patients was obtained from the Breast Cancer Now
Tissue Bank (Figure 5.1 B), and the slides were stained with anti-Nay,1.5 or anti-p1 antibody
(see Section 2.8). The anti-Nay1.5 antibody used recognizes both adult and neonatal splice
variants (House et al., 2010). Scoring of staining intensity in carcinoma cells was performed
using a modified Allred scoring system (Allred et al., 1998). Examples of scored sections for

both antibodies are shown in Figure 5.1 A and negative controls in Figure 5.1 B. These
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negative controls were sections stained with antibody which had been pre-incubated with the
immunising peptide to inhibit its activity. Na,1.5 was seen mostly in the cytoplasm whereas
B1 was sometimes seen in the nucleus, but other times as cytoplasmic granules (likely
organelles) or diffusely present in the cytoplasm (Figure 5.1 C). For this reason, the
distribution of B1 staining was also scored as nuclear, mixed or cytoplasmic. Previously p1
has been found mainly in the cytoplasm and less often at the plasma membrane in breast

cancer biopsies (Nelson et al., 2014).

5.2.1.1 Concordance between observers

The reliability of scoring was assessed in a sample of ~ 10 % of the anti-Na,1.5-stained
sections by a qualified histopathologist, Dr Wakkas Fadhil. The concordance between the
two observers was assessed in this subset of sections. For these two scorers, the Intraclass
Correlation Coefficient was 0.954 (95% CI 0.938-0.966, P <0.0001). Another measure of
concordance, Cohen’s weighted kappa was 0.814 (95% CI 0.766- 0.865, P < 0.0001). Both

of these statistical tests show excellent agreement of the two scorers.

Since both Na,1.5 and 1 were assessed in serial sections from the same cores, the
relationship between Na,1.5- and B1- staining could be investigated in the tumour cores.

There was no correlation between Nay1.5 and 1 scores (Spearman test P = 0.30).
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Figure 5.1 Breast tumour TMA staining.

A. Example TMA slide showing sections from many different tumours. B. Examples of each score of staining for both anti-Na,1.5 and anti-p1 antibodies. C.
Example sections which had been stained with anti-Nay1.5 or anti-p1 antibody, each of which had been pre-incubated with the immunising peptide to block
its activity. D. Examples of TMA sections showing a variety of distributions of B1 staining.
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5.2.1.2 Association between Nay1.5 or 1 and survival

Next, anonymised patient data were obtained from the Breast Cancer Now Tissue Bank,
allowing investigation into the prognostic potential of Na,1.5 and p1. Kaplan Meier plots
were generated and log-rank (Mantel-Cox) tests were performed to compare survival in low
and high scoring tumours. For Nay1.5, low scores were considered to be 0-3 and high scores
were 4-8. For B1 in which most sections scored highly, low scores were considered to be 0-4
and high scores were 5-8. High Nay1.5 scoring was associated with significantly poorer
outcomes with all surrogate measures of survival as well as overall survival. Metastasis was
the outcome which was most associated with Na,1.5, both in size and significance of the
effect, with a hazard ratio of 2.18 (95 % CI 1.62-2.92) and P < 0.0001 (Table 5.1; Figure 5.2
A-E). In contrast, there was no relationship of B1 with any survival outcome, or nuclear g1

with overall survival (Table 5.1; Figure 5.3).

5.2.1.3 Association of Nay1.5 and 1 with common prognostic indicators

Next the relationship between receptor status and Nay1.5 or B1 presence was investigated.
As in survival analyses, B1 was not associated with any receptor status (Fisher’s exact tests;
Table 5.2; Figure 5.5 A-D). Na,1.5 was negatively correlated with the oestrogen receptor
(ER; P < 0.05; Fisher’s exact test; Table 5.2) and progesterone receptor (PgR; P < 0.001;
Fisher’s exact test, Table 5.2). Nay1.5 was positively correlated with human epidermal
growth factor receptor 2 (HER2; P < 0.01; Fisher’s exact test, Table 5.2). There was no
association between Nay1.5 score and triple negative breast cancer (TNBC) status (P = 0.12;
Fisher’s exact test, Table 5.2). These relationships are displayed as violin plots with Mann-
Whitney tests in Figure 5.4 A-D. Since there was a strong correlation between Na,1.5 and
HERZ2, the effect of Nay1.5 on survival was assessed in the subset of HER2 +ve patients.
There were only 7 patients with HER2 +ve and low Na,1.5 tumours, compared to 170
patients with HER2 +ve and high Na,1.5 tumours, so despite a large apparent hazard ratio of
2.71 (95 % CI 1.12-6.52), there was no significant association of Nay1.5 with survival in the

HER2 +ve subset (P = 0.14; Figure 5.2 F).
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Figure 5.2 Relationship between Na,1.5 expression and survival.

A. Overall survival of patients with tumours of low or high Na,1.5 score (P < 0.05; log-rank
test). B. Cancer-specific survival of patients with tumours of low or high Nay1.5 score (P <
0.01; log-rank test). C. Disease-free interval of patients with tumours of low or high Na,1.5
score (P < 0.01; log-rank test). D. Interval until local recurrence of cancer in patients with
tumours of low or high Nay1.5 score (P < 0.05; log-rank test). E. Interval until metastasis in
patients with tumours of low or high Na,1.5 score (P < 0.0001; log-rank test). F. Overall
survival of a subset of patients with HER2 +ve positive tumours, showing association with
Nay1.5 score (P = 0.14; log-rank test).
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Figure 5.3 Relationship between B1 expression and survival.

A. Overall survival of patients with tumours of low or high 1 score (P = 0.73; log-rank
test). B. Interval until metastasis in patients with tumours of low or high 1 score (P = 0.51;
log-rank test).

Table 5.1 Hazard ratios and log-rank tests of significance of effect of Na,1.5 or 1 on
survival outcomes.

Lack of effect of nuclear 1 score (B1 Allred score x nuclear distribution score) on overall
survival is also shown.

TMA Hazard Ratio (95 % CI) Hazard Ratio (95 % CI)

High Nav1.5 P High B1 P
Overall survival 1.44 (1.12-1.84) <0.05 1.01 (0.79-1.20) 0.93
Breast cancer 1.87 (1.38-2.53) <0.01 1.05 (0.77-1.43) 0.76
specific survival
Recurrence-free 1.56 (1.19-2.04) <0.01 1.15 (0.88-1.51) 0.33
survival
Metastasis-free 2.18 (1.63-2.92) <0.001 1.11 (0.83-1.49) 0.51
survival

High nuclear 1 P

Breast cancer 0.92 (0.71-1.19) 0.51

specific survival
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Table 5.2 Contingency tables and Fishers exact tests showing relationships between

prognostic indicators and Nay1.5 or 1 score.

Odds ratios > 1 indicate a positive correlation, and < 1 indicate a negative correlation.

TMA Nav1.5 expression Odds ratio (95 % ClI)

Low (%) High (%) High Navy1.5 P
ER -ve 24 (1.6) 348 (23.7) 1
ER +ve 134 (7.5) 983 (6.71) 0.62 (0.39-0.97) <0.05
PgR -ve 34 (2.4) 539 (38.2) 1
PgR +ve 94 (6.7) 744 (52.7) 0.50 (0.33-0.75) <0.001
HER2 -ve 123 (8.8) 1106 (78.7) 1
HER2 +ve 7 (0.5) 170 (12.1) 2.71 (1.28-5.93) <0.01
Non-TNBC 113 (7.9) 1065 (74.4) 1
TNBC 16 (1.1) 238 (16.6) 1.58 (0.92-2.79) 0.12
LN -ve 95 (6.5) 807 (54.9) 1
LN +ve 42 (2.9) 527 (35.8) 1.48 (1.02-2.17) <0.05
Grade 1 42 (2.9) 209 (14.3) 1
Grade 2 cf 1 39.(2.7) 447 (30.5) 2.30 (1.46-3.65) <0.001
Grade 3cf 1 54 (3.7) 674 (46.0) 2.51 (1.64-3.87) <0.001
Age < 50 years 58 (3.9) 530 (35.9) 1
Age >50years 78 (5.3) 811 (54.9) 1.14 (0.79-1.63) 0.52
TMA B1 expression Odds ratio (95 % Cl)

Low (%) High (%) High p1 P
ER -ve 39 (2.7) 306 (21.3) 1
ER +ve 104 (7.2) 987 (68.7) 1.21 (0.82-1.78) 0.35
PgR -ve 65 (4.7) 483 (35.2) 1
PgR +ve 72 (5.3) 751 (54.8) 1.40 (0.99-2.01) 0.07
HER2 -ve 122 (8.9) 1085 (78.9) 1
HER2 +ve 15 (1.1) 154 (11.2) 1.15 (0.67-2.00) 0.68
Non-TNBC 111 (7.9) 1062 (75.6) 1
TNBC 26 (1.9) 205 (14.6) 0.82 (0.52-1.30) 0.40
LN -ve 86 (5.9) 815 (56.2) 1
LN +ve 57 (3.9) 492 (33.9) 0.91 (0.64-1.30) 0.65
Grade 1 23 (1.6) 232 (16.1) 1
Grade 2 cf1 46 (3.2) 447 (31.0) 0.96 (0.58-1.60) 0.89
Grade 3cf 1 74 (5.1) 622 (43.1) 0.83 (0.50-1.35) 0.47
Age < 50 years 43 (2.9) 456 (31.3) 1
Age > 50 years 101 (6.9) 858 (58.8) 0.80 (0.55-1.17) 0.27

ER = oestrogen receptor, PgR = progesterone receptor, HER2 = human epidermal growth
factor receptor 2, TNBC = triple negative breast cancer, LN +ve = cancer found in at least
one lymph node at diagnosis.
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The relationships between Nay1.5 or f1 and other prognostic indicators such as tumour size,
grade and lymph node involvement were next investigated. In these, Nay1.5 was associated
with worse prognostic indication in every case, whereas 1 had no association with any of
these features (Table 5.2 and Figure 5.5). Specifically, Na,1.5 was associated with positive
lymph node status (P < 0.05; Fisher’s exact test; Table 5.2; Figure 5.4 F). Nay1.5 was also
positively associated with lymphovascular invasion (P < 0.01; Kruskal-Wallis test; Figure
5.4 G), with tumour grade (P < 0.001; Fisher’s exact tests; Table 5.2; Figure 5.4 H), and with
tumour size (P < 0.001; Mann-Whitney test; Figure 5.4 1). Unsurprisingly, Nay1.5 was also
positively associated with Nottingham Prognostic Index (NPI; P < 0.001; Mann-Whitney
test; Figure 5.4 J). NPI is a measure which combines tumour size, grade and lymph node
involvement in the following formula: NPl = maximum invasive cancer size (S) x 0.2 +

lymph node stage (LN = 1, 2, or 3) + histological grade (H = 1, 2, or 3) (Fong et al., 2015).

When the prognostic value of Nay1.5 was compared to that of several commonly used
prognostic indicators in breast cancer using a Cox proportional hazards analysis, it was

found to perform similarly well to other prognostic indicators (Table 5.3).

In summary, high Nay1.5 protein expression was shown to correlate with worse prognosis,
high tumour grade and with lymph node and distant metastasis in breast cancer. No
correlation was found between B1 and outcome or tumour characteristics. The presence of

functional Nay1.5 in patient tumour tissue and primary cells was next explored.
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Figure 5.4 Relationship between Na,1.5 score and other prognostic indicators of tumours.

A. Effect of ER status on Na,1.5 score (P < 0.05). B. Effect of PgR status on Nay1.5 score (P
< 0.001). C. Effect of HER2 status on Nay1.5 score (P < 0.001). D. Effect of TNBC status on
Nay1.5 score (P = 0.44). E. Effect of age at diagnosis on status on Na,1.5 score (P = 0.07). F.
Effect of lymph node status on Na,1.5 score (P < 0.01). G. Effect of lymphovascular
invasion status on Nay1.5 score (P < 0.01 between negative and definite). H. Effect of
tumour grade on Nay1.5 score (P < 0.001 between grades 1 and 3). I. Effect of Nay1.5 score
on tumour size (P < 0.001). J. Effect of Na,1.5 score on Nottingham Prognostic Index (NPI)
(P < 0.001). Results are Median + quartiles, Mann-Whitney tests (2 groups) or Kruskal -
Wallis (3 groups).
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Figure 5.5 Relationship between B1 score and other prognostic indicators of tumours.

A. Effect of ER status on 1 score (P = 0.71). B. Effect of PgR status on 1 score (P < 0.05).
C. Effect of HER2 status on 1 score (P = 0.74). D. Effect of TNBC status on 1 score (P =
0.31). E. Effect of age at diagnosis on status on B1 score (P = 0.61). F. Effect of lymph node
status on B1 score (P = 0.66). G. Effect of lymphovascular invasion status on 1 score (P =
0.15 between negative and definite). H. Effect of tumour grade on 1 score (P = 0.74
between grades 1 and 3). I. Effect of p1 score on tumour size (P = 0.63). J. Effect of 1
score on Nottingham Prognostic Index (NPI) (P = 0.49). Results are Median + quartiles,
Mann-Whitney tests (2 groups) or Kruskal -Wallis (3 groups).
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Table 5.3 Cox proportional hazards analysis of common prognostic indicators compared to

Nay1.5 score.

Feature value Hazard ratio (95 % CI) P
Navl.5 score low 1
high 1.58 (1.05-2.37) <0.05
LN status negative 1
positive 1.65 (1.36-2.00) <0.001
Grade 1 1
2 1.46 (1.01-2.11) <0.05
3 2.62 (1.86-3.70) <0.001
Size (cm) Per increase of 1 cm 1.16 (1.10-1.22) <0.001

5.2.2 Electrophysiological recordings from human breast cancer tissue and
primary cells

5.2.2.1 Samples used for electrophysiological recordings

As a pilot study, samples from four patient breast tumours that were excess to pathology
requirements were acquired via the Breast Cancer Now Tissue Bank (BCNTB). The samples
were kept as viable as possible since they were transported in culture medium on ice and
arrived on within hours of surgical removal from the patients. The aim of this study was to
ascertain whether ion channel currents, in particular VGSC currents, could be recorded from
fresh tissue specimens. In tissue slices of the biopsies, there were few cellular areas and most
of the slices were composed of connective tissue or fat. Patch clamp recordings were made
from small pockets of small, round cells within the connective tissue and were only possible
when cells were at the top surface of the slice. Lipocytes were identified by size and
avoided. In one of three specimens from which recordings were taken, cells could only be
patched successfully after slices had been kept in culture at least overnight, and in one of
four specimens received, no cells were seen in any of the slices; instead the slices were
composed only of connective tissue. Portions of each tumour were dissociated into
individual cells, which were seeded onto coverslips for patch clamp recording. No cells were

retrieved from the acellular-appearing specimen in this process.
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5.2.2.2 Outward and inward currents in tumour slices

Initially intracellular pipette solution was used which did not contain Cs*, so K* channels
were not inhibited. Figure 5.6 A shows example currents measured from using a typical
VGSC IV protocol in specimen T2. Obvious outward currents could be seen, but the
presence of inward currents was less clear since they can be confused with incompletely
compensated capacitance transients. Average current-voltage relationships of the inward
currents (Figure 5.6 B), although noisy, show a possible activation at around -50 mV, as
expected in VGSC currents. The current-voltage relationships of the outward currents
(Figure 5.6 C) are in accordance with many voltage-gated K* channels, with activation at

around -50 mV.

Comparisons were made between cells in slices of the patient tumours, and cells dissociated
from the tumours (Figure 5.7). Patch clamp recordings were challenging in the tumour slices
due to the large connective tissue component. This made visualisation, access to the cells
and physical stabilisation of the cells difficult. In contrast, it was easier to record from
dissociated cells and therefore it was useful to determine whether this was a good alternative
to recording from tissue slices. lon channel currents had similar appearances in slices and on
coverslips and they had similar current voltage relationships (Figure 5.7 C and D). The size
of the cells, determined by whole cell capacitance did differ between cells in slices and on

coverslips, with cells in slices being larger than dissociated cells (Figure 5.7 E).
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Figure 5.6 lon channel currents in ex-vivo slices of three patient breast cancer tumours.

A. Family of currents elicited by depolarisation from a V of -120 mV to between

-80 mV and +30 mV, showing inward and outward currents in specimen T2. B. Current-
voltage relationship of possible inward currents in tissue slices from specimens T1 and T2 (n
=5 cells from 2 tumours). C. Current-voltage relationship of outward currents in tissue
slices from specimens T1, T2 and T3 (n = 9 cells from 3 tumours).
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Figure 5.7 Comparison between electrophysiological recordings from cells in tissue slices
and cells dissociated from the same tissue.

A. Micrograph of patch clamp recording in a cell in a tumour tissue slice. B. Micrograph of
patch clamp recording in a cell on a coverslip after its dissociation from a tumour. C.
Outward current density comparison between coverslips and slices from specimen T1 (n =2
coverslip cells and 3 slice cells). D. Outward current density comparison between coverslips
and slices from specimen T2 (n = 3 coverslip cells and 1 slice cell). E. Whole cell
capacitance measurements from cells in slices and on coverslips from specimens T1 and T2.
n =12 cells on coverslips and 18 cells in slices. Results are mean + SEM, Students’ t test.
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5.2.2.3 Assessment of cell type in primary cells

Because ion channel recordings did not differ significantly between dissociated cells and
cells in slices, dissociated cells were chosen for further investigation. Samples of primary
cultures of breast cancer cells and normal breast epithelial cells were obtained from the
BCNTB. One sample of primary breast cancer cells (BC2) was examined by
immunocytochemistry to assess whether cells were of epithelial or stromal origin. ERa and
HER?2 antibodies were used as markers of epithelial cells since the tumour of origin was
classed as positive for both of these markers by a histopathologist. In this sample, 57/57 cells
stained positively for ER (Figure 5.8 A) and 51/52 cells stained as positive for HER2 (Figure
5.8 B). These findings indicate that the vast majority of the primary cells adherent to

coverslips were of epithelial origin.

5.2.2.4 Outward and inward currents in primary cells

Out of 14 BC2 cells (a ER+/HER2+ sample) in which patch clamp recordings were made,
three had small inward currents (Figure 5.8 C and D). Again, these are not very clear, as they
are superimposed on outward currents, but the current-voltage relationships of these inward
currents are suggestive of VGSC currents, with activation at -50 mV (Figure 5.8 E-G). In
sample BC3 (also ER+/HER2+), one cell out of four had a small inward current, and in
sample BC1 (which was triple negative) no inward currents were detected. Voltage-
dependent outward currents were found in all three breast cancer samples (BC1-3) (Figure
5.9 A and B). In neither of the two normal breast epithelial cell samples (N1 and N2) were
any inward currents found. In the single sample of normal breast epithelial primary cells in
which Cs*-free intracellular solution was used (N1), small voltage-dependent outward

currents were seen (Figure 5.9 A and B).
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Figure 5.8 Primary breast cancer cells from ER+/ HER2+ tumours.

A. Immunocytochemical staining for ERa in sample BC2. B. Immunocytochemical staining
for HER2 in sample BC2. C. Family of currents elicited by depolarisation from a V of -120
mV to between -80 mV and +30 mV in one cell from sample BC2, showing inward and
outward currents. D. Family of currents as in C, from another BC2 cell. E. Current-voltage
relationships of inward currents in C. F. Current-voltage relationships of inward currents in
D. G. Average current-voltage relationship of inward currents (n = 4 cells from samples
BC2 and BC3).
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5.2.2.5 TEA sensitivity of outward currents

To assess whether the outward currents were due to K* flux or were instead CI- currents or
recording artefacts, tetraethylammonium (TEA) was used to inhibit K* channels. A
reduction in the outward current was seen with application of 5 mM TEA onto a dissociated
tumour cell from sample T2 (Figure 5.9 C and D), and the current increased on washout of
TEA. However, the current did not reduce to zero with TEA in this cell. In the BC2 cancer
cells (Figure 5.9 E) and in the normal breast epithelial cells, TEA had a large inhibitory
effect on outward currents (Figure 5.9 F). It therefore appears that most of each of the
recorded outward currents can be attributed to K* channels. Where the outward current was
not fully inhibited with TEA, it is possible that the K* channels were not fully sensitive to

TEA (Al-Sabi et al., 2010).

5.2.2.6 Assessment of inactivation of outward currents

Perfusing inhibitors onto weakly adherent cells is problematic, as it can alter the seal
resistance between the microelectrode and cell. Another method of differentiating between
K* channels was therefore attempted. Clamping the voltage to -50 mV before the test pulse
depolarisations will cause any inactivating voltage-gated K* channels to inactivate, whereas
holding at a much more negative prepulse voltage (Vn) will make these channels available.
Cells were held at either -50 mV or -90 mV for 250 ms before each depolarisation step. In
one normal and one of three cancer cells there was a small reduction in outward current with
a Vy of -50 mV compared to -90 mV (Figure 5.10 A-D), and one family of traces from a cell
in specimen BC1 had evidence of a partially inactivating outward current (Figure 5.10 F) but

most currents appeared to be non-inactivating as in Figure 5.10 E.
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Figure 5.9 Voltage-dependent outward currents in primary cells.

A. Outward current density in primary cells (N1 = normal epithelial cells, BC2 and BC3 =
ER+/HER2+ breast cancer and BC1 = triple negative breast cancer). B. Graph from A,
missing sample BC2 so that the Y axis can be expanded. C. Example currents elicited by a
depolarisation from -60 mV to +50 mV in a cell dissociated from T2, showing reduction
with perfusion of 5 mM TEA and increase after washout. D. Quantification of currents in C.
E. Effect of 5 mM TEA on outward currents in three BC2 cells. F. Effect of 5 mM TEA on
outward currents in two N1 cells.
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5.2.2.7 RT-PCR detection of K* channel mMRNA

Likely candidate channels were sought which matched the criteria of non-inactivating,
voltage-sensitive K* channels with current/voltage relationships like those found in the
primary breast cancer cells. Channels matching this description which have been reported to
be present in breast cancer cells were K,10.1 (KCNH1) (Borowiec et al., 2007; Ouadid-
Ahidouch et al., 2016), Ky11.1 (KCNH2) (Arcangeli & Becchetti, 2017; Breuer et al., 2019),
Kcal.1 (KCNMA1) (Khaitan et al., 2009; Schickling et al., 2015) and Kca3.1 (KCNN4)
(Ouadid-Ahidouch et al., 2004; Thurber et al., 2017). Another candidate K* channel found
in breast cancer is K,1.3 (KCNA3), although this channel shows inactivation so does not
match the majority of currents found in the primary cells (Abdul et al., 2003; Jang et al.,
2009; Jang et al., 2011). Expression of these genes was determined by RT-PCR in two
tumour and two normal primary cell samples, as well as in the MCF7 cell line (Figure 5.11).
Primers used in this analysis are in Appendix Il. Kca1.1 (KCNMA1L) was only present in the
three cancer samples, and not in the two normal samples. K,1.3 (KCNA3) was also present in
all three cancer samples but also detectable in one of the normal samples. Kca3.1 (KCNN4)
was present in all samples. K,11.1 (KCNH2) was present in one tumour and one normal
sample, as well as in MCF7. K,10.1 (KCNH1) was only present in one tumour sample and

MCEF7 cells.

In summary, this section showed that it is possible to make patch clamp recordings from
breast tumour tissue slices, but recording from dissociated cells is an easier alternative.
While voltage-gated outward currents were common in breast cancer tissue and primary cell
culture samples, voltage-gated inward currents were rarer, and were very small. Outward
currents, likely to be through non-inactivating, voltage-sensitive K* channels were seen in
both cancer and normal breast epithelial cells, but further work is required if these channels

are to be identified.
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Figure 5.10 Characterising outward currents in primary breast cancer and non-cancer cells.
A. Current-voltage relationship of outward currents in a N1 normal breast epithelial cell with
different Vi, before depolarisation. B. Current-voltage relationship of outward currents in a
BC3 (HER2+/ER+) breast cancer cell with different \V, before depolarisation. C.
Quantification of outward current in a N1 normal breast epithelial cell after depolarisation to
+90 mV from a Vi of -90 mV or +50 mV. D. Quantification of outward current in three BC3
cells after depolarisation to +90 mV from a Vy of -90 mV or +50 mV. E. Example of non-
inactivating outward currents: a family of currents elicited by depolarisation from -50 mV to
between -80 and +90 mV in a BC2 (ER+ /HER2+) breast cancer cell. F. Example of
partially inactivating outward currents: a family of currents elicited by depolarisation from
-90 mV to between -80 and +90 mV in a BCL1 (triple negative) breast cancer cell.
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Figure 5.11 RT-PCR detection of K* channel mRNA in breast cancer and normal breast
epithelial cells.

Agarose gels showing RT-PCR amplification of the K* channel genes KCNN4 (Kca3.1),
KCNH2 (K\11.1), KCNMA1 (Kcal.1), (KCNH1 (Ky10.1) and KCNA3 (K,1.3). Breast cancer
cells: BC4, BC5 and MCF7; Normal breast cells: N2 and N3. Primers were chosen by the
author and RT-PCR and gel electrophoresis were performed by Michaela Nelson.
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5.3 Discussion

5.3.1 Summary of main findings:

Nay1.5 protein expression correlates with reduced survival, increased metastasis, higher
tumour grade, positive lymph node status, ER -ve status and HER2 +ve status. The
prognostic predictive potential of Nay1.5 was comparable to that of LN status, tumour grade
and tumour size. In contrast, B1 protein expression did not correlate with any survival or
histoclinical characteristics, nor with Nay1.5 expression. Voltage-gated K* currents are
common in primary cultures of breast cancer cells, but voltage-gated Na* currents are small

and rare.

5.3.2 VGSC expression in clinical specimens

The strong correlations between Nay1.5 and poor clinical outcomes fit with the other
findings from this study that high Na,1.5 expression is associated with higher grade,
lymphovascular invasion and lymph node involvement. This confirms trends seen in
previous studies with smaller sample sizes (Nelson et al., 2015b; Yamaci et al., 2017). All
survival data and histoclinical characteristics point towards Na,1.5 having breast cancer-
promoting properties. This is in keeping with many studies showing the effect of Na,1.5 on
invasion and migration in vitro (Fraser et al., 2003; Roger et al., 2003; Fraser et al., 2005;
Brackenbury et al., 2007; Ding et al., 2008; Gillet et al., 2009; Brisson et al., 2011; Driffort
et al., 2014; Yang et al., 2020) and tumour growth and metastasis in vivo (Yildirim et al.,
2012; Driffort et al., 2014; Nelson et al., 2015a; Nelson et al., 2015b). Given the main effect
of Nay1.5 in the above studies was increased invasion in vitro and metastasis in vivo, it
makes sense that metastasis was the survival outcome most associated with Na,1.5 in this

study.

In this study, high Na,1.5 protein expression associated with ER -ve status. This agrees with
studies on cell lines which have shown that the ER +ve cell line MCF7 has low expression

of VGSCs, whereas the ER -ve cell line MDA-MB-231 has high VGSC expression (Fraser
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et al., 2005). It is also consistent with the findings in (Mohammed et al., 2016) which
showed that ER knock down in MCF7 cells increased VGSC current and VGSC-dependent
invasion. Similarly, the finding that high Na,1.5 protein expression associated with ER -ve
status agrees with the non-significant trend seen in (YYamaci et al., 2017). The implications
of these findings together suggest a functional link between ER and Nay1.5, meaning that
anti-oestrogen therapies may act partly through decreasing Na,1.5 activity but also loss of
ER during breast cancer progression may increase Nay1.5 activity. The intracellular ERa
receptor referred to in the above studies is not the only type of oestrogen receptor. The G-
protein coupled oestrogen receptor GPR30 (also referred to as ERp) is present in MDA-MB-
231 cells and acute activation of this receptor by oestrogen leads to an increase in Na*
current (Fraser et al., 2010). Thus it appears that oestrogen has opposite effects on Na*
current when activating ERP or ERa. It is likely that ERa acts by changing transcription of
Nay1.5 or another protein that regulates Nay1.5 so it may be possible to find an oestrogen
response element regulating one of these genes. In contrast, ER which acts through a G-

protein and PKA has immediate effects on Na* current (Fraser et al., 2010).

Nay1.5 expression correlated with HER2 +ve status in this study. There were so few patients
with HER2 +ve and low Nay1.5 expression in their tumours that it was not possible to assess
the association of Nay1.5 expression with survival in HER2 +ve patients. Given that HER2
+ve status is associated with higher risk of metastasis (Ahmed, 2016), further investigation
into the link between HER2 and Na,1.5 is warranted. HER2 is a tyrosine kinase with
similarity to EGFR but it does not require EGF to bind to activate mitogenic signalling.
HER?2 can also dimerise with EGFR instead of another HER2 molecule (Pollock & Grandis,
2015). Given that the growth factor receptors EGFR, VEGFR and IGF-1R increase VGSC
transcription via PI13K or MAPK signalling (Fraser et al., 2014), HER2 may have a similar
action. This could explain the strong correlation between HER2 and Nay1.5 expression in the

breast cancer TMA.
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Since the only breast cancer cell lines to exhibit obvious VGSC currents are MDA-MB-231
and MDA-MB-468, two TNBC cell lines (Fraser et al., 2005; Fraser et al., 2016), it could be
hypothesised that Nay1.5 correlates with TNBC status. This was not supported by data from
the TMA. It is possible that VGSCs are negatively regulated by ERa and positively
regulated by HER2 in breast cancer as discussed earlier, but further work is required to

determine how these receptors and others regulate Na,1.5 in breast cancer.

The lack of relationship between 1 and Na,1.5 was not as expected since there was a
positive correlation reported previously (Nelson et al., 2015b). In addition, since B1 has
striking effects on MDA-MB-231 cell morphology and invasion in vitro (Chioni et al., 2009;
Nelson et al., 2014) and on tumour growth and metastasis in vivo (Nelson et al., 2014), it is
notable that B1 had no relationship with any histoclinical characteristics or survival in breast
cancer patients. The antibody staining for 1 was very strong in almost all tumour sections
in the TMA, and it is possible that despite choosing the same antibody and concentration as
in (Nelson et al., 2014), the staining was too strong to allow subtle differences in f1
concentration to be resolved. Before any future studies are carried out, careful titration of
anti-p1 antibody concentration, or development/selection of a more specific antibody, is

needed.

In summary, A much larger cohort of patients was available in this thesis than in previous
studies (Fraser et al., 2005; Nelson et al., 2015b; Yamaci et al., 2017). This allowed for
better statistical power and confirmed previously non-significant trends seen between Nay1.5
and lymph node status or ER status. It also highlighted novel positive correlations between

Na,1.5 and tumour size, grade, lymphovascular invasion and HER2 status.

5.3.2.1 lon channel activity in tumour slices and primary cells
Given the high proportion of Nay1.5 positive cells in the TMA, it was notable that voltage-

gated inward currents were so rare and so small in breast cancer tissues and primary cells.
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There are several possible explanations for this apparent contradiction. In the TMA, Na,1.5
staining was visible in the cytoplasm, so plasma membrane staining was difficult to assess. It
is possible that VGSCs are usually present on membranes of organelles, and therefore
unavailable to carry Na* currents at the plasma membrane. It is also possible that the tissue
and cell culture conditions led to transport of VGSCs away from the plasma membrane, as
Kca3.1 currents in microglia and glioblastoma cells are present in cultured cells but not in
tissue slices, discussed in (Catacuzzeno et al., 2012). Increasing the concentration of serum
from 5 % to 10 % in culture medium reduced Na* current in prostate cancer cells (Ding &
Djamgoz, 2004; Ding et al., 2008). Slices and primary cells were cultured in 10 % FBS so
this may have reduced their Na* current. Both breast cancer cell lines which exhibit large
Na* currents, MDA-MB-231 and MDA-MB-468 are derived from pleural effusions, and it is
possible that Na* currents are therefore increased as cells metastasise. More evidence
supporting this is the fact that Na,1.5 promotes EMT in MDA-MB-231 and MCF7 cells in
vitro (Gradek et al., 2019). It would therefore be desirable to assess primary cultures derived
from breast cancer metastases for the presence of Na* currents. Given the links between ER
status and Nay1.5 expression seen in the TMA experiment, Na* currents may be more
common in ER-ve tumours. The data from these primary cells did not support this theory
since the 2/5 specimens which exhibited small Na* currents were both ER+ve and the two

ER-ve specimens showed no Na* currents.

The main evidence for the inward currents being VGSC currents was from IV relationships
which showed activation at around -50 mV. This does not however exclude the possibility
that these are VGCC currents (Blesneac et al., 2015; Buchanan & McCloskey, 2016). The
IV relationships of the inward currents showed a reversal potential closer to zero than would
be expected for Na* in these recording conditions (+85 mV), but this was an artefact, since

inward currents were superimposed by voltage-sensitive outward currents, particularly as the
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voltage become positive. Future work is required to fully characterise the identity of these

inward currents using pharmacological inhibitors, e.g. TTX.

Several K* channels are of importance in cancer development (Pardo & Stuhmer, 2014). The
outward current I/V relationships found in breast tumours and primary cells could fit both
voltage-gated K* or CI- channels (Pusch et al., 1995; An et al., 2000; Borowiec et al., 2007).
At least some of the outward currents measured were due to K* conductance since there was
a reduction in current with addition of 5 mM TEA (Hille, 2001). Pre-pulsing at different
potentials before depolarising the cell should be able to distinguish between K* channels
which show inactivation and those that do not. In this study, there was very little evidence of
the presence of inactivating currents (Section 5.2.2.5). In agreement with this, there was only
one visible example of fast-inactivation of an outward current and this was only partial
(Figure 5.10 F). Of the likely K* channels fitting the profile of the outward currents
measured, there were some (Kcal.1 and K,10.1) which were only expressed in the tumour
samples, based on the RT-PCR study (Section 5.2.2.7). The RT-PCR experiment had too
small a sample size (n = 2 patients) to make any general conclusions about K* channel

expression in breast cancer, however.

Notably, the only published recordings of VGSC currents in any cancer cells other than cell
lines were from two samples of cells dissociated from cervical cancer tissue, which had been
kept in long-term culture (Farias et al., 2004; Hernandez-Plata et al., 2012). This was
therefore the first published attempt at recording VGSC currents from primary cancer cells
or tumour tissue samples. Although it was possible to make whole cell patch clamp
recordings from breast cancer tissue slices, it is a low through-put technique and technically
demanding. The main issue is the difficulty in navigating the microelectrode to the cell
without first contacting connective tissue. Cleaning the cells by fluid flow and then suction
over cell of interest in slices as in brain slices (Edwards & Konnerth, 1992) is not an option

due to the poor attachment of cells to the slice. Another issue is the difficulty in obtaining
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fresh tissue which is still viable. In future work, in addition to addressing these challenges, it
would be important to confirm cell type (e.g. carcinoma vs. stromal) following recordings.
One option may be to perform patch-Seg/single-cell RNA sequencing to determine the cell

type (Haque et al., 2017).

Although outward current recordings were similar from cells in slices and cells dissociated
from the same tumour sample, cells in slices had a larger mean whole-cell capacitance than
dissociated cells. It is possible that measurements of larger than normal whole cell
capacitance in tissue slices indicated electrical connectivity between cells via gap junctions
(Banerjee, 2016). Indeed, whole cell capacitance measurements were used to estimate gap
junctional connectivity between cochlear cells (Santos-Sacchi, 1991). Other explanations for
the difference in whole cell capacitance could be endocytosis reducing the area of the plasma
membrane upon cell dissociation or recording from different cell types in the different

situations.

5.3.3 Conclusion

Nay,1.5 was associated with poor prognosis and increased metastasis in breast cancer. In
addition, Nay1.5 correlated with increased grade, lymph node involvement and
lymphovascular invasion. Nay1.5 expression correlated positively with HER2+ve status and
negatively with ER+ve status. lon channel currents could be recorded in human breast
tumour tissue slices and primary cells, and primary cells are a useful alternative to slice
recording for channel detection. Inward currents were difficult to detect but there were some
small currents consistent with VGSCs. The reason for the paucity of inwards currents is

unclear, but it is possible that large VGSC currents only appear in metastatic cells.
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6  Effect of eslicarbazepine on Nav1.5 in MDA-MB-231
and HEK-293 cells

6.1 Introduction

Preclinical studies have been performed with the VGSC inhibitors ranolazine and phenytoin
to assess the effect of these drugs on the MDA-MB-231 xenograft model of breast cancer,
and both have shown some promise as anti-cancer drugs (Driffort et al., 2014; Nelson et al.,
2015a). Rather unexpectedly given these findings, a retrospective study of cancer patients
prescribed VGSC-inhibiting drugs showed that exposure to VGSC inhibitors associated
significantly with poorer survival (Fairhurst et al., 2015). The results of this study were
skewed by the presence of comorbidities in the treated group since VGSC inhibitors are
prescribed for life-shortening conditions such as epilepsy and cardiac arrhythmia. It would
therefore be necessary to test the effectiveness of VGSC inhibitors in a randomised
controlled trial. Unfortunately, phenytoin, the anti-epileptic drug which showed anti-cancer
activity in preclinical models has complicated pharmacokinetics. It takes around three weeks
to reach a steady state plasma concentration, partly due to induction of cytochrome P450
(Riva et al., 1996). In addition, induction of cytochrome P450 contributes to multidrug
resistance which would be detrimental to cancer patients embarking on chemotherapy.
Because of this we wished to investigate the potential of using another antiepileptic VGSC-
inhibiting drug in a clinical trial. Eslicarbazepine acetate (ESL) is a member of the
dibenzazepine anticonvulsant family of compounds which also includes oxcarbazepine and
carbamazepine. It has an improved safety profile and pharmacokinetics compared to older
members of the family, taking around one week to reach steady state plasma concentration
(Bialer & Soares-da-Silva, 2012; Falcao et al., 2012; Hebeisen et al., 2015). In addition, it
does not cause as much induction of cytochrome P450 (Galiana et al., 2017) and has limited
drug-drug interactions (Falcao et al., 2012; Zaccara et al., 2015). ESL is taken orally and
undergoes first pass hydrolysis to form the sterecisomeric metabolites R-licarbazepine and

S-licarbazepine (S-Lic; also known as eslicarbazepine) (Figure 6.1). S-licarbazepine is the
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active metabolite and 95% of the circulating drug is in this form in humans (Almeida et al.,

2005; Falcdo et al., 2007; Maia et al., 2008; Perucca et al., 2011).

Since ESL is an anticonvulsant drug, its effects have mostly been studied on the VGSC
isoforms found in the CNS, Nay1.1, Na,1.2 and Nay1.6. These isoforms plus Na,1.3 and
Nay1.7 are present in the neuroblastoma cell line N1E-115. In this cell line, both ESL and S-
licarbazepine inhibit the transient VGSC Na* current (Bonifacio et al., 2001; Hebeisen et al.,
2015) and S-licarbazepine significantly hyperpolarises the voltage-dependence of slow
inactivation, which would reduce the persistent current through VGSCs (Hebeisen et al.,
2015). A reduction in persistent current through VGSCs is also seen with S-licarbazepine
treatment of murine hippocampal CA1 neurons (Saint, 2008; Doeser et al., 2014), which
express Nay1.1, Nay1.2 and Nay1.6. Surprisingly, if the VGSC B1 subunit is not functional,
carbamazepine can have the paradoxical effect of increasing the persistent Na* current
(Uebachs et al., 2010), but S-licarbazepine still reduces the persistent current even in the
absence of B1 (Doeser et al., 2014). This may be of importance for cancer cells which may
or may not express the VGSC B1 subunit. The effect of ESL and S-licarbazepine on the
cardiac isoform Nay1.5 has not been studied, but since ESL prolongs the cardiac PR interval
in patients (Vaz-Da-Silva et al., 2012), it might inhibit Na,1.5 in a similar way to the other
VGSC isoforms. The rationale for performing these experiments was to assess in breast
cancer cells a VGSC inhibitor with an improved safety profile compared to phenytoin before
using it in in vivo experiments to assess anti-breast cancer properties, similar to those in

(Nelson et al., 2015a).

6.2 Results

ESL is used clinically to inhibit VGSCs in the CNS, but detailed electrophysiological effects
of this drug on the Na,1.5 isoform have not been studied. In this project, the effect of ESL
and S-Lic on the neonatal splice variant of Nay1.5 was assessed in MDA-MB-231 cells

which express neonatal Nay1.5 endogenously. The adult variant of Nay1.5 was assessed in
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Figure 6.1 Chemical structures of eslicarbazepine acetate and S-licarbazepine.

A. eslicarbazepine acetate; (9S)-2-carbamoyl-2-azatricyclo[9.4.0.0% ! ]pentadeca-
1(15),3,5,7,11,13-hexaen-9-yl acetate. B. S-licarbazepine; (10R)-10-hydroxy-2-
azatricyclo[9.4.0.03,8]pentadeca-1(11),3,5,7,12,14-hexaene-2-carboxamide. Structures are
from Chemspider.
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HEK-293 cells overexpressing Na,1.5 (Patino et al., 2011). A concentration of 300 uM ESL
or S-Lic was chosen for initial experiments so that results would be comparable to those in
other in vitro studies (Bonifacio et al., 2001; Doeser et al., 2014; Doeser et al., 2015).
Experiments were also performed with 100 uM ESL since this was close to the peak plasma
concentration of ESL in patients taking 1200 mg ESL orally once daily (90 uM) (Hebeisen
et al., 2015). The highest final concentration of DMSO in these experiments was 0.45% and
this was shown to have no effect on peak transient Na* current or voltage dependence of

activation or inactivation (Appendix figure VII).

6.2.1.1 Transient Na* current

First, the peak transient Na* current was assessed in the presence or absence of the prodrug
ESL at a concentration of 300 uM. In MDA-MB-231 cells, the peak current was reversibly
inhibited by 49.6 £ 3.2 % when the Vi was -120 mV (Figure 6.2 A and D, Table 6.1). When
Vh was changed to -80 mV which would put some of the channels into the inactivated state,
ESL reversibly inhibited the peak Na* current by a greater proportion (79.5 + 4.5 %) (Figure
6.2 C and E, Table 6.1). This showed that ESL preferentially inhibits channels in the open or
inactivated state. A similar result was obtained when recording from HEK-Na,1.5 cells; ESL
inhibited Nay1.5 current by 74.7 + 4.3 % when the V was -120 mV (Figure 6.2 F and I,
Table 6.1) and by 90.5 + 2.8 % when the V}, was -80 mV (Figure 6.2 H and J, Table 6.1).
Similar preferential inhibition of channels in the open or inactivated state was seen when a
concentration of 100 uM ESL was used (Figure 6.3, Table 6.3). Briefly, in MDA-MB-231
cells, 100 uM ESL inhibited Na* current by 47.5 + 35.7 % when the V, was -120 mV but by
70.4 £ 28.2 % when the Vi was -80 mV. In HEK-Na,1.5 cells, 100 uM ESL inhibited Na*
current by 50.9 + 32.4% when the V, was -120 mV but by 79.3 £ 20.2 % when the V;, was -
80 mV. Notably, the inhibition of peak transient Na* current by ESL appeared fully
reversible in MDA-MB-231 cells (Figure 6.2 D and E) but was only partially reversible in

HEK-Na,1.5 cells (Figure 6.2 | and J).
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Next, the active metabolite s-licarbazepine (S-Lic) was assessed at a concentration of 300
uM. S-Lic inhibited the transient Na* current in MDA-MB-231 cells by 44.4 + 6.1 % when
the Vy was -120 mV (Figure 6.4 A and D, Table 6.2), but by 73.6 + 4.1 % when the V;, was -
80 mV (Figure 6.4 C and E, Table 6.2). In HEK-Na,1.5 cells, S-lic inhibited Nay1.5 current
by 46.4 £ 3.9 % when V, was -120 mV (Figure 6.4 F and |, Table 6.2) and by 74.0 £ 4.2 %
when Vj, was -80 mV (Figure 6.4 H and J, Table 6.2). Similar preferential inhibition of
channels in the open or inactivated state was seen when a concentration of 100 pM S-lic was
used (Figure 6.5, Table 6.4). Briefly, in MDA-MB-231 cells, 100 uM S-lic inhibited Na*
current by 28.5 + 43.0 % when the Vi was -120 mV but by 55.1 + 33.3% when the Vy, was -
80 mV. In HEK-Nay1.5 cells, 100 uM S-lic inhibited Na* current by 30.3 + 28.5 % when the
Vh was -120 mV but by 60.9 + 4.3 % when the V, was -80 mV. S-lic inhibition of the
transient Na* current was less reversible than ESL inhibition, with only partial reversibility
in MDA-MB-231 cells (Figure 6.4 D and E) and no reversibility in HEK- Na,1.5 cells over

the time of the experiment (Figure 6.4 1 and J).

6.2.1.2 Persistent Na* current

The persistent Na* current was measured 20-25 ms after depolarisation to -10 mV from a Vj,
of -120 mV and the effect on this of 300 uM ESL or S-lic was assessed. In MDA-MB-231
cells, ESL inhibited the persistent Na* current by 77 + 34 % although the reduction was not
statistically significant (Figure 6.2 B, Table 6.1). In HEK-Nay1.5 cells, ESL inhibited
persistent current by 76 £ 10 % (Figure 6.2 G, Table 6.1). S-Lic inhibited the persistent Na*
current in MDA-MB-231 cells by 66 + 16 % (Figure 6.4, Table 6.2). In HEK-Na,1.5 cells,

S-Lic inhibited persistent current by 35 £ 16 % (Figure 6.4 G, Table 6.2).

Similar results were seen with 100 uM ESL or S-lic. In MDA-MB-231 cells, 100 uM ESL
inhibited the persistent Na* current by 20 £ 40 % although the reduction was not statistically
significant, however in HEK-Na,1.5 cells, 100 uM ESL inhibited persistent current

significantly by 60 £ 10 %. (Figure 6.3, Table 6.3). 100 uM S-Lic inhibited the persistent
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Na* current in MDA-MB-231 cells by 33 + 33 % and in HEK-Na,1.5 cells, 100 uM S-Lic
inhibited persistent current by 40 + 20 % (Figure 6.5, Table 6.4). In summary, both ESL and

S-Lic inhibited the persistent Na* current through Na,1.5 at doses of 100-300 uM.

6.2.1.3 Voltage dependence of activation and inactivation

The effect of 300 uM ESL or S-Lic on the current-voltage relationship of Nay1.5 was next
assessed. Neither ESL nor S-Lic had affected the threshold voltage for activation in either
MDA-MB-231 or HEK-Na,1.5 cells (Figure 6.6, Table 6.1 and Table 6.2). When examining
the activation (conductance) curves, ESL had no significant effect on the half-activation
voltage (V¥2) or slope factor (k) for activation in MDA-MB-231 cells (Figure 6.7 A, Table
6.1). The activation k in HEK-Na, 1.5 cells was also unchanged but the activation V%2 was
significantly hyperpolarised by ESL from -39.4 + 1.3 to -44.2 £ 1.8 mV (Figure 6.7 B, Table
6.1). S-Lic also had no significant effect on the activation V¥ or k in MDA-MB-231 cells
(Figure 6.7 C, Table 6.2). However, the V¥ of activation in HEK-Na,1.5 cells was
significantly hyperpolarised from -32.8 £ 3.1 mV to -40.5 + 3.4 mV and k changed from 5.9

+09mVto4.5+1.1mV (Figure 6.7 D, Table 6.2).

When examining steady-state inactivation, in MDA-MB-231 cells, ESL significantly
hyperpolarised the inactivation V¥ from -80.6 + 0.7 mV to -86.7 £ 1.2 mV without affecting
inactivation k (Figure 6.7 A, Table 6.1). ESL also hyperpolarised the inactivation V% in
HEK-Nay1.5 cells from -78.2 £ 2.5 mV to0 -88.3 £ 2.7 mV and changed the inactivation k
from-6.9+ 0.4 mV to-9.8 + 0.7 mV (Figure 6.7 B; Table 6.1). S-Lic also significantly
hyperpolarised the inactivation V%2 in MDA-MB-231 cells from -71.8 + 2.5 mV to -76.8
2.2 mV without affecting inactivation k (Figure 6.7 C, Table 6.2). The inactivation V%2 in
HEK-Na,1.5 cells was not significantly altered by S-Lic, although the inactivation k

significantly changed from -6.5 £ 0.4 mV to -8.1 £ 0.5 mV (Figure 6.7 D, Table 6.2).
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Figure 6.2 Effect of 300 uM eslicarbazepine acetate (ESL) on Nay1.5 currents.

A. Representative Na* currents in an MDA-MB-231 cell elicited by a depolarisation from -
120 mV to -10 mV in physiological saline solution (PSS; black), in 300 uM ESL (red) and
after washout (grey). Dotted vertical lines define the time period magnified in B. B.
Representative persistent Na* currents in an MDA-MB-231 cell elicited by a depolarisation
from -120 mV to -10 mV. C. Representative Na* currents in an MDA-MB-231 cell elicited
by a depolarisation from -80 mV to -10 mV. D. Normalised Na* currents in MDA-MB-231
cells elicited by a depolarisation from -120 mV to -10 mV. E. Normalised Na* currents in
MDA-MB-231 cells elicited by a depolarisation from -80 mV to -10 mV. F. Representative
Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation from -120 mV to -10 mV in
PSS (black), 300 uM ESL (red) and after washout (grey). Dotted vertical lines define the
time period magnified in G. G. Representative persistent Na* currents in a HEK-Nay1.5 cell
elicited by a depolarisation from -120 mV to -10 mV. H. Representative Na* currents in a
HEK-Nay1.5 cell elicited by a depolarisation from -80 mV to -10 mV. I. Normalised Na*
currents in HEK-Nay1.5 cells elicited by a depolarisation from -120 mV to -10 mV. J.
Normalised Na* currents in HEK-Nay1.5 cells elicited by a depolarisation from -80 mV to -
10 mV. Results are mean + SEM. one-way ANOVA with Tukey tests (n = 12-14 cells). Data
from HEK-Nay1.5 cells was collected by Lotte Briickner.
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Figure 6.3 Effect of 100 uM eslicarbazepine acetate on Nay1.5 currents.

A. Representative Na* currents in an MDA-MB-231 cell elicited by a depolarisation from -
120 mV to -10 mV in physiological saline solution (PSS; black), eslicarbazepine acetate
(ESL; 100 puM; red) and after washout (grey). Dotted vertical lines define the time period
magnified in B. B. Representative persistent Na* currents in an MDA-MB-231 cell elicited
by a depolarisation from -120 mV to -10 mV. C. Representative Na* currents in an MDA-
MB-231 cell elicited by a depolarisation from -80 mV to -10 mV. D. Normalised Na*
currents in MDA-MB-231 cells elicited by a depolarisation from -120 mV to -10 mV. E.
Normalised Na* currents in MDA-MB-231 cells elicited by a depolarisation from -80 mV to
-10 mV. F. Representative Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation
from -120 mV to -10 mV in PSS (black), ESL (100 uM; red) and after washout (grey).
Dotted vertical lines define the time period magnified in G. G. Representative persistent Na*
currents in a HEK-Nay 1.5 cell elicited by a depolarisation from -120 mV to -10 mV. H.
Representative Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation from -80 mV
to -10 mV. I. Normalised Na* currents in HEK-Na,1.5 cells elicited by a depolarisation from
-120 mV to -10 mV. J. Normalised Na* currents in HEK-Na,1.5 cells elicited by a
depolarisation from -80 mV to -10 mV. Results are mean + SEM. *P < 0.05; **P < 0.01;
one-way ANOVA with Tukey tests (n = 7-8). NS, not significant.
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In summary, both ESL and S-Lic affected the voltage dependence characteristics of Nay1.5
in MDA-MB-231 and HEK-Na,1.5 cells, predominantly hyperpolarising the voltage

dependence of inactivation.

6.2.1.4 Activation and inactivation Kinetics

The effect of 300 uM ESL or S-lic on kinetics of activation and inactivation were next
studied. Cells were depolarised from -120 mV to -10 mV and the time to peak current (Tp)
was measured. In MDA-MB-231 cells, ESL significantly accelerated the T, from 2.1 + 0.2
msto 1.9 + 0.2 ms (Table 6.1). However, in HEK-Na,1.5 cells, ESL significantly slowed T,
from 1.4 £ 0.2 msto 1.9 + 0.2 ms (Table 6.1). S-Lic (300 uM) had no significant effect on
Tp in MDA-MB-231 cells but significantly slowed T, in HEK-Na,1.5 cells from 1.8 £ 0.5

ms to 2.3 + 0.6 ms (Table 6.2).

To study effects on inactivation kinetics, the current decay following depolarisation from -
120 mV to -10 mV was fitted to a double exponential function to derive fast and slow time
constants of inactivation (tr and 1). Neither ESL nor S-Lic had any significant effect on t+ or
1s in MDA-MB-231 cells (Table 6.1 and Table 6.2). However, in HEK-Nay1.5 cells, ESL
significantly slowed ts from 0.9 £ 0.1 ms to 1.2 £ 0.1 ms (Table 6.1) and slowed s from 6.6
+ 0.8 ms to 20.8 £ 8.5 ms, although this was not statistically significant. S-Lic significantly
slowed tr from 1.0 + 0.04 ms to 1.3 + 0.06 ms and ts from 6.3 £ 0.5 msto 7.3 £ 0.5 ms
(Table 6.2). In summary, both ESL and S-lic elicited various effects on kinetics in MDA-

MB-231 and HEK-Nay1.5 cells, predominantly slowing activation and inactivation.

6.2.1.5 Recovery from fast inactivation

To investigate the effect of ESL and S-lic on channel recovery from fast inactivation, cells
were subjected to two depolarisations from V of -120 mV to 0 mV, changing the interval
between these in which the channels were held at -120 mV to facilitate recovery.

Significance was determined by fitting a single exponential curve to the normalised
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current/time relationship and calculating the time constant (t;). In MDA-MB-231 cells, ESL
(300 uM) significantly slowed 1, from 6.0 + 0.5 ms to 8.7 £ 0.7 ms (Figure 6.8 A, Table 6.1).
Similarly, in HEK-Nay1.5 cells, ESL significantly slowed t, from 4.5+ 0.4 msto 7.1 + 0.6
ms (Figure 6.8 B, Table 6.1). S-Lic (300 uM) also significantly slowed t, in MDA-MB-231
cells from 6.8 £ 0.4 ms to 13.5 + 1.0 ms (Figure 6.8 C, Table 6.2). Finally, S-Lic also
significantly slowed t; in HEK-Nay1.5 cells from 5.7 + 0.7 ms to 8.0 + 1.2 ms (Figure 6.8 D,
Table 6.2). In summary, both ESL and S-Lic slowed recovery from fast inactivation of

Nay1.5.
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Figure 6.4 Effect of 300 uM S-licarbazepine on Nay1.5 currents.

A. Representative Na* currents in an MDA-MB-231 cell elicited by a depolarisation from -
120 mV to -10 mV in physiological saline solution (PSS; black), in 300 uM S-lic (red) and
after washout (grey). Dotted vertical lines define the time period magnified in B. B.
Representative persistent Na* currents in an MDA-MB-231 cell elicited by a depolarisation
from -120 mV to -10 mV. C. Representative Na* currents in an MDA-MB-231 cell elicited
by a depolarisation from -80 mV to -10 mV. D. Normalised Na* currents in MDA-MB-231
cells elicited by a depolarisation from -120 mV to -10 mV. E. Normalised Na* currents in
MDA-MB-231 cells elicited by a depolarisation from -80 mV to -10 mV. F. Representative
Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation from -120 mV to -10 mV in
PSS (black), 300 uM S-lic (red) and after washout (grey). Dotted vertical lines define the
time period magnified in G. G. Representative persistent Na* currents in a HEK-Nay1.5 cell
elicited by a depolarisation from -120 mV to -10 mV. H. Representative Na* currents in a
HEK-Nay1.5 cell elicited by a depolarisation from -80 mV to -10 mV. I. Normalised Na*
currents in HEK-Nay1.5 cells elicited by a depolarisation from -120 mV to -10 mV. J.
Normalised Na* currents in HEK-Nay1.5 cells elicited by a depolarisation from -80 mV to -
10 mV. Results are mean + SEM. one-way ANOVA with Tukey tests (n = 9-13 cells). Data
was collected by Lotte Briickner.

199



washout

— PSS
— S-Lic

juaungy

washout

-3000

-500+

(yd) uaning

-1000

Time (ms)

Time (ms)

——

e —
o ——

. ‘!
=

e

—

—e—

N
M sl
—— —

T
——
P —

T
o (=] o =]
-— - o~

(yd) juauing

T
o
°?

o
L)

(wd) juamng

25

24

23

22

21

20

Time (ms)

Time (ms)

&

_
o~
| ©
o~
> 5
S o & |w
=] - -
oo 38
> a »n 3
£
[=] _ _ . ©
] -
- v
T o
(=4 o
o (=]
[=] o
: o 2
(vd) juang
_
~N
L ©
o~
-
3
o £ |w
w5 v [v
[l
o n 3
|| =
2
-
o
o
o
o
A\

(yd) juaung

Time (ms)

Time (ms)

1T}

(]

*kk

ns

o
e olipee [FINOYSEAA
Sh .
o=
oo _mm % oS
] :
*L ] -ssd
I 1 1
0 o 7] o
- - o o
jJuauINd pasijewdonN
®
o ole o -1noysepn
Sﬁ ®
c
e o e o -9217-S
! —
| -ssd
r T T T T T
- e 9 «© N~ 9 w
- - o o o o (=]
e &
e o] e o [INOYSEM
Sﬁ -
o
.:Lw e [FoIT-S
*ﬁ
| -Ssd
T T T
0 < ] =
- - o o
JuaLINd pPasi|eWION
o 2B o o - Jnoysem
A r—
L ]
4 oo =217-S
Sﬁ [ X ]
c
| -ssd
1 1 1
0 o ;) o
- - o (=]
Jua.LIND pasijewloN

200



Figure 6.5 Effect of 100 uM S-licarbazepine on Nay1.5 currents.

A. Representative Na* currents in an MDA-MB-231 cell elicited by a depolarisation from -
120 mV to -10 mV in physiological saline solution (PSS; black), S-licarbazepine (S-Lic; 100
uM; red) and after washout (grey). Dotted vertical lines define the time period magnified in
B. B. Representative persistent Na* currents in an MDA-MB-231 cell elicited by a
depolarisation from -120 mV to -10 mV. C. Representative Na* currents in an MDA-MB-
231 cell elicited by a depolarisation from -80 mV to -10 mV. D. Normalised Na* currents in
MDA-MB-231 cells elicited by a depolarisation from -120 mV to -10 mV. E. Normalised
Na* currents in MDA-MB-231 cells elicited by a depolarisation from -80 mV to -10 mV. F.
Representative Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation from -120 mV
to -10 mV in PSS (black), S-Lic (100 uM; red) and after washout (grey). Dotted vertical
lines define the time period magnified in G. G. Representative persistent Na* currents in a
HEK-Na\1.5 cell elicited by a depolarisation from -120 mV to -10 mV. H. Representative
Na* currents in a HEK-Nay1.5 cell elicited by a depolarisation from -80 mV to -10 mV. I.
Normalised Na* currents in HEK-Nay1.5 cells elicited by a depolarisation from -120 mV to -
10 mV. J. Normalised Na* currents in HEK-Na,1.5 cells elicited by a depolarisation from -
80 mV to -10 mV. Results are mean + SEM. *P < 0.05; ***P < 0.001; one-way ANOVA
with Tukey tests (n = 7-8). NS, not significant.
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Figure 6.6 Effect of eslicarbazepine acetate (ESL) and S-licarbazepine (S-lic) on the current-
voltage relationship of Na,1.5.

A. Current-voltage (I-V) plots of Na* currents in MDA-MB-231 cells in physiological saline
solution (PSS; black circles) and in 300 uM ESL (red squares). B. (I-V) plots of Na* currents
in HEK-Nay1.5 cells in PSS (black circles) and 300 uM ESL (red squares). C. I-V plots of
Na* currents in MDA-MB-231 cells in PSS (black circles) and 300 uM S-lic (red squares).
D. I-V plots of Na* currents in HEK-Nay1.5 cells in PSS (black circles) and 300 uM S-lic
(red squares). Currents were elicited using 10 mV depolarising steps from -80 to +30 mV for
30 ms, from a holding potential of -120 mV. Results are mean £ SEM (n = 7-13). Data in
HEK-Na,1.5 cells was collected by Lotte Briickner.
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Figure 6.7 Effect of eslicarbazepine acetate (ESL) and S-licarbazepine (S-lic) on activation
and steady-state inactivation of Nay1.5.

A. Activation and steady-state inactivation in MDA-MB-231 cells in physiological saline
solution (PSS; black circles) and in 300 uM ESL (red squares). B. Activation and steady-
state inactivation in HEK-Nay1.5 cells in PSS (black circles) and 300 uM ESL (red squares).
C. Activation and steady-state inactivation in MDA-MB-231 cells in PSS (black circles) and
300 uM S-lic (red squares). D. Activation and steady-state inactivation in HEK-Nay1.5 cells
in PSS (black circles) and 300 uM S-lic (red squares). For activation, normalised
conductance (G/Gmax) was calculated from the current data and plotted as a function of
voltage. For 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 +30
mV, applied from a holding potential of -120 mV, was plotted as a function of the prepulse
voltage. Results are mean + SEM (n = 7-13). Activation and inactivation curves are fitted
with Boltzmann functions. Data in HEK-Na,1.5 cells and with S-Lic on MDA-MB-231 cells
was collected by Lotte Briickner.

203



-
(=
(=]
1
-
(=
o
1

0 mvV

azomv[ L, [
t

0 mV

azomv[ |, [
t

(3]
o
1
(4]
(=]
1

- PSS
- ESL
— T T T T T T T Trrm T T T rrrm T T rrrmm

1 10 100 1000 1 10 100 1000

Time (ms) Time (ms)

-~ PSS
- ESL

Recovered current (/1) >
Recovered current (I/1.) w

o
1
o

100 100

50

-o- PSS
- S-Lic

-~ PSS
-#- S-Lic

Recovered current (l,/1.) o
8
E
<
Recovered current (I/1;) O
E
<

0I T

1 10 1?)0 10'00 1 10 100 1000

Time (ms) Time (ms)

Figure 6.8 Effect of eslicarbazepine acetate (ESL) and S-licarbazepine (S-lic) on recovery
from inactivation.

A. Recovery from inactivation in MDA-MB-231 cells in physiological saline solution (PSS;
black circles) and in 300 uM ESL (red squares). B. Recovery from inactivation in HEK-
Nay1.5 cells in PSS (black circles) and 300 uM ESL (red squares). C. Recovery from
inactivation in MDA-MB-231 cells in PSS (black circles) and S-licarbazepine 300 uM S-lic
(red squares). D. Recovery from inactivation in HEK-Nay1.5 cells in PSS (black circles) and
300 uM S-lic (red squares). The fraction recovered (lI¢/lc) was determined by a 25 ms pulse to
0 mV (l.), followed by a recovery pulse to -120 mV for 1-500 ms, and a subsequent 25 ms
test pulse to 0 mV (ly), applied from a Vi of -120 mV, and plotted as a function of the
recovery interval. Data are fitted with single exponential functions which are statistically
different between control and drug treatments in all cases. Results are mean = SEM (n = 7-
10). Data was collected by Lotte Briickner.
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Table 6.1 Effect of eslicarbazepine acetate (ESL, 300 uM) on Na* current characteristics in

MDA-MB-231 and HEK-Nay1.5 cells.

A. MDA-MB-231 cells

Parameter Control ESL P N
Vihres (MV) -45.7+1.7 -45.0+1.4 0.58 13
Vpeak (MV) 31+21 -3.9+27 0.056 13
Activation V¥ (mV) -19.3+14 -22.0+15 0.095 12
Activation k (mV) 10.6 £ 0.7 9.3+0.8 0.076 12
Inactivation V¥2 (mV) -80.6 £ 0.7 -86.7 £ 1.2 <0.001 13
Inactivation k (mV) -4.8+0.4 74+17 0.139 13
Peak current density at -10 mV (pA/pF) -14.8+£3.9 -8.0+£25 <0.001 13
Persistent current density at -10 mV (pA/pF) -0.15+0.05 -0.02 £ 0.07 0.13 12
Tp at -10 mV (ms) 21+02 1.9+0.2 <0.01 13
Tt at -10 mV (ms) 13+0.1 13+0.2 0.954 13
Ts at -10 mV) (ms) 10023 6.9+2.0 0.289 13
Tr (MS) 6.0+0.5 8.7+0.7 <0.05 10
B. HEK-Nav1.5 cells
Parameter Control ESL P N
Vinres (MV) -55.0+1.7 -54.0+£22 0.758 10
Vpeak (MV) -26.0+2.2 -24.0+4.3 0.591 10
Activation V¥ (mV) -39.4+13 -44.2+1.8 <0.05 10
Activation k (mV) 53+1.3 3.8+0.7 0.361 10
Inactivation V%2 (mV) -78.2+25 -88.3+2.7 <0.001 10
Inactivation k (mV) -6.9+04 -9.8+0.7 <0.001 10
Peak current density at -10 mV (pA/pF) -154.4 £24.0 -33.1+4.7 <0.001 12
Persistent current density at -10 mV (pA/pF) -0.61+0.15 -0.12 + 0.05 <0.01 12
Tp at -10 mV (ms) 14+02 19+0.2 <0.001 14
Tt at -10 mV (ms) 09+0.1 1.2+0.1 <0.001 12
1s at -10 mV (ms) 6.6 +0.8 20.8+8.5 0.128 12
T (Ms) 45104 7.1+0.6 <0.001 10

ESL.: eslicarbazepine acetate (300 iM); Vinres: threshold voltage for activation; Vyeax: Voltage

at which current was maximal; V%: half (in)activation voltage; k: slope factor for

(in)activation; Tp: time to peak current; t+ fast time constant of inactivation; ts: slow time
constant of inactivation; t,: time constant of recovery from inactivation. The holding
potential was -120 mV. Results are mean + SEM. Statistical comparisons were made with

paired t-tests on non-normalised data.
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Table 6.2 Effect of S-licarbazepine (S-lic, 300 uM) on Na™ current characteristics in MDA-

MB-231 and HEK-Nay1.5 cells.

A. MDA-MB-231 cells

Parameter Control S-Lic P N
Vihres (MV) -34.4+20 -35.7+£2.0 0.603 7
Vpeak (MV) 11.43+4.4 10.0+4.9 0.818 7
Activation V%2 (mV) -129+1.3 -13.7+1.4 0.371 7
Activation k (mV) 11.0£05 11.9+0.8 0.520 7
Inactivation V¥2 (mV) -71.8+25 -76.8+£2.2 <0.05 7
Inactivation k (mV) -6.8+£0.9 -6.0+1.2 0.302 7
Peak current density at -10 mV (pA/pF) -12.0+3.1 -6.9+£25 <0.001 9
Persistent current density at -10 mV -1.3+04 -0.6 £0.2 <0.05 9
Tp at -10 mV (ms) 45+04 51+07 0.103 9
Trat -10 mV (ms) 38x11 32+04 0.553 7
Ts at -10 mV (ms) 25.7+£7.0 27.1+12.0 0.920 7
Tr (MS) 6.8+0.4 135+1.0 <0.01 7
B. HEK-Nav1.5 cells
Parameter Control S-Lic P N
Vihres (MV) -50.0+1.9 -51.3+3.5 0.598 9
Vpeak (MV) -18.0+4.2 -30.0+5.6 <0.001 9
Activation V%2 (mV) -32.8+3.1 -40.5+ 34 <0.01 9
Activation k (mV) 5.9+0.9 45+1.1 <0.05 9
Inactivation V%2 (mV) -75.9+2.6 -79.3+4.1 0.116 9
Inactivation k (mV) -6.5+£04 -8.1+£05 <0.05 9
Peak current density at -10 mV (pA/pF) -140.9 +£ 26.8 -77.2+17.0 <0.001 13
Persistent current density at -10 mV -0.9+0.2 -0.5+0.2 <0.05 11
Tp at -10 mV (ms) 1805 2.3+0.6 <0.01 13
trat -10 mV (ms) 1.0+ 0.04 1.3+0.06 <0.001 11
ts at -10 mV (ms) 6.3+05 7.3+x05 <0.05 11
T (Ms) 5.7+0.7 8.0+1.2 <0.01 10

S-Lic: S-licarbazepine (300 UM); Vinres: threshold voltage for activation; Vpeac: voltage at

which current was maximal; VV%: half (in)activation voltage; k: slope factor for
(in)activation; Tp: time to peak current; s fast time constant of inactivation; ts: slow time
constant of inactivation; t,: time constant of recovery from inactivation. The holding

potential was -120 mV. Results are mean + SEM. Statistical comparisons were made with

paired t-tests on non-normalised data.
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Table 6.3 Effect of eslicarbazepine acetate (100 uM) on Na* current characteristics in MDA-

MB-231 and HEK-Na,1.5 cells.

A. MDA-MB-231 cells

Parameter Control ESL P

Peak current density at -10 mV, -22.1+135 -11.6+7.9 <0.05

Vh -120 mV (pA/pF)

Peak current density at -10 mV, -7.1+4.1 -2.1+2.0 <0.05

Vh -80 mV (pA/pF)

Persistent current density at -10 mV (pA/pF) -0.5+£0.3 -04+0.2 0.277
B. HEK-Nav1.5 cells

Parameter Control ESL P

Peak current density at -10 mV, -158.4 + 85.7 -77.7 £51.3 <0.01

Vh -120 mV (pA/pF)

Peak current density at -10 mV, -59.0 £ 50.7 -12.2+11.9 <0.05

Vh -80 mV (pA/pF)

Persistent current density at -10 mV (pA/pF) -1.0+0.3 -0.4+0.1 <0.001

ESL.: eslicarbazepine acetate (100 uM). Results are mean + SEM. Statistical comparisons

were made with paired t-tests on non-normalised data.

Table 6.4 Effect of S-licarbazepine (100 uM) on Na* current characteristics in MDA-MB-

231 and HEK-Nay1.5 cells.

A. MDA-MB-231 cells

Parameter Control S-Lic P

Peak current density at -10 mV, -17.2 +8.7 -12.3+7.4 0.084

Vh -120 mV (pA/pF)

Peak current density at -10 mV, -7.8+4.7 -35+26 <0.05

Vh -80 mV (pA/pF)

Persistent current density at -10 mV (pA/pF) -0.6+£0.3 -0.4+£0.2 <0.01
B. HEK-Nay1.5 cells

Parameter Control S-Lic P

Peak current density at -10 mV, -108.5 £ 20.3 -75.6 £ 30.9 <0.05

Vh -120 mV (pA/pF)

Peak current density at -10 mV, -30.2+0.9 -11.8+1.3 <0.001

Vh -80 mV (pA/pF)

Persistent current density at -10 mV (pA/pF) -05+0.1 -0.31+0.1 <0.05

S-Lic: S-licarbazepine (100 uM). Results are mean + SEM. Statistical comparisons were

made with paired t-tests on non-normalised data.
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6.3 Discussion

6.4 Summary of main findings

Both ESL and the active metabolite S-Lic reduce transient and persistent currents through
Nav1.5. Both drugs preferentially inhibit channels in the open/inactivated state, and both
hyperpolarise the voltage dependence of inactivation. Similar effects of the drugs were seen

in adult and in neonatal isoforms of Nay1.5.

The inhibitory effects of ESL and S-Lic on transient current through Nay1.5 are similar to
those seen in neuronal VGSC isoforms (Nay1.1, Na,1.2, Na,1.3 Nay1.6 and Nay1.7)
expressed in the N1E-115 neuroblastoma cell line (Bonifacio et al., 2001; Hebeisen et al.,
2015). In addition, the inhibitory effect on persistent current through Nay1.5 is similar to that
seen in hippocampal CA1 neurons (Doeser et al., 2014) which express the neuronal VGSC
isoforms Na,1.1, Na,1.2 and Na,1.6 (Westenbroek et al., 1989; Yu et al., 2006; Royeck et
al., 2008). The similarity of effect of ESL and S-Lic on the different isoforms is
unsurprising, given that the amino acids in Na,1.2 proposed to interact with ESL (Shaikh et

al., 2014) are conserved in Nay1.5 (Figure 6.9).

Na* currents were far larger in HEK-Nay1.5 cells than in MDA-MB-231 cells which
increased the signal to noise ratio and may account for the greater apparent inhibition of
Nay1.5 in HEK-Nay1.5 cells. The inhibitory effect of ESL only appeared to be only partially
reversible in HEK cells, which could be due to differences in drug clearance from cells; drug
clearance might be much faster from MDA-MB-231 cells since these are cancer cells
exhibiting resistance to multiple chemotherapy drugs (Chen et al., 2011). One of the
mechanisms of cancer cell drug resistance is via upregulation of ATPase binding cassette
(ABC) transporters which pump chemicals out of cells (Leslie et al., 2005). P-glycoprotein
(Pgp) is an example of one of these transporters which is important for transport of drugs
across the blood-brain barrier, and therefore this transporter is of interest in the context of

anti-epileptic drug development. There are conflicting reports about the role that Pgp plays
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SCN1A ILENFSVATEESAEPLSEDDFEMEFYEVWEREFDPDATQFMEFEKLSQFAAALEPPLNLPQP 1844

SCNZA ILENFSVATEESAEPLSEDDFEMFYEVWEKFDPDATQFIEFAKLSDFADALDPPLLIAKP 1834
SCN3A ILENFSVATEESAEPLSEDDFEMFYEVWEKFDPDATQFIEFSKLSDFAAALDPPLLIAKP 1829
SCN4A ILENFNVATEESSEPLGEDDFEMFYETWEKFDPDATQFIAYSRLSDFVDTLOQEPLRIAKP 1656
SCN5A ILENFSVATEESTEPLSEDDFDMFYEIWEKFDPEATQFIEYSVLSDFADALSEPLRIAKP 1830
SCN8A ILENFSVATEESADPLSEDDFETEFYEIWEKFDPDATQFIEYCKLADFADALEHPLRVEPKP 1824
SCN9A ILENFSVATEESTEPLSEDDFEMEFYEVWEKFDPDATQFIEFSKLSDFAAALDPPLLIAKP 1818
SCN10A ILENFNVATEESTEPLSEDDFDMFYETWEKFDPEATQFITFSALSDFADTLSGPLRIPKP 1780
SCN11A ILENFNTATEESEDPLGEDDEDIFYEVWEKFDPEATQFIKYSALSDFADALPEPLRVAKP 1662
kkkkk | kkkkk eckk _kkkk: kkk kkkkkkakhkk. o keek | ok kk . .k
SCN1A NKLQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDALRIQMEERFMASNPSKVSYQ 1904
SCNZA NEKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDALRIQMEERFMASNPSKVSYE 1894
SCN3A NKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDALRIQMEDRFMASNPSKVSYE 1889
SCN4A NKIKLITLDLPMVPGDKIHCLDILFALTKEVLGDSGEMDALKQTMEEKFMAANPSKVSYE 1716
SCN5A NQISLINMDLPMVSGDRIHCMDILFAFTKRVLGESGEMDALKIQMEEKFMAANPSKISYE 1890
SCNSA NTIELIAMDLPMVSGDRIHCLDILFAFTKRVLGDSGELDILRQOMEERFVASNPSKVSYE 1884
SCN9A NKVQLIAMDLPMVSGDRIHCLDILFAFTKRVLGESGEMDSLRSQMEERFMSANPSKVSYE 1878
SCN10A NRNILIQMDLPLVPGDKIHCLDILFAFTKNVLGESGELDSLKANMEEKFMATNLSKSSYE 1840
SCN11A NKYQFLVMDLPMVSEDRLHCMDILFAFTARVLGGSDGLDSMKAMMEEKFMEANPLKKLYE 1722
* s ekkk ek ks kkekkkkk ook kkk ok ek .. kkaaks ek Kk ks

Figure 6.9 Clustal alignment of amino acid sequences of Na,1.2 (SCN2A) and Nay1.5
(SCN5A).

ESL was proposed previously (Shaikh et al., 2014) to interact with the highlighted amino
acids in Nay1.2. An alignment of Nay1.2 (UniProtKB - Q99250 (SCN2A_HUMAN)) with
Nay1.1 (UniProtKB - P35498 (SCN1A_HUMAN)), Nay1.3 (UniProtKB - QINY46
(SCN3A_HUMAN)), Nay1.4 (UniProtKB - P35499 (SCN4A_HUMAN)), Na,1.5
(UniProtKB - Q14524 (SCN5A_HUMAN)) Nay1.6 (UniProtkB - Q9UQDO0
(SCN8A_HUMAN)), Nay1.7 (UniProtkB - Q15858 (SCN9A_HUMAN)), Na,1.8
(UniProtkB - Q9Y5Y9 (SCN10A_HUMAN)), and Nay1.9 (UniProtKB - Q9UI33
(SCN11A_HUMAN)) shows that the interacting amino acids highlighted in yellow are
conserved between Nay1.2 and Nay1.5, along with most other isoforms. Asterisks indicate
conserved residues. Colon indicates conservation between groups of strongly similar
properties - scoring > 0.5 in the Gonnet PAM 250 matrix. Period indicates conservation
between groups of weakly similar properties - scoring < 0.5 in the Gonnet PAM 250 matrix.
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in ESL and S-lic transport. In one study both drugs were shown to be substrates of Pgp
(Zhang et al., 2011), but others showed no effect of inhibition of Pgp or another ABC
transporter, the multidrug resistance protein MRP on trans-intestinal transport of S-Lic or

plasma:brain concentration ratio (Soares-da-Silva et al., 2015).

In both cell lines S-lic inhibition of Na* current was less reversible than ESL inhibition. This
could be due to higher affinity of S-lic to its binding site on Na,1.5, or to greater trapping of
S-lic in the cytoplasm, since the lipid solubility of S-lic is less than that of ESL (Bialer &
Soares-da-Silva, 2012). The concentration of ESL and S-Lic used in most of this chapter
was higher than that found in patient plasma samples but it was considered relevant in
previous in vitro studies because S-Lic is highly lipophilic (with a 50:1 lipid:water partition
coefficient) so it will concentrate in membranes and may therefore be found at higher
concentration in tissues than in plasma (Bialer & Soares-da-Silva, 2012). Importantly, ESL
and S-lic both inhibited the transient and persistent Na* current through Nay1.5, at

concentrations which would be found in the plasma of patients (Hebeisen et al., 2015).

In both cell lines, both the prodrug ESL and the main metabolite S-Lic inhibited Na*
currents by a greater proportion when the holding voltage was -80 mV rather than -120 mV.
This indicates that both drugs preferentially bind to channels in the open or inactivated state,
and will therefore exert more effect on Nay1.5 in cells with a more depolarised Vm, for
example cancer cells (Yang & Brackenbury, 2013). In this way, the drugs may target Nay1.5

in cancer cells and leave cardiomyocytes relatively unaffected.

In general, both the activation and inactivation curves were shifted to more negative
potentials, although this was not statistically significant in every case. This explains why
both drugs reduced the persistent current at -10 mV (Table 6.1 and Table 6.2), because it
moved the “window current” to more negative potentials than -10 mV. This would reduce

the persistent current at the relatively depolarised resting membrane potential of most cancer
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cells (Yang & Brackenbury, 2013). The reduction in persistent current caused by ESL or S-
Lic treatment is likely to be the most important effect of these drugs on VGSCs in cancer
cells, since these cells are not likely to have the rapid changes in Vi, needed to elicit transient
Na* currents. Breast cancer cells are however likely to have a fluctuating Vm given that
fluctuations in field potentials are seen in MCF7 and MDA-MB-231 cells in culture (Ribeiro

et al., 2020).

It is interesting that the prodrug ESL is just as potent an inhibitor of Na,1.5 as the metabolite
S-Lic. ESL was designed by selecting an active metabolite of oxcarbazepine, licarbazepine,
and then choosing the most blood-brain barrier permeable stereoisomer of this, S-
licarbazepine (Bialer & Soares-da-Silva, 2012). An acetate group was added, presumably to
improve its absorption across the intestine. The acetate group clearly does not interfere with
the drug’s ability to bind Nay1.5 or neuronal VGSC isoforms since its VGSC-inhibitory
effects have been studied in vitro previously as well as in this study (Bonifacio et al., 2001).
The docking of ESL to Nay1.2 was modelled in (Shaikh et al., 2014) and the acetate group
was predicted to interact with a threonine residue in Nay1.2. This interaction cannot be
present between S-Lic and the VGSC so it may not be necessary for ESL inhibition of the
VGSC. In any case, the effects of ESL given orally are likely mostly due to the metabolite S-
Lic since ESL is rapidly hydrolysed to this form in first pass metabolism (Almeida et al.,

2005; Falcdo et al., 2007; Maia et al., 2008; Perucca et al., 2011).

Patch clamp recording from both adult and neonatal splice variants of Na,1.5, from two cell
lines indicated very similar results. This gives a high level of confidence in the findings that
both transient and persistent Na,1.5 current are inhibited by ESL and S-Lic. In both cell lines
B1-subunits were absent, so the effect of ESL and S-Lic on heteromeric channels could not
be assessed. In particular, it would be useful to assessing the likely effect of ESL and S-Lic
with the B-subunits normally associated with cardiac Nay1.5. To properly assess the

likelihood of cardiac side effects of ESL and S-Lic treatment, recovery from inactivation
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should be assessed with a pulse repetition rate within the same order of magnitude as a
human heart rate (Sokolov et al., 2013). Since tumours have a low pH. (White et al., 2017) it
would be useful to assess the effect of pHe on Nay1.5 inhibition by ESL and S-Lic. Another
VGSC inhibitor, ranolazine was less effective at inhibiting Nay1.5 at pHe 6.0 than at pH. 7.4
(Sokolov et al., 2013). If ESL and S-Lic show a similar reduction in efficacy at low pH.,

they may not act as selectively on cancer cells as predicted.

The aim of this chapter was to characterise a drug to assess the potential for ESL to be used
to treat breast cancer in vivo. After electrophysiological assessment of the effect of S-Lic, the
next experiments which would be of use would be in vitro migration and invasion assays,
and then assessment of tumour growth and metastasis in the mouse, as previously performed
with ranolazine and phenytoin (Driffort et al., 2014; Nelson et al., 2015a). If ESL shows
promise in these studies, the eventual goal would be to assess its efficacy in breast cancer

patients.
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7 General Discussion

7.1  Summary of findings

The main findings from this thesis were that total tissue [Na*] was elevated in MDA-MB-
231 xenograft breast tumours compared to hormal mammary glands, but [Na*]e was normal.
This indicated that [Na*]i may be elevated in these tumours. The overall pHe in xenograft
tumours was more acidic than normal physiological pH, and lower pH correlated with
peripheral, highly proliferative regions of the tumour. Low pHe leads to increased persistent
Na* current through Nay1.5 into MDA-MB-231 cells. VGSC activity may increase lactate
production in MDA-MB-231 cells, although more work is needed to confirm this. Inhibition
of glycolysis in MDA-MB-231 cells led to rapid Na* accumulation but inhibition of
oxidative phosphorylation did not, indicating that NKA in these cells relies on ATP derived
from glycolysis. Findings from an RNAseq experiment comparing wild-type MDA-MB-231
tumours with Nay1.5-knock down tumours suggested that presence of Nay1.5 is associated
with expression of genes involved in ROS detoxification, pH regulation, Ca?* signalling,
immune system interactions and angiogenesis. Nay1.5 was shown to be an indicator of poor
prognosis in breast cancer in a breast cancer tissue microarray. Protein expression of Na,1.5
correlated with increased metastasis in particular. When electrophysiological recordings
were made from patient breast cancer tissue and primary cells, small inward currents
consistent with VGSCs were present in some samples. The anti-epileptic drug ESL was
shown to be an effective inhibitor of the transient and persistent Na* current through Na,1.5

in vitro.

7.2 Prognostic importance and functional expression of Nay1.5 in
breast cancer

Although there have been several previous reports indicating that VGSCs are likely to be
important prognostic indicators of breast cancer (Fraser et al., 2005; Yang et al., 2012;
Nelson et al., 2015b), no studies have examined VGSC protein expression in a large number

of cancer patients. Until this immunohistochemical study examining Na,1.5 expression in a

213



large cohort of breast cancer patients, VGSC protein expression in cancer has mostly been
extrapolated from experiments on cell lines with differing metastatic potential (Diss et al.,
1998; Fraser et al., 2005; Roger et al., 2007) and small cohorts of patients (Fraser et al.,
2005; Diaz et al., 2007; Hernandez-Plata et al., 2012; Nelson et al., 2015b; Yamaci et al.,
2017). The results from this TMA experiment confirmed the expectation that Na,1.5
expression is associated with poorer prognosis and increased metastasis in breast cancer.
Nay1.5 expression also correlated with many measures of breast cancer severity, including
primary tumour size, grade and lymph node status. These findings show that oncogenic

actions of VGSCs discovered experimentally are likely to be clinically relevant.

In the breast cancer TMA, Na,1.5 staining appeared to be cytoplasmic in most samples. It
cannot be determined from this data whether there are functional channels at the plasma
membrane. It is therefore important to show whether VGSC currents can be measured in
patient tissue as well as in cell lines. Small inward currents, consistent with VGSC currents
were recorded in breast cancer biopsies and primary cell cultures from breast cancer patients,
although the small current size did not permit confirmation of the identity of the channels
using TTX inhibition. To our knowledge this is the first time that VGSC currents have been
recorded in primary cell cultures. In two related studies, (Diaz et al., 2007) and (Hernandez-
Plata et al., 2012) VGSC recordings were made from three samples of cervical cancer cells;
however, these cells had been passaged multiple times before recording. Since it was not
possible to characterise the inward currents seen in breast biopsies or primary cultures in this
thesis, it would be desirable to continue recording from patient samples. VGSC currents may
be larger in certain culture conditions. For example currents could be affected by the serum
concentration in the cell culture medium, since higher concentrations of serum reduced
VGSC currents in prostate cancer cell lines (Ding & Djamgoz, 2004). Future optimisation of
the storage and culture conditions may reveal VGSC currents are larger or more common

than found in this study.
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A further question which needs exploration is whether VGSC currents are maintained or
changed as cells move out of the primary tumour to form distant metastases. No samples of
metastatic tumours were present in the breast cancer TMA or in the primary breast cancer
cell cultures in which small VGSC currents were measured. In contrast, the established
breast cancer cell lines used in in vitro and xenograft experiments in this thesis were derived
from metastatic pleural effusions (Table 3.1). Since VGSCs increase metastasis in vivo
(Nelson et al., 2015b) and VGSC expression correlates with increased metastasis in patients
(Figure 5.2 E), it might be expected that VGSC currents would be larger in metastases than
in primary tumours. VGSC Na* currents were measured in xenograft primary tumours and
lung metastases in this thesis and no difference was seen between the currents in each
location (Figure 3.3 G), however the cells implanted to form the primary tumours were
derived from a human pleural effusion, so had already undergone changes necessary for
distant colonisation, as well as changes necessary for proliferation in vitro. To avoid this
problem, better models of breast cancer metastasis, for example MMTV-PyMT transgenic
mice, would be required to address the hypothesis that VGSC currents are larger in
metastases than in primary tumours. The model in question would need to express VGSCs in

at least some of the cancer cells in either the primary or secondary tumours.

Since Nay1.5 is a negative prognostic indicator in breast cancer, and its expression increases
tumour growth rate and metastasis (Nelson et al., 2015b), it is a promising therapeutic target
for breast cancer. Indeed, inhibition of this channel has been shown to decrease tumour
growth and metastasis in the MDA-MB-231 xenograft model of breast cancer (Driffort et
al., 2014; Nelson et al., 2015a). In this thesis electrophysiological effects of an antiepileptic
drug, ESL, were assessed in breast cancer cells, since ESL has an improved safety profile
compared to phenytoin which was shown previously to reduce metastasis. If ESL had
similar inhibitory effects to phenytoin on breast cancer, the improved safety profile would
mean that ESL would be a better choice of drug to use in clinical trials. The purpose of this

study was to confirm that ESL inhibited Na* current (in particular the persistent current)
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through Nay1.5. ESL inhibition was assessed both on the neonatal splice variant of Nay1.5,
naturally expressed in MDA-MB-231 cells and on the adult variant stably expressed in
HEK-293 cells. Both ESL and the active metabolite eslicarbazepine inhibited the persistent
current through Nay1.5 in both neonatal and adult splice variants, indicating that they may be
similarly effective to phenytoin. In addition ESL and eslicarbazepine preferentially inhibited
channels in the open or inactivated state (Figure 6.2 and Figure 6.4). This means that VGSC
inhibition would be greater in cancer cells with their relatively depolarised Vi, than in
cardiomyocytes or neurons. This feature would increase the therapeutic window of plasma
concentrations of the drug. Future work is needed to test the anti-cancer effects of ESL in

vivo before any clinical trials could be considered.

7.3 VGSC regulation of tumour Na* homeostasis

By allowing a persistent Na* current into cancer cells at a steady state, VGSCs might
increase tissue [Na*] in tumours. There is limited but growing evidence that total tissue
[Na*] and [Na*]; are elevated in cancer, as measured by 2Na MRI (Ouwerkerk et al., 2003;
Jacobs et al., 2004; Ouwerkerk et al., 2007). This elevation may be due an increase in
extracellular fluid volume fraction in tumours, since extracellular fluid contains an order of
magnitude more Na* than intracellular fluid (Hille, 2001). Alternatively, it could be due to
an increased [Na*] in either the extracellular or intracellular fluid compartments. There is
some evidence from x-ray dispersion studies and 2Na MRI that the increase in [Na*] seen in
tumours is due to an increase in intracellular [Na*] (Cameron et al., 1980; Hiirter et al.,

1982; Madelin et al., 2014; Zaric et al., 2016).

To test the theory that VGSCs increase [Na']; and thereby also total [Na*] in tumours, the
total tumour [Na*] was measured using ICP-MS in normal and Nay1.5 knock-down
xenograft tumours. There was no difference in the total tumour [Na*] with Na,1.5 knock-
down. The same breast cancer tumours were analysed by Na MRI by Andrew James and

found to have no difference in total tissue [Na*] when the mean tumour [Na*] was examined
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(unpublished data). Together, these experiments showed no evidence that Na,1.5 increased
total [Na*]. It is possible that these techniques were not sensitive enough to detect small
changes in total [Na*], and it is also possible that taking average concentrations from bulk
tissue means that localised areas of [Na*] elevation are missed. In support of this 2Na MRI
was able to detect changes in maximal [Na*] but not mean [Na*] between tumours and

healthy tissue (James et al., 2022).

The [Na*]e in xenograft tumours was found to be within the normal physiological range for
mouse plasma. Ideally [Na*]; would be assessed in tumours, but this is challenging to
measure accurately. There is, however, evidence of elevated [Na*]; in ex-vivo slices from
xenograft tumours measured using SBFI-AM (James et al., 2022). There is published
evidence from isolated cells that VGSC activity increases [Na*]i, in lung and breast cancer
cells (Campbell et al., 2013; Yang et al., 2020). To address this further, knockout of Nay1.5
was attempted using CRISPR-Cas9 in MDA-MB-231 cells, however the effects of Nay1.5
deletion on [Na*]i were difficult to resolve, since CRISPR knock-out of Na,1.5 decreased

[Na*]i in a clonal population of cells but not in a polyclonal population (Appendix I1L.iii).

Where present, an elevation of [Na*]i in cancer is likely due to changes in several Na*
transport mechanisms, in addition to VGSCs. There are several proteins involved in Na*
transport which have altered expression in cancer, discussed in (Leslie et al., 2019). Of
these, the most important regulator of [Na*]; is NKA. A reduction in the NKA activity or
sensitivity of NKA to [Na*]i would certainly lead to elevated [Na*]i, whereas changes in
other mechanisms of Na* transport could be counteracted by NKA. Future work should
consider the role of Na,1.5 in the context of other Na* transport mechanisms to evaluate how

these work together to control [Na*];.
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7.4 Mechanisms of Nay1.5-induced metastasis in breast cancer
The most commonly reported function which has been ascribed to VGSCs in cancer is
increasing invasion in vitro (Grimes et al., 1995; Laniado et al., 1997; Roger et al., 2003;
Fraser et al., 2005) and tumour growth and metastasis in vitro (Driffort et al., 2014; Nelson
et al., 2015a; Nelson et al., 2015b). Other effects of VGSC activity in cancer cells are
production of an elongated, mesenchymal phenotype and increased migration (Fulgenzi et
al., 2006; Isbilen et al., 2006; Brackenbury & Djamgoz, 2007; Ding et al., 2008; Chioni et
al., 2010; Nelson et al., 2015b; Gradek et al., 2019). Understanding the mechanisms behind
these functions may help to develop new cancer treatments targeting VGSC signalling
pathways. The following sections consider three main consequences of VGSC activity in

breast cancer cells implicated by the results of this thesis.

7.4.1 Acidifying the extracellular environment

Reducing the extracellular pH in tumours promotes cancer progression by increasing activity
of enzymes that degrade the extracellular matrix such as cysteine cathepsins and MMPs
(Brisson et al., 2011). This allows cancer cells to invade out of the primary tumour.
Extracellular acidification via NHE1-mediated H* extrusion is increased by VGSC activity
in MDA-MB-231 cells. (Brisson et al., 2011; Brisson et al., 2013). The authors hypothesised
that this is due to an allosteric interaction between VGSCs and NHE1 and they showed
evidence that VGSCs and NHEL1 colocalised in caveolae to support this theory. In this thesis,
an alternative explanation for VGSC-induced H* extrusion was proposed: Na* entry through
VGSCs would increase the activity of NKA to remove the excess Na*. NKA is a major
consumer of ATP (McBride & Early, 1989) and increased production of ATP is required to
power NKA when VGSCs are active. Both oxidative and glycolytic ATP production
increase acidic metabolites, in the form of carbonic acid and lactic acid respectively.
However, glycolytic respiration reduces pH more than oxidative phosphorylation to produce
the same amount of ATP. Intriguingly, NKA predominantly utilises ATP derived from

glycolysis in several tissues including breast cancer cells (Epstein et al., 2014), vascular
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smooth muscle (Paul et al., 1979) and cardiomyocytes (Sepp et al., 2014). Using similar cell
culture and recording conditions to those in (Brisson et al., 2011; Brisson et al., 2013), this
project suggests that NKA in MDA-MB-231 and MCF7 cells is strongly reliant on
glycolysis. In fact, inhibiting mitochondrial respiration did not affect viability or [Na*];
(Figure 3.18), suggesting that NKA could function as normal without mitochondrial
respiration. In contrast, inhibition of glycolysis induced a large increase in [Na*]i similar to
that caused by ouabain, and also rapidly led to cell death (Figure 3.18). It is therefore
possible that VGSC activity increased the rate of glycolysis in the previously published
studies where VGSC activity was shown to increase extracellular acidification (Brisson et

al., 2011; Brisson et al., 2013).

It has been shown by others that increasing [Na*]i via non-VGSC routes increases the rate of
glycolysis in breast cancer (Epstein et al., 2014), as well as in other cell types such as
skeletal and cardiac muscle (James et al., 1996; Aksentijevic et al., 2018). Additional
evidence pointing towards a likely effect of VGSC activity on glycolysis is shown by a non-
voltage-gated isoform of the o subunit, Nay, encoded by SCN7A. This o subunit is used as an
extracellular [Na*] sensor in the CNS and it mediates lactate signalling via direct interactions

with NKA (Shimizu et al., 2007; Berret et al., 2013).

To test the theory that VGSC activity increases the glycolytic rate in breast cancer cells,
lactate was measured as a proxy for glycolytic rate. Experiments in this thesis suggested a
possible decrease in glycolysis due to VGSC inhibition with TTX in MDA-MB-231 cells
(Figure 3.17 1), however this result was not statistically significant (P = 0.052). Since lactate
production was reduced with TTX treatment in every experiment, it seems probable that a
significant effect would have been seen with more than three experimental repeats.
Interestingly, no change in lactate was seen with TTX treatment of MCF7 cells (Figure 3.17
E), which would be expected since this cell line does not have detectable VGSC Na*

currents. Further lactate assays and a Seahorse assay measuring the rates of H* production
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and O, consumption with VGSC inhibitors and openers would be important next

experiments to further address this mechanism.

High [Na']i increased glycolytic flux and reduced oxidative metabolism in cardiomyocytes
(Aksentijevic et al., 2018). In this study, the authors collected metabolomic data which gave
a detailed overview of the respiration changes due to elevated [Na*]i. Similar data in cancer
cells may help show whether VGSC activity or elevation of [Na*]; disrupts mitochondrial
respiration in cancer cells, and at which enzyme-controlled steps. In addition, the effect of
VGSC activity on mitochondrial membrane potential could be investigated using an
indicator such as TMRE (Crowley et al., 2016). Moreover, in this project the effect of
VGSC activity on the rate of NKA activity was not measured, so this is an obvious future
study which needs to be performed. NKA activity can be measured using cellular #Rb*

accumulation since Rb* can take the place of K* in this pump (Xie et al., 1999).

As part of the evidence for VGSC regulation of NHE1, Brisson et al. showed that NHE1 co-
localised with Nay1.5 in caveolae in invadopodia (Brisson et al., 2011; Brisson et al., 2013).
Interestingly, NKA immunoprecipitates with caveolin 1 in renal cells (Josef et al., 2016) so
NKA is likely also to be found in caveolae in cancer cells. Also, the a-subunit Nax coded for
by SCN7A interacts directly with NKA in glial cells (Shimizu et al., 2007), raising the
possibility that other VGSC a-subunits may have direct interactions with NKA. It is
therefore conceivable that NKA is involved in the local interactions between Nay1.5 and
NHEL in caveolae. This theory could be investigated using immunocytochemistry and
confocal microscopy, as well as with FRET experiments using labelled NKA, VGSCs and

NHE1L.

Extracellular acidification increases malignancy of cancers in more ways than just aiding
ECM degradation. As discussed in Section 1.6.5, low pH leads to activation of several G-

protein coupled receptors and ASIC channels which increase mitogenic intracellular

220



signalling. In addition, a reduced extracellular pH also leads to an immunosuppressive
tumour microenvironment (Calcinotto et al., 2012; Bellone et al., 2013). In this thesis,
MDA-MB-231 xenografts were found to have a lower pH. than found in normal tissue
(Section 3.2.5), which is consistent with several previous studies of solid tumours, reviewed
in (White et al., 2017). In particular, the pH was lower in peripheral regions of the tumour
which also exhibited more proliferation and less apoptosis. This was unexpected, since it has
generally been thought that pH. reduction occurs due to hypoxia, both in skeletal muscle and
in tumours (Estrella et al., 2013). However, when tumours are examined at high resolution,
it appears that low pHe can occur in the absence of hypoxia. A surprisingly poor association
between hypoxic and acidic microdomains of tumours was noticed in the 1990s when
ratiometric fluorescent imaging was used to measure pH. and phosphorescence quenching
microscopy was used to estimate the partial pressure of oxygen in tumours in vivo
(Helmlinger et al., 1997). NHE1 and MCT1 (both important for removing H* from the
cytoplasm) localised to the invading edges in glioma, rather than the hypoxic core as might
have been expected (Grillon et al., 2011; Grillon et al., 2015). Similarly, in a study of breast
cancer xenograft tumours, the spatial distribution of the “pH-stat” enzyme carbonic
anhydrase 9 (CAIX) and the hypoxia marker pimonidazole did overlap partially, but the
CAIX staining extended much more peripherally than pimonidazole staining. The authors
concluded that that acidic pH. occurred even in non-hypoxic, more viable areas, whereas the
hypoxia marker co-registered well with necrotic areas of the tumour (Jardim-Perassi et al.,
2019). In another recent study, a fluorescent pH-sensitive peptide “pHLIP” was highly
retained at the invading edges rather than the hypoxic centres of mouse mammary tumours
and lung metastases. pHLIP retention correlated strongly with CAIX and lysosome-
associated membrane protein 2 (LAMP-2) staining, adding confidence to the conclusion that

the actively invading edges of tumours have a low pHe (Rohani et al., 2019).

Results from Section 3.2.6 show that the persistent Na* current through VGSCs will be

increased when the pH. is more acidic. This indicates that VGSC activity, and its

221



downstream effects on increasing invasive cell behaviour will be increased in solid tumours,

particularly in areas with lower pHe: hypoxic regions and invading edges of tumours.

In summary, there is some evidence to suggest that VGSC activity increases the rate of
glycolysis in breast cancer cells, which would in turn increase H* extrusion through pH
regulators such as NHEL. This may explain why VGSC activity was previously shown to
increase NHE1-mediated H* extrusion, leading to ECM degradation in breast cancer
(Brisson et al., 2011; Brisson et al., 2013). There is also evidence that extracellular
acidification in breast tumours occurs particularly in the highly proliferative peripheral
region of tumours. Since the persistent current through Nay1.5 is larger in acidic conditions,
more Na*" would enter breast cancer cells through VGSCs at the invading edges of the

tumour. These cellular mechanisms are illustrated in Figure 7.1.

7.4.2 ROS and VEGF signalling: due to hypoxia?

Data from the RNAseq experiment showed that knock-down of Na,1.5 decreased expression
of many antioxidant genes involved in ROS detoxification. This can be interpreted in two
ways: reduction of these genes could lead to an increase in ROS present in the Na,1.5
knock-down cells, or perhaps more likely, it could indicate a reduced need for ROS
detoxification when Nay1.5 is knocked down, due to reduced ROS production. Cancer cells
produce more ROS than normal cells due to increased metabolic rate and relative hypoxia,
and they upregulate antioxidant production in response to this (Perillo et al., 2020). ROS
have a concentration-dependent effect in cancer. At moderate concentrations ROS increase
angiogenesis and promote survival and proliferation via the src, MAPK/ERK1/2, p38 and
PI3K/Akt pathways, whereas at higher concentrations they lead to cancer cell apoptosis
(Aggarwal et al., 2019; Perillo et al., 2020). Investigation into targeting redox homeostasis
for cancer treatment and prevention is therefore an active area of research. There is no
published information on the effect of Na,1.5 on ROS signalling, although there is plenty of

evidence of the reciprocal relationship. ROS lead to decreased transient current through
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Nay1.5 in cardiomyocytes (Liu et al., 2010), possibly because of reduced Nay1.5 expression
(Mao et al., 2012), however ROS also oxidise CAM kinase which increases the persistent
Na* current in cardiomyocytes (Wagner et al., 2011). The effect of ROS on Na* current
through Nay1.5 should be studied in cancer cells, since the relative importance of the
signalling mechanisms discovered in cardiomyocytes may be different in other tissues and
ROS signalling is important in cancer development (Aggarwal et al., 2019). In addition,
based on findings from the RNAseq experiment, it would be important to investigate the
potential effects of Nay1.5 on ROS production in cancer cells. To speculate on a possible
mechanism by which Nay1.5 expression could affect ROS signalling, it could be due to
disruption of normal electron transport chain function, for example by interfering with
mitochondrial inner membrane fluidity (Hernansanz-Agustin et al., 2020). Increased ROS
production could also be because of increased hypoxia in Nay1.5-expressing tumours since
hypoxia leads to increased mitochondrial ROS production in many tissues (Chen et al.,
2018; Aggarwal et al., 2019). One gene ontology term which was enriched in the
downregulated gene set with Na,1.5-knockdown was NK-kB signalling. This can be induced
by ROS (Li et al., 1998), which adds evidence to the theory that Nay1.5 expression may

increase ROS production, rather than just increase transcription of antioxidants.

Another consequence of hypoxia in tumours is increased angiogenic signalling (Hanahan &
Weinberg, 2000) , and this may be affected by VGSC activity. In HUVEC vascular
endothelial cells, Nay1.5 activity leads to VEGF signalling and thus angiogenesis
(Andrikopoulos et al., 2011). Conversely in MDA-MB-231 tumours there was no effect on
angiogenesis with Nay1.5 knock-down (Nelson et al., 2015b). Overexpression of the VGSC
B1 subunit did however increase VEGF secretion into cell culture medium and number of
endothelial vessel structures in xenograft tumours (Nelson et al., 2014). Since VEGF
signalling was an enriched term in the Reactome analysis in this project, and Na,1.5
knockdown decreased expression of stromal oxygen carrying genes, Nay1.5 activity may

promote VEGF signalling in breast cancer cells. Since VEGF signalling is linked to hypoxia
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(Minchenko et al., 1994), it is possible that VEGF signalling occurs downstream of
mitochondrial or redox disturbances caused by Na* entry through Nay1.5. This may be
mediated through ROS-induced NF-kB which increases VEGF signalling (Schmidt et al.,
2007). Alternatively, since VGSC expression increases tumour growth rate (Nelson et al.,

2015b), it may simply increase the size of the hypoxic regions in the tumour.

In conclusion, this thesis has provided transcriptomics evidence that Nay1.5 has a role in
ROS regulation in breast cancer cells and may also increase angiogenic signalling. These
two systems are usually linked to hypoxia in tumours, so there may be a link between Na,1.5

activity and tumour hypoxia which needs further investigation.

7.4.3 Vm modulation and direct protein interactions

As well as regulating pHe, VGSCs have been shown to promote migration of cancer cells by
depolarisation of the Vm. They also engage in direct interactions with other molecules
through both o and  subunits to promote migration and invasion. These mechanisms will be
discussed in turn alongside evidence from this project which contributes to our

understanding of each mechanism.

The notion of VGSC-induced depolarisation of Vi, is intriguing, given the evidence that
more proliferative cells have a less negative Vi, (Yang & Brackenbury, 2013). Inhibition of
VGSCs with TTX in MDA-MB-231 cells and H460 non-small cell lung cancer cells
hyperpolarised the Vi, (Campbell et al., 2013; Yang et al., 2020). A change in Vi, would be
expected to have a multitude of effects on the cell, since it would change the driving force
for all ions across the plasma membrane and could affect electrostatic forces involved in
protein structure and molecular interactions at the membrane. One such interaction that has
been shown to be affected by VGSC activity is the nanoclustering and activation of the small

GTPase Racl in the inner leaflet of the plasma membrane (Yang et al., 2020).
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In this thesis, the effect of B1 expression on Vi, was investigated. The tumorigenic effects of
B1 subunits include promotion of a mesenchymal phenotype and membrane outgrowths in
cancer cells, as well as increased metastasis in the MDA-MB-231 xenograft model of breast
cancer (Nelson et al., 2014). The hypothesis was that since 1 increases transient Na*
current in MDA-MB-231 cells, it would depolarise the V. This hypothesis was not
supported by the data since there was no difference between the V, of control and 1-
overexpressing cells (Figure 3.2 H). It has since been shown that the induced Na* current in
B1-overexpressing MDA-MB-231 cells is TTX-sensitive, unlike that in wild-type MDA-
MB-231 cells (Haworth et al., 2021). This indicates that f1 induces expression of a different
a subunit from that which is normally present in MDA-MB-231 cells. It is possible that this
TTX-sensitive o subunit passes a smaller persistent Na* current than Nay1.5, meaning that it
would not alter the resting Vim in MDA-MB-231 cells. Alternatively, 1 may alter
inactivation gating of a subunits to reduce the persistent Na* current. In support of this
theory, it was shown that although B1 increased the transient Na* current, it reduced the
persistent Na* current when co-expressed with Nay1.1 in HEK293 cells (Aman et al., 2009).
Results from this thesis show that B1 is unlikely to act through depolarisation of the Vi, in
cancer cells. Nor did 1 appear to act via increasing Na* current since this in vitro effect of
B1 (Chioni et al., 2009) was not found in vivo (Figure 3.3 E). It is therefore likely that g1
increases invasive cell behaviour through direct interactions with CAMs on other cells and
with ECM components, via its g loop (McEwen & Isom, 2004). These interactions
stimulate B1-regulated intracellular signalling pathways involving ankyrin recruitment
(Malhotra et al., 2000), fyn kinase and contactin (Brackenbury et al., 2008) or other

pathways as yet unidentified.

One pro-migratory function of Na,1.5 in breast cancer cells is increasing cortactin
phosphorylation (Brisson et al., 2013) which then activates the Arp2/3 complex to initiate
branching of actin required for cell motility (MacGrath & Koleske, 2012). In this thesis,

RNAseq revealed that Nay1.5 knock-down upregulated ARPC3 which codes for one subunit
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of the Arp2/3 complex. Alone, this seems to disagree with the finding that Nay1.5 activates
Arp2/3, however activity of Arp2/3 may not follow expression changes. Also, many more
cytoskeletal genes were downregulated with knock-down of Na,1.5 than were upregulated
(Table 4.4, Table 4.7 and Figure 4.6 A). The STRING database was consulted to assess
downregulated genes where the gene product interacts directly with Nay1.5, and four out of

five genes were involved in the cytoskeleton (Figure 4.12).

Another function of VGSCs which has been shown in cancer is increasing activity of src
(Brisson et al., 2013) and fyn, a member of the src family of tyrosine kinases which are
important in mitogenic signalling (Brackenbury et al., 2008; Brackenbury et al., 2010).
There were no significant changes in expression of any members of the src family with
Nay1.5 knock-down except strong downregulation of JAK3 (Table 4.4). This does not
exclude the possibility that src and fyn are less activated with Na,1.5 knock-down however.
Since MAPK signalling has been shown to be linked by VGSC activity in colon cancer
(House et al., 2010; House et al., 2015), expression of genes in this pathway could be altered
by knock down of Nay1.5 in breast cancer cells. Indeed, three MAPK genes were
differentially expressed in Nay1.5 knock-down tumours, although two of these were
upregulated. Again, it seems likely that activity does not correlate with activity in these
genes, given that phosphorylation status rather than concentration controls activation of each
member of the pathway. House et al (2015) showed that WNT9A was upregulated when
VGSCs were opened by veratridine in colon cancer cells. Since the wnt pathway is
important for cancer cell invasion and is activated downstream of the MAPK mitogenic
cascade (House et al., 2015), this was an important finding. WNT3 was downregulated with
Nav1.5 knock-down in this RNAseq experiment indicating that a similar mechanism may be

present in breast cancer cells.

The RNAseq data in this thesis suggest a role for VGSCs in regulating Ca?* signalling via

the ryanodine receptor, TRPV4 and the VGCC regulatory subunit a28. There is little
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published evidence of a direct link between VGSCs and Ca?* signalling in non-excitable
cancer cells, although there are several possible mechanisms by which [Na*]i could affect
[Ca?'], such as via depolarisation of the Vi, which would reduce the inward driving force for
Ca?* but could also open any VGCCs which are present. In addition, Na* and Ca?* are
exchanged across the plasma membrane by NCX and across the mitochondrial membrane by
NCLX. Although small and localised increases in cytosolic Ca?* can increase cell migration
(Prevarskaya et al., 2011), a large increase in cytosolic Ca2* initiates apoptosis (Akl &
Bultynck, 2013). Large increases are often mediated by ER release of Ca?* via the IP3R, and
in cancer cells this mechanism of Ca?* release is usually associated with induction of
apoptosis (Akl & Bultynck, 2013). Further work is required to investigate the link between
VGSC activity and the Ca?* channels identified in this project. This could involve Ca?*
imaging with confocal microscopy and pharmacological regulation of each type of Ca?*

channel in turn to assess localised changes in Ca?* upon opening of VGSCs.

As mentioned above, a significantly downregulated gene in Nay1.5 tumours is a member of
the src family, JAK3. This normally mediates intracellular signalling downstream of
cytokine receptors in immune cells (Leonard & O'Shea, 1998). It is possible that a decrease
in JAK3 expression indicates a reduction in inflammatory cytokine signalling in Na,1.5
knock-down tumours. Other evidence for this is shown by the downregulation of genes
involved in interferon signalling (Figure 4.5), and the changes in expression of genes
involved in antigen presentation (Table 4.9 and Figure 4.5). A reduction in inflammatory
signalling in a severely immunocompromised host is difficult to interpret. It is however
possible that Nay1.5 expression in cancer cells influences interactions with the immune
system, for example through ROS signalling, reduced pHe, changes in antigen presentation

or via increasing expression of co-stimulatory molecules which induce immune tolerance.

In summary, the RNAseq data, together with the mechanistic findings from the in vitro

physiological studies, suggest that Na,1.5 expression and activity in breast cancer xenografts
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may affect ROS signalling, NF-«xB signalling, VEGF signalling and the hypoxia/low pH
marker CAIX. These are all linked to hypoxia, and changes in metabolism, which would fit
with an increased rate of glycolysis in cells expressing Na,1.5. In mechanistic experiments
with breast cancer cells, NKA was highly reliant on glycolysis but not oxidative
phosphorylation. Logically, this would mean that Na* entry via VGSCs would increase the
rate of glycolysis to power NKA. Reciprocally, the reduction in pHe caused by VGSC
activity serves to increase Na* entry into breast cancer cells via Na,1.5. Together, these
mechanisms, shown in Figure 7.1 could lead to a positive feedback loop linking Na* entry

and extracellular acidification.
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Figure 7.1 Hypothetical mechanisms of VGSC promotion of extracellular acidication and
invasion, updated to include new findings from this thesis.

This includes the hypothesis from Figure 3.1, whereby VGSCs increase NKA activity,
increasing the rate of glycolysis and cytosolic H* production, with removal of H* through
NHEL. Additional mechanisms are: 1. Upregulation of ASIC1 which, like Nay1.5 allows Na*
into the cell in low pHe. 2. Removal of intracellular H* via CAIX as well as by NHEL. 3.
Upregulation of ROS signalling via GSTM downregulation, with positive feedback on
persistent Na* current through VGSCs. 4. Upregulation of NF-«xB signalling which promotes
EMT, including the production of ECM components. 5. Upregulation of angiogenesis,
perhaps via ROS and/or NF-xB. Angiogenic signalling alongside upregulation of CAIX is
associated with aerobic glycolysis (the Warburg effect). 6. Reciprocally, acidic pHe
increases persistent Na* current into cancer cells through the VGSC Na,1.5.
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7.5 Future directions

Experiments which have been highlighted above as desirable next steps include optimisation
of culture conditions to measure VGSC currents in primary breast cancer cells, and to obtain
primary cultures of metastatic cells, for example cells from pleural effusions in breast cancer
patients. It is important to make electrophysiological recordings from metastatic cells
because there is evidence that Na,1.5 is linked to metastatic ability, and large VGSC currents
have only been recorded from breast cancer cell lines obtained from pleural effusions. To
examine whether VGSC currents are larger in metastases than in primary tumours,
electrophysiological recordings would need to be performed in primary and metastatic cells
from a better mouse model of breast cancer metastasis such as the MMTV-PyMT model, if

this model expresses VGSC currents.

ESL was shown to inhibit currents through Na,1.5 in MDA-MB-231 cells, so the next steps
to investigate its potential as an anti-cancer therapy would be to perform in vitro studies to
assess the effect of ESL on migration and invasion of breast cancer cells. These could be
performed as in (Yang et al., 2012) using a wound-healing assay and a Matrigel invasion
assay. If these assays are successful, the drug could be tested in an in vivo study similar to
(Nelson et al., 2015a). The eventual goal of these experiments is to find a suitable drug for a

clinical trial of a VGSC inhibitor in breast cancer patients.

Since no relationship was found in this project between VGSC activity and total tissue
[Na*], but small studies on isolated cancer cells showed that [Na*]; is reduced with TTX
(Campbell et al., 2013; Yang et al., 2020), it is still unclear whether VGSC activity affects
[Na*] in tumours. Na* entry via VGSCs is likely to be counteracted by NKA, but the amount
of extracellular Na* entering cells through all mechanisms may still be increased with VGSC
activity, and this could be assessed if extracellular Na* could be labelled. The isotope ?’Na
emits positrons and is therefore detectable by positron emission tomography (Murata et al.,

2016). There might be a way of using this physical feature of 22Na to measure intracellular

230



Na* accumulation in breast cancer cells in vitro and thereby assess the relative importance of

various Na* transport mechanisms on regulation of [Na'];.

This thesis provided some evidence of heterogeneous extracellular pH in xenograft tumours.
In particular, the region with lower pH correlated with the more proliferative edges of the
tumour. 2Na MR studies have shown that [Na*] is also heterogeneous in tumours
(Ouwerkerk et al., 2007; James et al., 2021). Given the evidence from this thesis that Na*
and pH* regulation are linked, it would be extremely useful to determine whether there is
any correlation between the distributions of these two ions. pH can be assessed by MRI in
vivo using a phosphorus coil or by MRI-CEST, so imaging of Na* and using CAIX staining
or the hypoxia probe pimonidazole. Co-registration of histological sections and 2*Na MRI
images is possible if great care is taken to preserve the orientation of the tumour as in

(Jardim-Perassi et al., 2019).

Further work needed to test the hypothesis that VGSCs affect extracellular acidification via
NKA would include measurement of the rate of NKA activity with VGSC channel
modulators. NKA activity would be best measured by an ®Rb* uptake assay. The effect of
VGSC modulators on the rate of glycolysis needs to be tested by further lactate assays as in
this thesis. It can also be measured using a Seahorse analyser which measures real-time
extracellular acidification rate as well as oxygen consumption rate, isolating the source of

extra ATP used by NKA upon opening of VGSCs.

Again, to further test the hypothesised mechanism of VGSC-induced H* extrusion through
NHEL, it would be useful to assess the degree of co-localisation of VGSCs and NKA on the
plasma membrane using immunofluorescence and confocal microscopy. In breast cancer
cells, Nay1.5 has been shown to co-localise with NHE1 to increase extracellular acidification
(Brisson et al., 2013). The VGSC-related a subunit Nax co-localises with NKA in CNS

neurons to produce lactate signalling (Berret et al., 2013). It is therefore possible that NKA
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might co-localise with Na,1.5 and NHEL in caveolae in breast cancer cells, and if so, it
would add confidence to the theory that Nay1.5 acts through NKA to increase glycolytic H*

production and therefore H* extrusion through NHE1.

In the RNAseq experiment, several glutathione-S-transferase gene mRNAs were
downregulated with knock-down of Na,1.5. This is of note because glutathione removes
cellular ROS, and ROS signalling is disrupted in cancer. The downregulation of these genes
should be confirmed with gPCR and a glutathione assay might show a change in glutathione
activity with knock-down of Na,1.5. Antioxidant genes are expressed in response to
oxidative stress (Lu, 2009) so ROS production may be decreased with knock-down of
Na,1.5. It would be sensible to perform ROS assays in Nay1.5 knock-down cells, but also in
cells treated acutely with TTX or veratridine to assess effects of VGSCs on ROS production
before any changes in gene expression have taken place. If Na,1.5 activity is shown to
increase expression of glutathione-S-transferase genes, the signalling pathway leading to this
regulation should also be investigated. There is RNAseq evidence that NF-kB signalling is
disrupted with Nay1.5 knock-down and this pathway has been shown to regulate glutathione
expression, so activation of genes in this pathway could be investigated through gPCR and

Western blot for example.

7.6  Conclusion

This thesis has provided significant evidence that VGSCs are important in breast cancer
metastasis. It has also provided some evidence that VGSCs in cancer cells reduce pH. via
increasing glycolytic flux, contributing to tumour aerobic glycolysis. Interestingly, Na,1.5
allows a larger steady-state Na* current into cancer cells in acidic conditions. Together these
findings lead to a positive feedback loop which acts both to increase intracellular [Na*] and

extracellular [H*] in tumours.
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Appendices

Appendix I Calculation to explain tissue [Na*] difference in
normal and cancerous mammary glands

This calculation was performed to assess whether the milk content of normal lactating
mammary glands explains the difference between total tissue [Na*] between normal glands
and breast tumours. Mouse milk has a [Na*] of 26 mM (Berga & Neville, 1985), slightly less
than the total [Na*] of the normal mammary glands measured by ICP-MS (~30 mM). It is
therefore possible that non-lactating mammary glands might have had a slightly higher total
[Na*] than these glands. If the milk content were the sole reason for the difference in total
[Na*] between the normal and cancerous tissues, it would be possible to calculate the
proportion of the tissue made up of milk:

Milk proportion (p) x milk [Na*] + tissue proportion (1-p) x tissue [Na*] = 30 mM.

p x 26 + (1-p) x 46 = 30

p=0.8
In order for the milk content to decrease the total [Na*] from 46 mM as in the tumours to 30
mM, it would be necessary for 80% of the normal lactating mammary gland to be made up
of milk. In (Berga & Neville, 1985) the milk was calculated to make up 0.064 ml/g tissue
(~6%) of the lactating mouse mammary gland. Therefore, the difference between tumour
[Na*] and normal gland [Na*] is not likely to be just due to the milk content of the normal

glands.
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Appendix 11

Primers

I.i Primers to detect selected K* channel mRNA:

Appendix table | PCR primers used to detect mRNA for selected K* channels in breast cells.

KCNA3 (K.1.3)

FWD

5-AAA AAC GGG CAA TTC CAC TGC-3'

Self-designed

REV

5-AAC AAG GGC ATA GGC AGA CC-3'

Length 282 bp

Gene contains only one exon

KCNH1 (Kv10.1)

FWD in exon 18

5’-CCT GGA GGT GAT CCAAGA TG-3'

(Ramirez et al., 2013)

REV in exon 19

5-CCAAAC ACG TCTCCT TTT CC-3

Length 60 bp

KCNH2 (Kv11.1)

FWD in exon 9

5-GTG CTA AGG GCT TCC CTG AG-3

(Gong et al., 2014)

REV in exon 11

5-CCG ACT GAAGCC ACC CTC TAAC-3

Length 504 bp

KCNMA1 (Kcal.1 or
BKCa)

FWD in exon 69

5-TGC AAA GGA GGT TAT AAAGTT ACG-3

(Khaitan et al., 2009)

REV in exon 69

5-ATT TCA CAA AAG TTT TCA CAAGGA C-3

Length 248 bp

KCNN4 (Kca3.1 or IKca)

FWD in exon 10

5'-CTG CTG CGT CTC TAC CTG G-3’

(Thurber et al., 2017)

REV in exon 10

5'- AGG GTG CGT GTT CAT GTA AAG-3

Length 144 bp

Appendix 11
cells

CRISPR knock out of SCN5A in MDA-MB-231

The gene coding for Nay1.5, SCN5A was knocked out in MDA-MB-231 cells using

CRISPR-Cas9 technology, in preparation for in vitro and in vivo experiments assessing the

functions of Nay1.5 in breast cancer. CRISPR was chosen for this purpose as it has fewer

and more predictable off-target effects than RNA interference techniques (Smith et al.,

2017).

I11.i  Choosing CRISPR target sequences in SCN5A

The online Zhang lab CRISPR design tool (CRISPR.mit.edu) was used to find suitably

unique CRISPR target sequence sequences in SCN5A. It is advisable to target near to the

beginning of the gene to achieve reliable disruption of protein function. Target sequences for

exons 3. 8 and 9 were designed (Appendix I11.v.x). First, the MDA-MB-231 genome was

sequenced around each possible target in exons 3, 8 and 9, to make sure that this cell line did
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not have mutations making the targets unsuitable. Sequencing primers were designed
(Appendix I11.v.ix). The sequences for SCN5A exons 3, 8 and 9 in MDA-MB-231 cells

matched the NCBI sequences.

I1Lii  Creating CRISPR plasmids and transfection of MDA-MB-231 cells

The CRISPR plasmid px459 (Appendix figure 1) was engineered to target exons 3, 8 or 9 by
inserting a target sequence into the guide RNA scaffold. The inserts were designed to be
flanked by sticky ends which were complementary to the Bbsl-restricted px459 plasmid.
Forward and reverse oligonucleotides to make each insert were annealed then ligated into
the Bbsl-restricted px459 plasmid. After amplification of the plasmid in bacteria and
purification of DNA, the plasmids inserts were sequenced to confirm correct recombination.
Engineered plasmids targeting one of three exons in SCN5A were transfected into MDA-
MB-231 cells and wild-type px459 plasmids were transfected into control cells. Puromycin

treatment was applied for 7 days to Kill all untransfected cells.

I1Liii Characterisation of CRISPR-treated clones

After transfection of the px459 CRISPR plasmid engineered to target exon 3 of SCN5A,
some CRISPR-treated cells were frozen down. Five clones were expanded from single cells
by plating at a density of 1 cell/well in 96 well plates and removing wells containing more
than one cell for the first three days. The genomic region around the target sequence was
amplified by PCR, and this amplicon was sent for Sanger sequencing. The chromatograms
that were obtained showed a disruption of the sequence in all five clones at the expected
location of the double stranded break (e.g. Appendix figure Il A). The chromatograms were
deconvoluted into the likely sequences present in each allele of the gene by the online
program CRISP-ID (Dehairs et al., 2016). MDA-MB-231 cells can have 1-3 copies of
chromosome 3 (Watson et al., 2004), but for the purposes of using CRISP-ID, it was

assumed that there were two copies in these MDA-MB-231 cells.
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U6 promoter |
aRNA scaffolgq
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9175 bp

Appendix figure | Plasmid map of px459 V2.0.

This plasmid contains the gene coding for the CRISPR endonuclease enzyme Cas9 and a
scaffold for a guide RNA to direct Cas9 to a location where it will make a double stranded
DNA break. Image made with Snapgene.
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Bi

TCCCTTCCACCCCATNNNGNNNNGCNGNNNNGANNN

guide RNA target

101 200
101 TGTCTGTCCCCAGACTTTCATCGTACTGAATAAAGGCAAGACCATCTTCCGGTTCAGTGCCACCAACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 200
T o e meemmemmmmm s AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 37
T e AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATA 37
201 300
201 CGG-AGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGT TAA - - - - = - = oo 250

37 ---GAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATAACAGCTGATGACCACCTGCTGG- - - -CCGACGATGCTGATGAGGTGCT 130
38 CCGGAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTACTTCCTGCGTA-GTCCCCCGGGGGGCCCCCCGGGGGGGTTCACGACGTGC- 135

101 200
101 TGTCTGTCCCCAGACTTTCATCGTACTGAATAAAGGCAAGACCATCTTCCGGTTCAGTGCCACCAACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 200
T AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 37
| o s AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATA 37
201 300
201 CGG-AGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAA- - - - - - = = === mm o= o e o oo 250

37 ---GAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATAACAGCTGATGACTACCTGGTGG- - - -CCGACGATGCTGATGAGGTGCT 130
38 CCGGACAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTACTTCCTGCGTA-GCCCCCCCGGGGGCCCCCCGGGGGGGTTCACGACGTGCC 136

101 200
101 TGTCTGTCCCCAGACTTTCATCGTACTGAATAAAGGCAAGACCATCTTCCGGT TCAGTGCCACCAACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATE 200
T oo AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 37
S AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATA 37,
201 300
207 CGG-AGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCT TTGCAGT TAA- = = = == m e e e e e e e e e e e e e 250
37 ---GAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATACCAGCTGATGACTACCTGGTGGCCGACCATGCTGATGAGGTGCTGC-- 132
38 CCGGAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATTCCTGCGTA-GCCCCCCCGGGGGCCCGLC----- - - - GGGGGGGTTCAC 128
101 200
101 TGTCTGTCCCCAGACTTTCATCGTACTGAATAAAGGCAAGACCATCTTCCGGTTCAGTGCCACCAACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 200
] sccccccccccccccccccccccccccccccccccccccccccccccccscccncccncan—= AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATC 37
T AACGCCTTGTATGTCCTCAGTCCCTTCCACCCCATA 37
201 300
201 CGG-AGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAA - - - m - = - o o o e mmmmmmmmm o e mm i mmmmn 250

37 ---GAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATACCAGCTGATGACTACCTGCTGG- - - - CCGACGATGCTGATGAGGTGCT 130

38 CCGGAGAGCGGCTGTGAAGATTCTGGTTCACTCATATCCTTTGCAGTTAATTCCTGCGTA-GCCCCCCGGGGGGCCCCCCGGGGGGGTTCACGACGTGCC 136
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Appendix figure 1l Assessing Na,1.5 KO in four clonal populations of MDA-MB-231 cells.
A. Chromatogram showing that the sequence becomes altered at the point of the expected
double-strand break in exon 3. B. Alignment of the wild-type DNA sequence (top line in
each box) to the sequenced PCR product from four SCN5A knock-out clones, using the
online deconvolution tool CRISP-ID (Dehairs et al., 2016). This shows gene disruption of
both alleles of the gene (middle and bottom lines in each box) in all clones. C. Example
VGSC Na* currents measured using whole cell patch clamp in control (WT) MDA-MB-231
cells and from one SCN5A/Nay1.5 knock-out clone. D. Peak current density of control (WT)
MDA-MB-231 cell and Nay1.5 knock-out clones B, F, G & K (n = 3-10). Results are mean £
SEM, one way ANOVA with Dunnett’s multiple comparisons test.
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Four knock-out clones with unique gene disruptions (called B, F, G and K) were found out
of the five tested (Appendix figure I11.Bi-iv). Whole-cell patch clamp recordings confirmed
that there were no detectable voltage-sensitive Na* currents in any of the clones (Appendix

figure I1.C and D).

The sequencing and patch clamp evidence was sufficient to show that the CRISPR knock-
out of Nay1.5 had been successful. However CRISPR gene editing can have off-target
effects. The Zhang lab online CRISPR design tool (Ran et al., 2013) specified the most
likely off-targets that could be affected for each target sequence that it identified (Appendix
table I11). The top 10 most likely off-target regions were amplified by PCR using self-
designed primers (Section Il1.v.xii) and these were sequenced. All of these sequences
matched the reference genome sequences, showing that the top 10 most likely off-targets

had not been affected by CRISPR.

The four Nay1.5 knock-out clones were next assessed for phenotypic changes. First a
proliferation assay was performed, using a sulforhodamine B assay (Section I1l.v.vii) to
guantify protein (Appendix figure 111 A). There was no statistically significant difference
between any of the clones and the control cells, even at day 5 (P = 0.13; n = 6 experiments
each with 8 wells per condition; Appendix figure 111 B). Next, morphology of the Na,1.5
knock-out cells was assessed (Section I11.v.viii) since Nay1.5 expression has been previously
associated with an elongated, mesenchymal-like morphology (Nelson et al., 2015b).
Circularity of cell perimeter was used as an indicator of cell shape as this had been used in
(Nelson et al., 2015b). Surprisingly, the Nay1.5 knock-out clones’ circularity did not differ
from the control cells, except one clone, ‘K’, which was more elongated than the control
cells with a circularity score of 0.40 + 0.02 compared to 0.58 + 0.03 (P <0.01;n=6
experimental repeats; Appendix figure I11 C). Finally, [Na*]; was measured using SBFI-AM
in Nay1.5 knock-out clone B compared to control cells (Appendix figure 111 D and E). This

showed that [Na*]i was lower in Na,1.5 knock-out clone B cells (2.6 £ 0.5 mM) than in the
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controls (8.0 + 1.2 mM) (P < 0.05; n = 3 or 4 experimental repeats each with 40 cells;

unpaired t test; Appendix figure 111 E).

It was hypothesised that growing colonies from single cells might select for more
mesenchymal-type cells which were less prone to anoikis. To mitigate for this possibility,
experiments were performed using polyclonal CRISPR Nay1.5 knock-out cells frozen down
prior to clonal selection. There were no detectable voltage-gated Na* currents detected by
whole cell patch clamp in the 14 polyclonal cells tested (Appendix figure IV A and B).
There was no significant difference in circularity between the polyclonal knock-out cells and
controls (P = 0.20; n = 8 experimental repeats; unpaired t test; Appendix figure IV C). Next
[Na*]i was measured in the polyclonal knock-out cells compared to wild type cells. Instead
of SBFI-AM fluorescence being measured with a microscope and camera as with a clonal
population of Nay1.5 knock-out cells, in this experiment SBFI-AM fluorescence was
measured using a plate reader so that control and knock-out cells could be assessed
concurrently. The polyclonal Nay1.5 knock-out cells did not have a detectably different
[Na*]i from control cells (7.93 + 0.42 vs 6.46 + 0.53 mM; P = 0.58; n = 5 experimental

repeats; unpaired t test; Appendix figure IV D and E).

In summary, the CRISPR knock out of SCN5A from MDA-MB-231 cells was successful,
efficient and there was no evidence of off-target effects. However, growing clones from
single cells selects for those cells which are particularly resilient and therefore clones may
show a different phenotype from the original population of cells. Due to an unforeseen lack
of time and resources due to covid-19, no further experiments were performed with the

SCNS5A knock-out cell in this project.
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Appendix figure Il Characteristics of clonal populations of MDA-MB-231 cells with
CRISPR knock out of Nay1.5.

A. Proliferation assay (sulforhodamine B protein assay), examining growth of Nay1.5 knock-
out clones compared to control (WT) MDA-MB-231 cells over five days (n = 6 experiments,
with 8 wells per condition). B. Comparison of growth of clones on day 5 of the proliferation
assay in A. (P = 0.13; n = 6 experiments; one-way ANOVA with Dunnett’s multiple
comparisons test) C. Circularity of cells from each of the Na,1.5 knock-out clones compared
to WT MDA-MB-231 cells (n = 6 experiments, each an average of 50 cells; one-way
ANOVA with Dunnett’s multiple comparisons test). D. Example calibration of SBFI-AM
measurement of [Na*]i in Nay1.5 knock-out MDA-MB-231 cells on a coverslip. Each cell’s
[Na*]i was calibrated separately using a two-point calibration at the end of the test period. E.
SBFI-AM measurement of [Na*]i in Nay1.5 knock-out clone B vs WT MDA-MB-231 cells
(P < 0.05; n = 3-4 experiments per cell line, each an average of 40 cells; unpaired t test).
Results are mean + SEM.
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Appendix figure IV Assessment of polyclonal MDA-MB-231 cells with CRISPR knock out
of Na,1.5.

A. Peak current density of control (WT) and polyclonal Na,1.5 knock-out MDA-MB-231
cells (P < 0.0001; n=7 WT and 14 KO cells; unpaired t test). B. Current/voltage
relationship of VGSC Na* currents in polyclonal Nay1.5 KO and control MDA-MB-231
cells. C. Circularity of polyclonal Na,1.5 KO and control MDA-MB-231 cells (P =0.20; n =
8 experiments each of 50 cells; unpaired t test). D. Average calibrations of SBFI-AM in
plate reader experiments, with the averaged results of control and SCN5A/Nay1.5 KO cells,
showing where these data points lie on the calibration curves. (To calculate [Na*];, in each
experiment, test wells were compared a calibration curve from the same plate rather than an
averaged calibration curve). E. SBFI-AM measurement of [Na*]; in polyclonal Na,1.5
knock-out and control MDA-MB-231 cells (P = 0.58; n = 5 experiments, each an average of
5 wells, each containing 2.5 x 10* cells; unpaired t test). Results are mean + SEM.
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I11.iv CRISPR project discussion

The finding that Nay1.5 knockout did not cause a detectable change in steady-state [Na*]; in
a polyclonal population was surprising, since an shRNA construct targeting SCN5A was
shown to decrease [Na*]i in MDA-MB-231 cells, albeit only by 4 mM (Yang et al., 2020).
Perhaps it should not be particularly surprising that knock-out of Nay1.5 did not change
[Na*]i detectably in this study. VGSCs are one of many transport systems affecting the [Na*];
and changes in [Na*]i are rapidly counteracted by Na*/K* ATPases (NKAS) to maintain
homeostasis. It is possible that rather than increasing steady-state [Na*]i, the main
consequence of VGSC activity is increased flux of Na* into and out of the cell, with the

effect of increasing NKA activity (main hypothesis from Chapter 3).

As shown in this chapter, selection of a clonal population of cells results in a different
phenotype from that of a polyclonal population of cells. The fact that the Nay1.5 knock-out
clones were not behaving as expected based on the literature suggested that there could be
selection for particularly aggressive cells when clonal colonies were grown from single cells,
as described in Jurkat T cells (Hanlon et al., 2019). These authors showed that non-
genetically edited clonal populations were phenotypically different from the parental
population and did not revert back to the parental phenotype. Epigenetic changes caused by
single-cell selection were long lasting. Given that clonal selection is a very common
technique in cell biology, these findings indicate that experiments using clones should be

interpreted with care.

Ill.v CRISPR project methods

Ill.v.i Plasmid engineering

Oligonucleotides were designed to create inserts with sticky ends for the guide RNA
scaffold to target the previously identified target sequences in SCN5A (Appendix I11.v.x).
The forward and reverse oligonucleotides (1 pl of 100 uM stock) were annealed in 10 pl T4

ligase buffer to make inserts by holding at 95 °C for 5 min then ramping down the
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temperature by 0.1 °C per second to 25 °C. The px459 plasmid was restricted with Bbsl
(Thermo Scientific ER1011) at 37 °C for 16 h then Bbsl was inactivated at 65 °C for 20 min.
The inserts were then ligated into the Bbsl-restricted px459 plasmid using T4 ligase (New
England Biolabs M2020) in a reaction containing 1 ul T4 ligase, 20 ng of restricted px459
and 30 pmol annealed primers in a reaction volume of 10 pl. The px459 plasmid was
amplified in bacteria and sequenced using primer LKO.1_5 (Appendix I1l.v.xi) to check for

proper insertion of the insert (e.g. Appendix figure V C).

I1l.v.ii Transformation of bacteria

XL1-blue competent cells (Stratagene) were used for amplification of plasmids. An aliquot
of XL1 competent cells was thawed and resuspended, then 50 ul was added to each 14 ml
pre-cooled tube. Experimental plasmid DNA (~30 ng) was added to one tube and 0.1 ng of
pUC18 (positive control plasmid) DNA was added to the other tube. Tubes were mixed and
incubated on ice for 20 minutes, heat pulsed to 42 °C for 45 s, then put back in ice for 2
minutes. 0.9 ml S.0.C. medium (Thermo Scientific) preheated to 42 °C was added to each
tube and tubes were incubated at 37 °C for 30 minutes with shaking at 225 rpm. 100-200 pl

from each tube was spread onto LB agar plates containing ampicillin at 100 pg/ml.

I11.v.iii Bacterial culture

Plates of transformed bacteria were incubated at 37 °C overnight and colonies were picked.
Each colony was added to 5 ml LB broth with 100 pg/ml ampicillin in a 14 ml tube. Tubes
were incubated at 37 °C for 24 h and shaken at 225 rpm. Glycerol stocks were made by

adding 500 pl bacterial suspension to 250 ul glycerol and 250 ul water then frozen at -80 °C.

I11.v.iv DNA purification
Plasmid DNA was purified in small quantities for sequencing using a NucleoSpin plasmid
clean up kit (Macherey-Nagel). For transfection quality plasmid DNA, a HiSpeed plasmid

midiprep kit (Qiagen) was used. Genomic DNA was purified using a NucleoSpin tissue
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clean up kit (Macherey-Nagel). PCR products were purified using a Nucleospin Gel and
PCR clean up kit (Macherey-Nagel). DNA was assessed for purity and concentration using
Nanodrop ND-1000 (Thermo). DNA was used if the concentration was >100 ng/ul and

absorbance readings were 260nm/280nm >1.8 and 260nm/230nm >2.0.

Il.v.v Transfection of mammalian cells

Cells were grown in 24-well plate wells until they were at 50-80% confluency. JetPRIME
transfection reagent (Polyplus) was used for all transfections. 500 ng plasmid DNA was
added to 1 ul JetPRIME and made up to 50 pul with JetPRIME buffer in a microcentrifuge
tube. The mixture was vortexed, incubated at room temperature for 5 minutes then vortexed
again. The mixture was added to a well of cells containing 0.5 ml serum-containing medium
and the cells were incubated at 37 °C and 5 % CO, for 4 h. After this, the medium was

replaced with fresh medium.

I11.v.vi Antibiotic treatment and clone selection

Before transfection of plasmids into MDA-MB-231 cells, a puromycin kill curve was
performed to choose the optimal dose for selection, and this was determined to be 1 pg/ml
puromycin which killed non-transfected cells after 5 days. Following transfection of MDA-
MB-231 cells, puromycin treatment (1 pg/ml) was started after 48 h and continued for 7
days until all untransfected cells had died. Wild-type px459, not including the target

sequence specific for SCN5A was transfected into CRISPR control cells.

Cells were then plated in 96 well plates at a concentration of 5 cells/ml, meaning that each
well had on average 1 cell in a volume of 200 pl. Wells were examined daily after seeding.
Wells in which there were two or more cells in the first 48 h were excluded, and wells in
which there were two or more colonies at later timepoints were excluded. Only clones that
had grown from single cells were kept. These were transferred to larger wells when

approaching confluency and frozen down.
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A Bbsl restriction site Bbsl site on px459 +ve strand Bbsl site on px459 -ve strand

267 245
5’ GAAGACNN |NNNNN 3’ 5’ GAAGACCT|GTTT TAGAGC 5’ AAAGGACGAAR|CACC GGGTCTTCGA
3’ CTTCTGNNNNNNt1N 57 3’ CTTCTGGA CAAA1ATCTCG 3’ TTTCCTGCTTT GTGG{CCCAGAAGCT

271 249
Sticky ends of 5/GTTT TAGAGC 5/ AAAGGACGAAA
restricted plasmid 3" ATCTCG 3’ TTTCCTGCTTT GTGG

B Adding complementary sticky ends to target sequence insert
5’ — CACCGNNNNNNNNNNNNNNNNNNN - 37

3’ — CNNNNNNNNNNNNNNNNNNNCAAA - 5'

Need these oligonucleotides to make insert targeting exon 3, (Guide #1)

5" - CACCGTTCACAGCCGCTCTCCGGAT - 37

5" - AAACATCCGGAGAGCGGCTGTGAAC - 37

C PO PR VYRR [ VUVNY VAR [ TANN P NNN [ NERE [ VRNN [ VENY [ VNN VAN VRNV
20 30 40 S0 €0 70 0

TTTATATATCTTGTGGAAG CTCCGGATGTTTTAGAGCTAGAAZ
CTCTCCGGAT

a

Appendix figure V Creating a plasmid to target exon 3 of SCN5A.

A. Restriction site of Bbsl which does not cut within the recognised sequence and how this
will affect the vector px459, leaving sticky ends. B. Design of oligonucleotides needed to
create an insert with sticky ends complementary to the Bbsl-restricted px459 vector. A G-C
base pair (in blue) needs to be added at the 5’ end of the guide sequence for U6 transcription.
C. Alignment of the exon 3 target sequence against recombinant px459 into which the target
sequence for exon 3 of SCN5A has been ligated.

246



I11.v.vii Sulforhodamine B proliferation assay

Cells were seeded at 4 x 10* cells/well in 5 x 96 well plates, and one plate was fixed every
24 h after seeding. The first plate was fixed after 2 h to allow cells to adhere. To fix plates,
100 pl of 10% TCA was added to the culture medium in each well and the plates were
incubated at 4°C for 1 h. The plates were then rinsed gently and dried. At the end of the
experiment, 100 pl of 0.057% sulforhodamine B (Sigma S1307) was added to each well and
plates were incubated at room temperature for 30 minutes. Plates were then drained, rinsed
thoroughly in 1% acetic acid and dried. The dye was solubilized by adding 200 pl of Tris-
base solution (pH 10.5) in each well and the absorbance was measured at 510 nm in a BMG
Clariostar plate reader. Readings were corrected for absorbance of wells which had

contained culture medium but no cells.

H1.v.viii Morphology assay

Cells were seeded at 1 x 10* cells/well of a 4 well plate, and three days later they were
imaged in the plate on Nikon Eclipse TE200 fluorescent microscope using phase contrast
brightfield imaging at 20X magnification. Photomicrographs were recorded using a
RoleraXR Fast1394 charge-coupled device (CCD) camera (Qlmaging) and SimplePCI 6.0
software and images were saved as 8-bit .tif files. After blinding the experimenter to cell
type, the images were analysed in NIH ImageJ 1.53c (Schindelin et al., 2012), by drawing
around the perimeter of each cell and measuring circularity. Each experimental repeat was

the mean of 50 cells from one plate.

I11.v.ix Primers for sequencing wild-type MDA-MB-231 genome around CRISPR
target sequences (and later for sequencing CRISPR-treated cells)

Exon 3: FWD: 5’-CTG ACC TGC CAA ATG TGC TG-3’, REV 5’-AAT CAG CGC TAC

TCT CAC TCC-3’ Expected fragment length 398 bp

Exon 8: FWD: 5°-AGG GAC AGA TCA GCA GCA AC-3°, REV: 5’-ACT GGC AGC

AGG ATG TCT TC-3’ Expected fragment length 662 bp
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Exon 9: FWD: 5°-CTT GTG TAG CCT GGA CCC TG-3’, REV: 5’-GGG CAG AAG GGA

GCT TGA TT-3’ Expected fragment length 461 bp

I11.v.x Primers used to make inserts for px459 to target exon 3 of SCNSA

Exon 3: FWD: 5’-CAC-CGT TCA CAG CCG CTC TCC GGA T-3’, REV: 5’- AAA CAT
CCG GAG AGC GGC TGT GAAC-3’

Exon 8: FWD: 5’-CAC CGC AGA GGT GCC GTT GAG C-3°, REV: 5’-AAA CGC TCA
AGA ACG GCACCTCTGC-3°

Exon 9: FWD: 5’-CAC CGG GAG GGC TAC CGG TGC CTAC-3’, REV: 5’-AAACTT
AGG CAC CGG TAGCCCTCCC-¥

I11.v.xi Sequencing primer for plasmid
The inserts in px459 were sequenced using the primer LKO.1 5: 5’-GAC TAT CAT ATG

CTT ACC GT-3” which binds at 172-191 bp, in the U6 promoter region of px459.

I11.v.xii Primers for sequencing genome of SCN5A-KO MDA-MB-231 cells for off-
target effects

Off target 1: FWD: 5’-ACG CAT GTC TGT GAC TCT GG-3’, REV: 5’- ATC TCC CAG
GCA GCT GAA AC-3’ Expected fragment length 121 bp

Off target 2: FWD: 5°-ACG CAG GCA AAA CGG ATT TC-3’, REV: 5°-CTG CAC AGA
CCC AGA ACA GA-3’ Expected fragment length 600 bp

Off target 3: FWD: 5°-ATC ACA AAG CCA AAG CAC AGT C-3’, REV: 5’-CCT GTT
TAA AGT CTC GGA CGC-3’ Expected fragment length 843 bp

Off target 4: FWD: 5°-GTG CAC AAC AAC TTA CGG GG-3°, REV: 5°-AAATAC CTG
GCT GGC ATC TCT T-3” Expected fragment length 828 bp

Off target 5: FWD: 5°-GGA CCT CTA GGC ACA ACT GA-3’, REV: 5’-AAC GGT ACC
TGT ACT GCG AT-3’ Expected fragment length 327 bp

Off target 6: FWD: 5’-GAG CTG CCG GTA CAC TCT AT -3°, REV: 5’-GCC CCT TTA
TTT CTC TTG CGG-3” Expected fragment length 735 bp

Off target 7: FWD: 5°-CAG CTC CAC TGC CTT CTT GA-3’, REV: 5’-TAC CAG AGG
GAA GGA TGG GG-3’ Expected fragment length 891 bp

Off'target 8: FWD: 5°-TTT AGA CGT GGC GAG AAG CC -3’, REV: 5’-AGG GCA GCA
TTATTG GGT CC-3” Expected fragment length 757 bp
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Off target 9: FWD: 5’-TGA ATA GAG GGA CCA GGG GTT-3°, REV: 5’-GCC TCT GAT
TCT CTT CGG GA-3’ Expected fragment length 818 bp

Off target 10 FWD: 5°-AAG ATG ACC CCA CCC AAA CC-3’, REV: 5’- GCC TCT CTC
TGT GGT CAA GG-3” Expected fragment length 643 bp

HLv.xiii CRISPR target sequences

Appendix table Il Target sequences designed by an online CRISPR design tool for exon 3 of
SCNb5A.

The PAM sequence is in green. (This is necessary to be present in the genome for Cas9 to
work but is not included in the target sequence of the gRNA.) The score is a measure of
inverse likelihood of off-target effects. CRISPR design tool: CRISPR.mit.edu (Ran et al.,
2013)

Score Sequence
Guide #1 90 TTCACAGCCGCTCTCCGGATGGG
Guide #2 86 ACTGAGGACATACAAGGCGTTGG
Guide #3 86 TCACAGCCGCTCTCCGGATGGGG
Guide #4 84 GAGGACATACAAGGCGTTGGTGG
Guide #5 84 CTTCACAGCCGCTCTCCGGATGG
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I1.v.xiv Checking for off-target effects of CRISPR

Appendix table 111 Top 10 most likely off target effects of Guide #1 for exon 3 of SCN5A.

sequence score mismatches UCSC gene locus
GTCACAGCAGCTCTCCTGATTAG | 0.8 [1:9:91'\7"]'\"5 42%%?5:;_7
ATCACAGGCCCTCTCCGGACCAG | 0.7 | 1y choe NM_015576 | o Snros
TTAAAAGCCACTCTCCTGATAAG | 05 | (o 5‘:%'?’157] 0 fzhlrgss
GTCAGGGCTGCTCTCCGGATAGG | 0.5 [1:5:‘;'3':\"9']\"5 NM_012302 82:;‘;59
TGGACAGCCCCTCTCCGGCTCAG | 0.5 [2:3‘%'?13] 42525%
TTCACAAGCTCTCTCCTGATTAG | 04 |, 8‘:%'?’157] 138%@?%-73
GTCACAGAAGCTCTCCGGTTAAG | 03 [1:8?5'3\{'%? Chfli;§54ll5
TTCACGGACACTCTCCGGGTCGG | 0.3 [6:8‘%'?’1;] NR_033265 8003'1{;27 .
TCCACAGAAGCTCTTCGGATTAG | 0.3 |, S‘Z‘S')\f'l'\g' 3 %1;751;1
TTCCCATCAGCTCTCCTGATGAG | 02 | (/i NM_153676 | Chile

Appendix IV ImageJ macro for counting nuclei and IHC-

stained cells

// To run this macro, put RGB TIFFs into a folder called "rawdata"
and specify the path to this folder in line 36 below

// Create a folder called DAPI output for the nuclei count csv files
to go into and specify the path to this folder in line 37 below

// Create a folder called red nomask output for the red particle
count csv files to go into and specify the path to this folder in
line 38 below

// Create a folder called red mask output for the red particles
which colocalise with nuclei count csv files to go into and specify
the path to this folder in line 39 below

// change the lower threshold in line 17 to choose Jjust positive
cells. This threshold will be used for all ROIs in the input folder.
Make sure to use the same thresholds for all analyses on the same
section.

function Analysis (input, DAPI output, red nomask output,
red mask output, filename) {

open (input + filename);

run ("Split Channels");

selectWindow (filename + " (green)");
close () ;
selectWindow (filename + " (blue)");

setAutoThreshold ("Default dark");
setOption ("BlackBackground", false);
run ("Convert to Mask");
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run ("Watershed") ;
run ("Create Mask");

run ("Analyze Particles...", "size=50-Infinity pixel display
clear include add in situ");

saveAs ("Results", DAPI output + filename + ".csv");

selectWindow (filename + " (red)");

setAutoThreshold ("Default dark"):;

run ("Threshold...");

setThreshold (65, 255);
run ("Convert to Mask");run("Convert to Mask");

run ("Analyze Particles...", "size=50-Infinity pixel display
clear include add in_situ");
saveAs ("Results", red nomask output + filename + ".csv");
selectWindow (filename + " (blue)");
run ("Create Selection");
selectWindow (filename + " (red)");
run ("Restore Selection");
run ("Analyze Particles...", "size=50-Infinity pixel display
clear include add in_situ");
saveAs ("Results", red mask output + filename + ".csv");
close();
}
input = "C:\\Users\\Name\\Folderl\\Folder2\\rawdata\\";
DAPI output = "C:\\Users\\Name\\Folderl\\Folder2\\DAPIcount\\";

red nomask output =
"C:\\Users\\Name\\Folderl\\Folder2\\redNoMaskCount\\";
red mask output =
"C:\\Users\\Name\\Folderl\\Folder2\\redMaskCount\\";

list = getFilelist (input) ;
run ("Close All");
for (1 = 0; i < list.length; i++){
Analysis (input, DAPI output, red nomask output,
red mask output, list[i]);
}

run ("Close All");
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IV.i Thresholds chosen:

Ki67

H261/RN 50-255
H261/LN 65-255
H261/RLN 95-255
H492/RN 100-255
H492/LN 85-255
H492/RLN 85-255
H493/RN 80-255

Mouse 4-10-19 85-255
Mouse 27-9-19 65-255

Caspase 3

H261/RN 61-255
H261/LN 45-255
H261/RLN 105-255
H492/RN 60-255
H492/LN 78-255
H492/RLN 85-255
H493/RN 85-255

Mouse 4-10-19 110-255
Mouse 27-9-19 100-255

Appendix V Assessment of SBFI-AM use in emission peak shift
mode

In order to measure absolute [Na*]; accurately in tissue, it would be necessary to use SBFI-
AM with confocal microscopy. However, most confocal microscopes only have one UV
laser, so dual excitation at 340 and 380 nm is not possible. Minta and Tsien showed that the
emission peak for SBFI-AM shifts depending on Na* binding (Minta & Tsien, 1989). To test
the feasibility of using SBFI-AM to detect [Na*]; in this way, to allow its use with confocal

microscopy, | examined the emission profile of SBFI at different [Na*];.

V.i Determination of optimal excitation wavelength for SBFI-AM
MDA-MB-231 cells (3 x 10%) were seeded into wells of an 8 well chamber slide (Ibidi
80807). Cells were incubated with 5 uM SBFI with 0.05% Pluronic F-127 in DMEM for 2
hours at 37 °C. Slides were rinsed twice with PBS and left in PBS for 30 minutes for
remaining esterified dye to diffuse out of the cells. The chamber slide was viewed on a Zeiss

LSM 780 multiphoton microscope. The optimal excitation wavelength was determined by
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exciting at 700, 720, 740, 760, 780 or 800 nm (approximately double the normal UV
excitation wavelength). The brightest emission was found with 720 nm excitation so this
was chosen for the emission profile. In one well, the PSS was replaced with 0 mM Na* with
K™ as the replacement ion, and in another well it was replaced with ordinary 144 mM

Na* PSS. Both of these solutions contained 20 uM gramidicin D (Sigma G5002) to
equilibrate intracellular and extracellular [Na*]. Fluorescence was collected in 8.7 nm wide
bins between 417 nm and 678 nm from each well. 14 cells were chosen from each well and
average fluorescence from each cell was measured. There was negligible autofluorescence.
As can be seen in Appendix figure VI there was only a 10 nm shift of emission peak with a
144 mM change in [Na*]; Given that differences in [Na*]i would be expected to be 10 mM
or less, it was decided that emission peak shift would not be a useful to measure [Na*]; in

this study.
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Appendix figure VI. Emission profile for SBFI-AM.

A. Absolute fluorescence with multiphoton excitation at 720 nm of SBFI-loaded MDA-MB-
231 cells containing 0 mM, physiological or 144 mM intracellular [Na*]. B. Fluorescence as
in A. but normalised to maximal fluorescence to better view the wavelength at which there is
maximal emission.
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Appendix figure VII. Effect of 0.45% DMSO on VGSC current-voltage relationship and

gating in MDA-MB-231 cells.
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A. Current-voltage (I-V) plots of Na+ currents in MDA-MB-231 cells in physiological saline
solution (PSS; black circles) and in PSS with 0.45% DMSO (0.45% DMSO; green squares).
Currents were elicited using 10 mV depolarising steps from -80 to +30 mV for 30 ms, from

a holding potential of -120 mV. Results are mean + SEM (n = 13-17). B. Activation and

steady-state inactivation in physiological saline solution (PSS; black circles) and in PSS with

0.45% DMSO (0.45% DMSO; green squares). For activation, normalised conductance
(G/Gmax) was calculated from the current data and plotted as a function of voltage. For

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 +30 mV, applied

from a holding potential of -120 mV, was plotted as a function of the prepulse voltage.
Results are mean £ SEM (n = 10-13). Activation and inactivation curves are fitted with

Boltzmann functions.
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Abbreviations

ANOVA Analysis of variance

Arp2/3 Actin-related protein 2/3

ASIC Acid-sensing ion channel

ATP Adenosine triphosphate

BAM Binary alignment map

BRCALl Breast cancer type 1 susceptibility protein
CAM Cell adhesion molecule

CaM Calmodulin

CAMP Cyclic adenosine monophosphate

CCD Charge coupled device

CD44 Cluster of differentiation 44

CNS Central nervous system

Cx43 Connexin 43

DAPI 4',6-diamidino-2-phenylindole

DEG Differentially expressed genes

DMEM Dulbecco’s modified eagle medium
DMSO Dimethyl sulfoxide

DO Disease ontology

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

EMT Epithelial to mesenchymal transition
ENaC Epithelial Na* channel

ER Endoplasmic reticulum

ERK Extracellular-signal-regulated kinase
FASTQ Text file containing sequence information and sequencing quality scores
FBS Foetal bovine serum

FDR False discovery rate

FPKM Fragments per kilobase of exon per million mapped fragments
FRET Forster resonance energy transfer

GFP Green fluorescent protein

GO Gene ontology

HEK-293 cells Human embryonic kidney cells

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HER2 Human epidermal growth factor receptor 2
HRP Horseradish peroxidase

IC50 The concentration of drug at which half of its maximal effect occurs
Ig Immunoglobulin

IL Interleukin

IP3 Inositol 1,4,5-trisphosphate

IPS Intracellular pipette solution

ISME lon-sensitive microelectrode

JAK Janus kinase

k Slope factor

kDa Kilodalton

LAMP Lysosome associated membrane protein
MAPK Mitogen-activated protein kinase

MCF-7 Michigan cancer foundation-7
MDA-MB-231 M.D. Anderson metastatic breast cancer 231
MEK Mitogen-activated protein kinase kinase
MMP Matrix metalloproteinase
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MRI
[Na'];
[Na']e
NCX
NFATS
NHE1
NKA
NMDG
PB
PBS
PBTGS
PCR
PFA
pH;
pHe
PISK
PKA
PKN-y
PNS
PR
PSS
PTEN
PYyMT
gPCR
Racl
ROI
ROS
SEM
SshRNA
SIK1
Src
TNBC
TNF

TRP
TTX
Vi
Va
VEGF
VGCC
VGSC

Vi
Vrev

Magnetic resonance imaging
Intracellular Na+ concentration
Extracellular Na+ concentration
Na*/Ca?* exchanger

Nuclear factor of activated T cells 5
Na*/H* exchanger

Na*/K* ATPase
N-methyl-d-glucamine
Phosphate buffer

Phosphate buffered saline

PB, Triton X-100, goat serum
Polymerase chain reaction
Paraformaldehyde

Intracellular pH

Extracellular pH
Phosphotidylinositol-3-kinase
Protein kinase A

Protein kinase N-gamma
Peripheral nervous system
Progesterone receptor
Physiological saline solution
Phosphate and tensin homologue
polyoma middle T

Real-time, quantitative PCR

Member of the Rho family of GTPases

Region of interest

Reactive oxygen species
Standard error of the mean
Small hairpin RNA
Salt-inducible kinase 1

A tyrosine kinase proto-oncogene
Triple negative breast cancer
Tumour necrosis factor
Time to peak

Transient receptor potential
Tetrodotoxin

the voltage at which half-maximal conductance or availability occurs

Activation voltage

Vascular endothelial growth factor
Voltage-gated Ca?* channel
Voltage-gated Na* channel
Holding voltage

Plasma membrane potential
Reversal potential
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