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Summary

Cell survival is modulated by a cocktail of ion channels engaging cell life and death
decisions through controlling key cellular messages such as apoptosis and
proliferation. Unnatural regulation of these processes results in various disorders,
for example neurodegenerative diseases, as well as the cancers. Nowadays, these
pathologies are affecting millions of people per year in the world. Potassium (K*) ion
channels appear to play a potent role in such ilinesses since they can control many
cellular gates in cell physiology such as ionic homeostasis and signalling cascades.
Amongst the K* channels, small (SK1-3) and intermediate (SK4) conductance Ca?*-
activated potassium ion channels have recently been shown to save cells, thereby
protecting mitochondrial function which serves as a cell survival platform. In the case
of other ion channels, for instance transient receptor potential melastatin 7
(TRPM7), it is also repeatedly stated that such membrane channels shows an
impressive and differential role in excitable and non-excitable cell survival. This
channel also modulates ionic homeostasis of crucial ions in cellular physiology such
as Ca?*. This study reveals that central nervous system (CNS) and breast cancer
cells differentially express SK1-4 ion channel subtypes, and their functional
presence is pharmacologically confirmed, however, in most cases these results
were further clarified through small interference RNA (siRNA) method. Similarly,
functional TRPM7 channel expression in CNS cells is also confirmed. In the CNS,
SK1-4 channel activation rescues neurons from oxidative stress, whereas, TRPM7
channel inhibition protects CNS cells from this hydrogen peroxide (H202) harmful
effect, as well as hypoxia and apoptosis, so improving cell survival. Excitingly, SK1-
4 channels differentially exist between wild-type and Huntington’s affected mouse
striatal cells, where diseased cells lack SK1-3 channels, key players in action
potential activity. Interestingly, SK2 or SK3 channel subtypes are also functionally
expressed in breast cancer cells with various phenotypes. This study established
that these ion channels are powerful agents in a survival role, in fact controlling
growth through cross-talk with an apoptotic avenue “intrinsic pathway”. SK2 or SK3
channel activation enhances cell viability, while its inhibition dampens cell growth. It
is very noteworthy that SK2 and SK3 channels are not expressed in non-tumorigenic
breast cells.

In brief, SK1-4 and TRPM7 molecules are clearly implicated in the survival of diverse
cell types through an apoptotic route, indicating that these ionic regulators are
promising targets in channelopathies related to cellular degeneration and growth.
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Chapter One

1 Chapter One: General Introduction

1.1 Neurodegeneration and cancer

Neuronal degeneration or abnormal cell growth are related cell life or death-related
cases which under an umbrella range of circumstances can affect cell survival and
cell growth. In neuronal loss, several factors are touted as drivers in the progression
of neurodegenerative diseases, for example p-amyloid (Glenner and Wong 1984)
which impacts in Alzheimer’s pathology, while a-synuclein (Polymeropoulos et al.
1997) accumulation results in Parkinson’s disease (Bredesen et al. 2006; Guo et al.
2013). In abnormal cell gain “cancer”, this ocean of diseases is characterised by
uncontrolled cell acquisition where loss of apoptosis is an accepted feature (Brown
and Attardi 2005). These pathological states are more prevalent in recent decades.
It has been reported, for example, that about 44 million people in the world
experience dementia to date (Alzheimer’'s disease international statistics, 2015).
Also, the American Cancer Society has reported that nearly 1.6 million recent cases
were diagnosed in 2013 (Litan and Langhans 2015). Indeed this condition is the
chief cause of death nowadays worldwide. However, meaningful any progress has
been made accepting underlying mechanisms of these pathological actions, there

is yet no favourable outcome in the clinic.

1.2 lon channels

lon channels in membranes have attracted considerable attention: they have been
intensively studied over many years with the production of some beautiful data and
the resulting field has generated several Nobel prizes (Hodgkin and Huxley 1952;
MacKinnon 2004). They have a well-defined role in excitable cells. However they

also exist in many varieties of non-excitable cells where they clearly hold a non-
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classical role, for example in guiding proliferation, differentiation or survival of cells
(Pardo and Stuhmer 2014). More recently attention has turned to this non-classical
role in excitable cells also (Dolga et al. 2013). The big questions are: which classes
of ion channels, if any, are most relevant in this respect? Also how precisely do they
achieve these tasks to modulate cellular function? Is it for example solely through
their capacity to translocate ions? Just how this new role is achieved is however

unclear.

1.3 Potassium (K*) ion channels

1.3.1 Overview

There is now a substantial body of data to support the view that particularly in the
case of potassium (K*) channels, a very diverse family of proteins, with varying
amino acid sequences and topologies, they can modify diverse cellular functions
(Dolga and Culmsee 2012). Over the past few decades, numerous studies have
established that plasma membrane ion translocation is involved in cellular
electrogenesis and electrical excitability. In addition, a number of researchers have
shown the contribution of ion channels to basic cellular processes including tissue
homeostasis (Lang et al. 2005; Razik and Cidlowski 2002; Schonherr 2005). Further
studies suggest that not only cellular but also subcellular membranes play a pivotal
role, for instance, in the initiation and progression of cell death gates, such as

through Kca (SK) channels (Dolga et al. 2014).

1.3.2 Introduction
Potassium channels are K* carrying proteins and form the largest family amongst
ion channels, which are widely expressed in cells including both excitable and non-

excitable cells and may trigger various physiological functions. Upon activation, K*
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channels lower membrane excitability due to hyperpolarisation (Yuan and Chen
2006). In neurons, it is known that K* channels are differentially expressed at
different cellular and subcellular sites and serve multiple tasks (Lujan 2010). Their
role in non-excitable cells is perhaps less clear, but may be concerned here with

growth.

1.3.3 Classification of K* ion channels

Currently, five major ion classes of this type have been identified in cells: voltage-
gated (Kv) class, Ca®*-activated K* (Kca or SK) channels, ATP-sensitive (Katp)
channels, inwardly rectifying K* (Kir) channels, and two-pore domain K* (Kzp)

channels (Yuan and Chen 2006).

1.3.4 SK potassium ion channels

SK channels are intermediate, termed SK4 or IK channels, and small conductance
(SK1-3) Ca?*-activated potassium channels, which are largely found throughout the
central nervous system (CNS), as well as in glial cells. SK channels were described
originally in red blood cells, more than 50 years ago, suggesting that these channels
are involved in hyperpolarisation (Gardos 1958). In neurons, the SK currents were
first identified in the mollusc (Meech 1972), followed by cat spinal motor neurons
(Krnjevic and Lisiewicz 1972). In the 1980s, it was shown in the mammalian
hippocampus that SK currents lead to afterhyperpolarisations (AHP)(Alger and
Nicoll 1980). Further studies have shown that Ca?* activated K* channels directly
contribute to various respects of electrolyte transport, for instance osmolarity
regulation (Marty 1989).

In SK channel classification, electrophysiological experiments have confirmed three

forms of Ca?*-activated potassium channels, based on biophysical, molecular and
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pharmacological properties, which differentially respond to elevations in cytosolic
Ca?*. Firstly, the big-conductance K* channels (BK) have a single-channel
conductance of 100-200 pS and are voltage-dependent, whereas small-
conductance Ca?*-activated K* channels (SK1-3) with conductances of 10-20 pS,
are less voltage but more Ca?* dependent. Last, the intermediate-conductance
Ca?*-activated K* channels (SK4) have a single-channel conductance of about 46
pS: these are similar to SK channels in aspects of structure, and function, being part
of the same gene family, and are strictly Ca?* dependent (Adelman et al. 2012; Blatz
and Magleby 1986; Dutta et al. 2009; Syme et al. 2000). It is becoming increasingly
difficult to overlook the role of SK channels in ionic signalling pathways, and based

on current knowledge SK channels may be proposed as therapeutic targets.

1.3.4.1 Cloning, structure, and diversity

Nowadays, the International Union of Pharmacology has placed SK and IK channels
in one gene family, the KCNN gene, which includes Kcaz.1, Kcaz.2, Kcaz.3 (SK1, SK2,
and SK3 respectively) and Kcas.1 (SK4) channels (Wei et al. 2005). SK channels are
structurally homomeric tetramers (Figure 1.1) and are highly homologous,
consisting of four subunits (Kohler et al. 1996). The SK1, SK2, SK3 mRNAs are
expressed in central neurons (Stocker and Pedarzani 2000), whereas the SK4
subtype is absent (Adelman et al. 2012). In 1996, the Adelman laboratory first
cloned SK1, SK2, SK3 channels from mammalian brain, and the SK4 subtype was
then cloned from Chinese hamster ovary cells (Joiner et al. 1997).

In the context of the coding region, the Kcaz.1 gene has nine exons, while Kcaz.2 and
Kcaz.3 have eight exons (Stocker 2004). These channels are composed of six
serpentine transmembrane (S1-S6) domains, and cytosolic N- and C- termini,

sharing this with voltage-gated K* channels. In the Kv channels, the fourth segment
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is decorated with seven positively charged amino acids, which are thought to be
located on the face of the a-helix and act as a voltage sensor (Bezanilla 2000;
Catterall 2010), whereas there are only three positively charged residues in the SK
channels (Li and Aldrich 2011). The transmembrane pore in SK channels (like other
K* channels) contains the K* selective signature sequence, and is located between
S5 and S6. Despite numerous attempts have been made by researchers, the

splicing mechanism is not fully understood (Adelman et al. 2012).

il

S8R
\/\f %

Figure 1.1 The structure of SK ion channels (Adelman et al. 2012).
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1.3.4.2 Gating of SK channels

The SK1-4 channels show much less voltage-dependence than BK channels:
alternatively Ca?* gates the SK1-4 channels and is indeed essential in the gating
mechanism (Keen et al. 1999). Such molecules are multiprotein complex channels
and are constitutively associated with calmodulin (CaM), casein kinase 2 (CK2), and
protein phosphatase 2A (PP2A) (Adelman et al. 2012). Calmodulin, as a Ca?*
sensor, is abundantly present in eukaryotic cells. Upon stimulation, CaM may initiate
numerous cellular signalling pathways, most importantly, calmodulin can act
through conformational changes, thus binding with other proteins, ultimately
influencing diverse cellular functions, including ion channel modulation, synaptic
transmission, plasticity, enzymatic activity, as well as gene expression (Zhang et al.
2012). Notably, calmodulin is composed of two globular domains, the C- and N-lobe,
which are separated by a flexible central linker. Each CaM lobe presents two EF
hand sites that may be involved in Ca?* binding. The C-lobe and the central linker of
CaM serve mainly as the linkage part between the SK channels and CaM. In this
complex, the N-lobe can bind Ca?*, thereby gating SK channels (Li et al. 2009).
Furthermore, the CK2 and PP2A, which allosterically modulate SK channels, are
known to be largely expressed in the brain, particularly in neuronal soma and
dendrites (Allen et al. 2007).

The pore-forming subunits alone do not generate a fully functional channel, due to
the lack of the Ca?*-binding domain, which must therefore be associated
constitutively with calmodulin. This can be regulated by protein kinase and
phosphatase interactions. In fact, SK channels are modulated by two particular
types of gating apparatus i.e. two constitutive components. In this paradigm, SK

channels can be directly modulated by intracellular Ca?* ions via CaM (Maylie et al.
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2004), and are also gated by a Ca?*-independent mechanism this being dependent
on protein kinase and phosphatase interactions. More recently, it has been reported
that CaM itself “belongs” to SK channel intrinsically (Adelman 2015).

Generally, calmodulin can directly initiate Ca?* gating, thereby activating SK
channels. On the other hand, the phosphorylation of CK2 on SK-associated CAM is
associated with a decrease in the SK channel activity (Allen et al. 2007). On detailed
inspection, the CaM binds to a highly conserved CaM-binding domain, and each
channel subunit is thought to bind one CaM. During channel opening, the Ca?* ions
can bind to the N-lobe EF hands of CaM, and the bound CaM is then induced to
bind with a neighbouring CaM, to generate dimerization, which may be lead to
conformational changes through a rotary force to the pore (Bruening-Wright et al.
2002). Importantly, CaM can be phosphorylated by casein kinase 2 and that may
lead to a decrease in Ca?' sensitivity of SK channels: in contrast protein
phosphatase 2A acting on open SK channels counterbalances CK2 effects and
results in an increase in Ca?* sensitivity of the SK channels (Allen et al. 2007).
Although little is known about the precise gating mechanism for SK channels, the
mechanism above is part of the story although a key fundamental question in this
process is under what physiological condition the Ca?* sensitivity of SK channels

can be modified by CK2 and PP2A.

1.3.4.3 Calcium (Ca?*) sources for SK channel activation

The SK channel is modulated through intracellular Ca2* changes being elicited by
Ca?* from different sources (Xia et al. 1998). Obviously, SK channels are more
reactive to activation by Ca?* ions near the channel, so the location and sources of
Ca?* are influential (Adelman et al. 2012; Hirschberg et al. 1998). Within neurons,

Ca?* can be provided by either Ca?* influx through voltage-gated Ca?* channels,
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Ca?* entry via Ca?*-permeable ligand-gated ion channels, for instance NMDA
receptors (Oliver et al. 2000), and released Ca?* from intracellular origins i.e. cellular
organelles based on inositol trisphosphate generation via G protein-coupled

receptors and Ca?*-induced Ca?* release, or both (Nahorski 1988).

1.3.4.4 SK channel pharmacology

In functional studies, it was shown that rat or mouse SK2 and SK3, and human SK1
expression are functional and homologous plasma membrane channels (Hosseini
et al. 2001; Monaghan et al. 2004). Conversely, expression of rat or mouse SK1
failed to form functional channels, which may interact with the SK2 channel subtype
(Benton et al. 2003). Although SK channels are highly similar in respect of structure,
function and Ca?*-gating mechanism (Catacuzzeno et al. 2012), they have different
biophysical and pharmacological properties.

Early studies showed that SK1, SK2 and SK3 channel subtypes can be differentially
inhibited by apamin, which is a potent neurotoxin isolated from bee venom
(Habermann 1984). The rat SK2 exhibits most sensitivity, the rat SK3 shows an
intermediate sensitivity, whereas the hSK1 is less sensitive to the toxin, with ICso
values of 27 pM, 4 nM, and 196 nM respectively (Grunnet et al. 2001). In apamin
binding assays, three different binding sites have been suggested. A first study
revealed that two amino acids on sides of deep pore can confer apamin sensitivity
(Ishii et al. 1997). Further study has indicated that one amino acid, which is located
between S3 and S4 transmembrane domains, is responsible for this sensitivity
(Nolting et al. 2007). Interestingly, recent work suggests that the effect of apamin
depends on an allosteric mechanism rather than classically occluding the pore

(Lamy et al. 2010). Contrary to the small conductance SK subtypes, the IK subtype
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possesses most sensitivity to maurotoxin isolated from scorpion venom, with an ICso
of 1 nM (Castle et al. 2003), the toxin binding to the channel pore vestibule via
tyrosine-32 (Visan et al. 2004).

In addition to peptide toxins, organic compounds have been found to block SK
channels. For example, d-Tubocurarine, UCL1684, UCL1848, TRAM-34, and
NS8593 differentially inhibit SK members (Pedarzani and Stocker 2008), and most
recently another SK4 channel blocker (UCL6180) has been generated (Strobaek et
al. 2013), which is more potent than TRAM-34 on SK4: these interact with
threonine250 and valine275 at S5-P-S6 regions (Strobaek et al. 2013; Wulff et al.
2001). Currently, several positive modifiers are available to probe SK channel
molecules. Among these activators, EBIO was first identified in colonic epithelial
cells, thereby activating basolateral IK (SK4) channels to enhance secretion. Many
efforts then have been made by researchers to increase its potency and selectivity,
subsequently introducing DC-EBIO (Singh et al. 2001) and later the NS309
compound (Strobaek et al. 2004), which is four times more potent on the SK4
channel subtype. Two recent SK1-3 channel activators are now available. The first
SK-subtype selective activator (GW542573X) was more selective on the SK1
channel than SK2 and SK3, this compound possibly interacting with serine293 on
the deep pore gating region of SK channel protein (Hougaard et al. 2009). The
second SK-subtype selective opener (CyPPA) exhibits more selectivity for SK2 and
SK3 channel subtypes in the order SK3 > SK2 >> SK1, but its pharmacological
profile at SK1 is not well documented.

SK channels can currently be modulated by a wide variety of modifiers based on

their biophysical and pharmacological characteristics, and applying highly specific
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subtype blockers or activators is vital to distinguish and assess the functional role

for each SK subtype.

Modulators | Selectivity ECso ICs0
Activators

GW542573X | SK1 8.2 uM

CyPPA SK2 and SK3 | 5.6 and 14 uM

NS309 SK4 ~30 nM

Blockers

UCL1684 SK1,2 and 3 0.76, 0.36 and 9.5 nM
NS8593 SK1,2 and 3 0.42, 0.60 and 0.73 uM
TRAM-34 SK4 55 nM

NS6180 SK4 9 nM

Table 1.1 Pharmacology of SK ion channel modulators. ECso and ICso values are
shown for each SK channel subtype (Fanger et al. 2001; Fioretti et al. 2006;
Hougaard et al. 2007; Hougaard et al. 2009; Strobaek et al. 2013; Strobaek et al.

2006; Strobaek et al. 2004).
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GW542573X

4-[[[[(2-Methoxyphenyl)amino]carbonylJoxy]methyl]-piperidinecarboxylic acid-1,1-
dimethylethyl ester

a

N-Cyclohexyl-N-[2-(3,5-dimethyl-pyrazol-1-yl)-6-methyl-4-pyrimidinamine

b

6,7-Dichloro-1H-indole-2,3-dione 3-oxime

C

Figure 1.2 Chemical structures of the SK channel activators. a) SK1 channel
activator b) SK2-3 channel activator c) SK4 channel activator (Hougaard et al. 2009;
Wulff and Kohler 2013).
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6,12,19,20,25,26-Hexahydro-5,27:13,18:21,24-trietheno-11,7-metheno-7H-
dibenzo [b,n] [1,5,12,16]tetraazacyclotricosine-5,13-diium dibromide

N-[(1R)-1,2,3,4-Tetrahydro-1-naphthalenyl]-1H-benzimidazol-2-amine
hydrochloride

1-[(2-Chlorophenyl)diphenylmethyl]-1H-pyrazole

4-[[3-(Trifluoromethyl)phenyllmethyl]-2H-1,4-benzothiazin-3(4H)-one

Figure 1.3 Chemical structures of SK channel inhibitors. a) SK1-3 channel blocker
b) SK1-3 channel blocker c) SK4 channel blocker d) SK4 channel blocker (Wulff and
Kohler 2013).

12



Chapter One

1.3.4.5 SK channel and intrinsic excitability

SK channels couple intracellular Ca?* transients and cellular membrane potential.
Rises in cytosolic Ca?* leads to activation of SK channels and enhances K* ion exit,
causing hyperpolarisation, thus reducing Ca?* entry through other Ca2*-dependent
channels, which eventually limits the firing frequency of action potentials, to form
spike frequency adaptation (Barrett and Barret 1976; Madison and Nicoll 1982). This
intrinsic property of neurons is vital to achieve a central homeostatic mechanism
influenced by numerous internal and external stimuli that may alter neuronal
phenotypes, and subsequently alter neuronal networks.

Three forms of afterhyperpolarisations have been identified that have overlapping
kinetic properties. The fast afterhyperpolarisation (fAHP) can participate in the falling
phase of action potential and overlaps spike repolarisation, lasting 10-20 ms: BK
channels are thought to be involved in this form of AHP (Storm 1987). The mAHP
begins rapidly, and lasts hundreds of milliseconds. This AHP component produces
modest changes in the shape of action potentials and is frequently mediated by SK
channels (Zhang and Krnjevic 1987). Finally, the sAHP lasts over several seconds,
the underlying current having an initial rising phase which decays in hundreds of
milliseconds: its activation has recently been determined and is due to the SK4
channel (King et al. 2015).

Apamin (bee venom peptide) has been widely used to distinguish components of
AHP and this in fact blocks the mAHP in the many cells tested, including spinal
motor neurons (Zhang and Krnjevic 1987), supraoptic neurons (Bourque and Brown
1987), vagal motoneurons (Sah and McLachlan 1992), pyramidal neurons in the
sensory cortex (Schwindt et al. 1988), basolateral amygdala (Power and Sah 2008),

nucleus reticularis thalamic neurons (Avanzini et al. 1989), cholinergic nucleus
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basalis neurons (Williams et al. 1997), CA1 hippocampal interneurons (Zhang and
McBain 1995), stratum radiatum (Savic et al. 2001), midbrain dopamine neurons
(Shepard and Stump 1999), rat subthalamic neurons (Hallworth et al. 2003),
cerebellar Purkinje neurons (Edgerton and Reinhart 2003), suprachiasmatic
nucleus neurons (Teshima et al. 2003), striatal cholinergic neurons (Goldberg and
Wilson 2005), mitral cells in olfactory bulb (Maher and Westbrook 2005), and finally
paraventricular neurons (Chen and Toney 2009).

It can be assumed that SK channels therefore underlie the mAHP but not the sAHP.
In response to exogenous Ca?*, small conductance SK channels can be opened
rapidly: in contrast the sAHP activates slowly. Further, it was shown that buffering
cytosolic Ca?* does not afford a rapid reduction in the sAHP current (Sah and
Clements 1999). Lastly, in CA1 pyramidal neurons, the underlying current of the
sAHP has been recorded using transgenic mice lacking small conductance SK

channels (Bond et al. 2004).
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1.4 TRP ion channels

1.4.1 Overview

Transient receptor potential (TRP) channels control plasma membrane ion
movements, and are a super-family comprising nearly 50 genes which represents ~
20% of ion channels to date in the animal kingdom species. The TRP channel
message has been found in many different cell types, embracing both excitable and
non-excitable varieties. Emerging evidence indicates that certain TRP members can
act as calcium release ion channels. Most TRP proteins generate active role in
manifold biological functions such as membrane depolarisation (Eijkelkamp et al.
2013; Gees et al. 2010). Interestingly, this class of ion channels has a unique
intrinsic domain, namely a kinase domain, and are widely implicated in both
biological and diseased conditions, for example TRPM7 channels contribute to
cytosolic Ca?* homeostasis (Mederos y Schnitzler et al. 2008), oxidative stress
modulation (Simon et al. 2013), and anoxic cell loss (Aarts et al. 2003). Therefore,
these molecules seem an interesting target when dealing with cancer and
neurodegeneration as these proteins can serve as a powerful channel in the
regulation of ions recognised as dangerous elements once deregulated in

pathological conditions.

1.4.2 Classification of TRP ion channels

In the ion channel tree, TRP members form the most diverse division amongst ion
channels (Venkatachalam and Montell 2007). The International Union of
Pharmacology currently lists 28 TRP channel genes i.e. isoforms, and six protein
families, which include the canonical (TRPC), vanilloid (TRPV), melastatin (TRPM),

ankyrin (TRPA), mucolipin (TRPML) and polycystin (TRPP) channels (Clapham et
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al. 2005). The TRPM family has eight channel members, and TRPM7 has been
repeatedly targeted in neuroscience, cancer and other areas. Genes in this family
are termed TRPM as the first gene was identified in a melanoma (Duncan et al.
1998). The work described here only focused on the TRPM7 channel, addressing

its role in neurodegeneration.
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Figure 1.4 Phylogenetic tree of TRP channels according their homology (Takahashi
et al. 2012).
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1.4.3 Cloning, structure and diversity

In 1969, the first TRP gene was electrophysiologically discovered in Drosophila
melanogaster, a mutant fly which suffered impaired vision due to disruption of
inositol triphosphate (IP3)-dependent Ca?* influx after phototransduction (Cosens
and Manning 1969), and the gene was named as TRP gene. After 20 years, the
gene was cloned (Montell and Rubin 1989; Wong et al. 1989), and in 1991, this
gene was found to generate a functional ion channel protein (Hardie 2011). In
mammals, Wes and his colleagues first cloned TRPC1 (Wes et al. 1995). Structural
studies found that the TRP channel platform has six transmembrane (S1-S6)
segments, and intracellular linked N- and C- termini, which usually assemble as
tetramers (Fleig and Penner 2004). In the N- region, TRPMs have a longer N-
terminus by nearly 400 amino acids compared with other classes, namely TRPC
and TRPV families (Perraud et al. 2003). TRPM channels have variable C- terminus
size of up to 2000 amino acids (Montell 2005), moreover, the N- domain has a
known region of TRPM homology (Perraud et al. 2004). TRPM channels also
differentially share protein identities, for example, the TRPM6 protein sequence
demonstrates ~49% similarity to TRPM7 (Ullrich et al. 2005). A mutation search
indicated, in HEK293 cells, that these TRPM members can produce multimeric
channels (Chubanov et al. 2004). The transmembrane pore which contains “cation
selective” signature complexes is formed between S5 and S6. It is believed that the
channel pore presents three negatively charged amino acids (Yee et al. 2014),
essential for its function, thereby modulating ionic conductance. TRPM7 gene is
resident in chromosome 15, and has 39 exons. However, studies have revealed that

this gene has nine splice variants, with four transcripts providing a protein message.
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In the case of TRPM?7, it is assumed that it can act as an ion channel and kinase
(Runnels et al. 2001), and it has further been reported that the TRPM7 channel
kinase can serve as a sensor of the cell and as its transducer (Clapham 2003;
Takahashi et al. 2012). The kinase uses an amino acid segment, which starts from
1553 to 1562, as a fundamental part of its action (Crawley and Cote 2009). Here,
the nucleotide binding site occupies the end of this track, and this is where the
kinase lobes may combine (Yamaguchi et al. 2001). In the relationship between
TRPMY7 and its kinase, it is not clear whether there is direct cross-talk or not (Park

et al. 2014).

18



Chapter One

Pore region

Extracellular

TRP

A ll/\
‘ domain

Intracellular D
HOOC

i Pore region

‘ AN
S [ g - g
JTE 59
2
TV

HN

2

TRPC “ “ N
TRPV
TRPM M
TR, \J &\.4
° Ankyrin ' TRP box Enzyme
repeat domain
Coiled-coil CaM-, IP3R- ER
. domain @ binding site ‘ retention

Figure 1.5 Transmembrane and the quaternary structure of TRP channels. The
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localisation within the cell. The calmodulin IP3 receptor binding domain seems to

facilitate channel gating (Eijkelkamp et al. 2013; Takahashi et al. 2012).
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1.4.4 Gating of TRP channels

TRP gating is caused by direct activation and also through signalling pathways.
Temperature and pH changes, mechanical forces (Figure 1.6), and second
messengers have been proposed as potential gating mechanisms, which are
directly sensed or mediated through receptor operated pathways. In Chinese
hamster ovary cells transfected with TRPV2 (CHO knock-in TRPV2), membrane
tension on an elastic membrane caused TRPV2 activation and significantly
increased [Ca?*]i (Muraki et al. 2003). In patch-clamp recording, TRPM7 channel
activity was significantly increased in HEK293 knock-in TRPM7 cells by osmotic
swelling and membrane expansion (Numata et al. 2007). Activation of HEK293
knock-in TRPV channels produced by increasing hypertonic solution temperature to
36°C, resulted in a marked rise in [Ca?*]i (Nishihara et al. 2011). Also, it has been
accepted that TRPM7 channels are vulnerable to pH modulation since reducing the
pH below the physiological 7.4 level lowers TRPM7 channel affinity for ions, namely
Ca?* and Mg?* (Jiang et al. 2005). Subsequently, it was found that cytosolic
acidification to a pH of 6.3 represents an ICso block of TRPM7 channels in HEK293
cells (Chokshi et al. 2012b). It has been proposed that G proteins play a role in the
activation of TRP channels via second messengers. In this context, G-protein
coupled receptors (GPCRs) may activate phospholipase C (PLC), which hydrolyses
PIP2 to generate diacylglycerol (DAG) and IP3. DAG acts as candidate for TRP
channel activation (Eijkelkamp et al. 2013). In Drosophila microvilli photoreceptors,
it has been highlighted recently that PLC hydrolysis of PIP2, and resultant DAG in
the membrane may cause physical changes and membrane expansion through light
sensing, with ultimate activation of TRP channels (Hardie and Franze 2012).

However these ideas are still limited and remain open to debate.
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Figure 1.6 Possible mechanisms for TRP channel activation (Eijkelkamp et al.
2013).

1.4.5 TRPMY7 biological features

TRP channels are involved in three main physiological processes, which include
sensory tasks, ion homeostasis, and motile functions such as muscle contraction
(Eijkelkamp et al. 2013; Gees et al. 2010). Their prominent role in the regulation of
Ca?* homeostasis, but not in all subtypes, is fascinating indeed. However, although
TRP channel biophysical characterisation is well progressed, in contrast, function is
not well-known. Since, for example TRPM7 channels serve as the conduit for
physiologically crucial ions in terms of membrane potential, i.e. Ca?*, of course this
gate influences membrane voltage. The channel is constitutively active (Monteilh-
Zoller et al. 2003), conducting Ca?* and Mg?* inward currents at -40 mV to -80 mV
and 105 pS has been reported for TRPM7 single channel conductance (Bae and

Sun 2011; Runnels et al. 2001). In resting cells, physiological Mg?* concentration
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can restrain TRPM7 activity (Nadler et al. 2001). In contrast, for example lowering
either [Mg?*]i or Mg.ATP (Nadler et al. 2001), cytosolic alkalinisation ~ pH= 8.4
(Kozak et al. 2005) and cAMP (Langeslag et al. 2007) can all activate the TRPM7
channel. TRPM members have a different signature to recognise and permit Ca?*
ions to flow through the channels, ranging from high permeability (TRPM3) to
impermeability (TRPM4) channels (Gees et al. 2010). In human atrial fibroblasts,
Ca?* influx was markedly reduced (maximum achieved was 62%) when TRPM7
expression was down-regulated by siRNA (Du et al. 2010). These findings clearly
indicate that tight modulation of the TRPM7 channel is required in cell physiology
(Bae and Sun 2013), otherwise any dysregulation results in global ionic
concentration changes in the cell, thereby triggering ionic cell signalling that indeed
produces diseased cells, such as those in cancer and neurodegeneration.
Generally, in cancer cells, TRPM7 plays a necessary role for cell growth, whereas
in other cells, such as neurons, TRPM7 inhibition improves cell survival (Yee et al.
2014) in the face of various insults such as ischaemia (Sun et al. 2009). Intriguingly,
a recent study has shown that TRPM7 channel knockout caused a hind leg
paralysis, affecting neural crest advances in mouse dorsal root ganglion (Jin et al.
2012). In addition, it has been well documented that TRPM7 as a Mg?* channel can
be involved in both cellular and whole body Mg?* regulation (Ryazanova et al. 2010).
In brief, the TRPM7 member of TRPM family regulates various important ions in the
tissue, so that this ion channel is a big player in both physiological and pathological

decisions.
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1.4.6 TRPM7 channel pharmacology

To date, neither TRPM7 channel activators nor selective TRPM7 blockers are
available. However, several chemicals have been shown to block TRPM7, for
example 2-aminoethyl diphenylborinate (2-APB) (Chokshi et al. 2012a), but these
are not specific. In this paradigm, researchers have found that 2-APB can also block
other TRP members, at least TRPM2 (Togashi et al. 2008), and TRPC5 (Xu et al.
2005). Fluorescence recording reported that 2-APB at 100 uM acidifies the cellular
pH in single cell imaging, thus inactivating TRPM7 (Chokshi et al. 2012a). Most
recently, Chubanov and his colleagues have documented that SK channel
modulators can also block TRPM7 channels (Chubanov et al. 2012), for example,
SK1-3 blocker (NS8593, 30 uM) can fully block the channel current, but this blocks
SK1-3 channels at nanomolar ranges. This finding was surprising, but valuable,
since the work here was designed to focus only on SK channels, using those
modulators that have been researched by Chubanov’'s group. This finding is

mentioned and discussed further in chapter four (See chapter four, discussion).
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Figure 1.7 Chemical structure of 2-aminoethyl diphenylborinate (Hofer et al. 2013).
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1.5 Cell death mechanisms

The first type of cell loss amongst cell death mechanisms, was discovered when
considering the morphology of cells (Kerr et al. 1972), and was named apoptosis or
programmed cell death. Apoptosis is not the only type of cell death, but is certainly
the most prevalent. Cell death is regulated by different processes, including
apoptosis, necrosis, autophagy, necroptosis, oncosis, and pyroptosis (Figure 1.8)
(Bortner and Cidlowski 2014). Basically, there are two major mechanisms that may
induce apoptosis. Firstly, receptor-mediated apoptosis that may activate death-
inducing signalling such as caspases. Secondly, apoptotic-signalling pathways can
also be triggered by chemicals: for example hydrogen peroxide (H202) leads to the
destruction of the mitochondrion and thus releases cytochrome c into the cytosol
(Fiers et al. 1999; Yang et al. 1997). The term apoptosis refers to pathological and
also physiological death, an example of programmed cell death, which involves the
activation of cascades, thus orchestrating the damaging of the cell (Friedlander
2003). This cell death is identified by cell shrinking, involving mitochondria (Kerr et
al. 1972). Unlike apoptosis, which is caspase-dependent, necrosis is a pathologic
process, which is caused by external stimuli, for instance ischemia (Majno and Joris
1995). In addition to apoptosis and necrosis, the term autophagy is a relatively new
kind of cell death, which is an intracellular catabolic process (Martin 2010),
surrounding and destructing subcellular organelles (Kang et al. 2011). Apoptosis is
different from necrosis in its histological and biochemical signature (Friedlander
2003). Also, necrosis and apoptosis are different, morphologically and
mechanistically, from autophagy (Martin 2010). Recently, necrotic cell death has
been linked to passive cell death, termed necroptosis, which is activated by TNFa,

FasL, and TraiL ligands (Christofferson and Yuan 2010). Most recently, two other
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types were added to the catalogue of the cell demise pathways. In oncosis, this
death mechanism is thought to cause ionic imbalance which is characterised by
cytosolic vacuole creation, and an increase in size of various organelles, namely the
nucleus and mitochondria, as well as an enlarging of the cytoplasm, thus producing
cell loss (Weerasinghe and Buja 2012). This can occur through cell ischaemia, for
instance, via radiation injury. Finally, another form of programmed cell death has
been shown to occur during inflammation in response to microbes, involving

caspase-1 awakening (Franchi et al. 2012).
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Figure 1.8 Mechanisms of cell death (Bortner and Cidlowski 2014).
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In apoptotic signalling two platforms are shown. Caspase members have been
categorised, based on their mechanisms, initiators involving both caspase-8 and
caspase-9, while caspase-3, -6, and -7 are touted as executioner caspases
(Mcllwain et al. 2013). Extrinsic avenues occur through external triggers where
these stimuli, in the form of ligands, at the plasma membrane first bind to a death
receptor (DR), delivering a message to death effector domain (DED) of caspase-8,
which is a central driver in this form of apoptosis (Figure 1.9). This engages death
domains, the adapter proteins either FAS-associated or TNFR-associated death
domains (Varfolomeev et al. 1998; Yeh et al. 1998), abbreviated as FADD or
TRADD respectively, thus awakening caspase-8 activity. This produces new
caspase activities propagating caspase-3 and caspase-7. Alternatively, active
caspase-8 can trigger an intrinsic route first via BID, where its cleavage form (tBID)
enhances apoptosis through mitochondria (Schug et al. 2011), releasing
cytochrome c into the cytosol. On the other hand, an intrinsic type generated by
stressors from internal sources, is linked to mitochondria - so called “mitochondrial
apoptosis”. Different factors induce this picture of apoptosis, such as hypoxia and
accumulation of unfolded proteins. Mitochondrial apoptosis uses caspase-9 as
initiator, when its interacting domain, termed a caspase recruitment domain (CARD),
binds to its counterpart the adapter protein apoptotic protease-activating factor-1
(APAF1) (Shiozaki et al. 2002). This and caspase-9 are present in the cytosol, but
they require cytochrome c action, therefore the pathway can commence in response
to stresses. Cytochrome c interacting with APAF1 results in a conformational
change. This is followed by further conformational change (Acehan et al. 2002),
which ultimately activates caspase-9 in a complex known as an apoptosome (Cain

et al. 2002).
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Figure 1.9 Extrinsic and intrinsic modes of apoptosis, mode one (Mcllwain et al.
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In mitochondrial apoptosis, BH3-only members, are also connected, which act as
apoptotic initiators after cytotoxic stimulation, thereby blocking pro-survival
effectors, namely Bcl-2 proteins (Figure 1.10). Subsequently, BAX and BAK
effectors generate the oligomers, thus triggering the mitochondrial outer membrane
permeability. This action causes cytochrome c formation, which can activate
caspase-9 through APAF1, or in contrast, produces a second mitochondria-derived
activator of caspases (SMAC), which prevents the caspase inhibitor XIAP, a short
hand for X-linked inhibitor of apoptosis protein (Czabotar et al. 2014).

The role of Bcl-2 protein family, such as Bcl-2 effector, is emerging in the curing of
disease, since such a player illustrates a principal role in cell life and death
decisions, including neurons (Anilkumar and Prehn 2014) and cancer cells (Correia

et al. 2015). In this respect, there has been more interest in Bcl-2 in the neuronal
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survival in Huntington’s degenerative cell loss. It was discovered that in cells
affected with the Huntington’s phenotype that elevating Bcl-2 expression is in fact
protective in the face of mutant Huntingtin protein (Ju et al. 2011). So, the Bcl-2 is
currently considered a novel target in such models of diseases, as well as in the

cancers (Sassone et al. 2013).
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Figure 1.10 Extrinsic and intrinsic modes of apoptosis, mode two (Czabotar et al.
2014).

In pathological conditions, for example neuronal “survival” and cancer “growth”,
apoptotic determinants are widely implicated. Interestingly, ion channel roles are
well-linked to the heart of apoptosis (Bortner and Cidlowski 2014; Burg et al. 2006).

It is indeed very exciting that ion channels are unique targets for cancer search
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(Kunzelmann 2005; Li and Xiong 2011; Pardo and Stuhmer 2014), since these
molecules are very powerful not only in arresting cell growth, but also in dampening
cancer invasion. In neurons, programmed cell death, particularly apoptotic power,
is a major element in degeneration, as well as aging cell loss such as occurs in

Alzheimer’s disease (Ghavami et al. 2014).

1.6 Cellular Ca?* in pathophysiology

Calcium signalling is pivotal in normal cellular function with changes in intracellular
Ca?* being a key message or signal for cell growth, secretion, excitability,
contraction or gene expression. However changes in intracellular Ca?* are also very
much at the heart of pathophysiological processes, playing a key role in cellular
dysfunction and even death (Campbell 2014) .

In the early 1880s, Sydney Ringer published four papers in which he described the
key role of calcium in physiological processes. The most obvious finding to emerge
from this study was the quantitative amount of calcium, potassium and sodium ions
necessary to maintain the heart contraction (Miller 2004). In subsequent studies,
this view was supported by number of researchers (Campbell 1983), and the
competing processes of calcium efflux and influx were highlighted and linked. It has
been shown that store filling occurs by receptor activation (Casteels and Droogmans
1981). From the mid to late twentieth century, there has been a progressive increase
in the number of biomedical scientific publications on calcium (Putney 2011). In
recent years, there has been increasing curiosity in Ca?* homeostasis, and
interestingly, the past decade has seen continued rapid growth in the field of calcium

research.

29



Chapter One

In the CNS, Ca?* plays a central role in long-term depression and potentiation, which
are forms of synaptic plasticity, dendritic development, synaptogenesis, membrane
excitability, and information processing (Berridge 1998). Indeed, Ca?* influx into a
cell leading to an increase in local Ca2*concentration results in a number of synaptic
alterations. Larger elevations in [Ca?*]i are cytotoxic (Mattson 2007) by either
changing cell signalling or by damaging of cellular components through enzymes
and free radicals. On the other hand, disruption of the proliferation-apoptosis
balance results in abnormal cell growth and further cancer cell metastasis
(Farfariello et al. 2015). Therefore, the role of cytosolic Ca?* in both cancer progress
and neurodegeneration is extremely interesting.

Cell signalling pathways are initiated by either elevating or reducing intracellular
Ca?* levels, therefore each physiological and pathological phenotype is
characterized by a specific “calcium signature”, comprising kinetics, localization,
and amplitude (Lehen'kyi et al. 2011). Evidence shows that the resting concentration
of cytosolic free Ca?* lies in the range of 100 nM to 200 nM (Decuypere et al. 2011;
Marambaud et al. 2009). Upon stimulation, it can increase to low micromole levels
through calcium influx from the outside milieu, and also calcium efflux from internal
stores (Marambaud et al. 2009).

Ca?* diffusion is limited by several mechanisms, termed homeostatic mechanisms,
including Ca?* buffering proteins, for instance parvalbumin, membrane pumps, and
carriers, which influence the Ca?* concentration gradient, triggering cellular
signalling (Augustine et al. 2003). Clearly, diffused calcium ions can bind to Ca?* -
binding effectors proteins and cell Ca?*-sensors, such as neurocalcin, thus

activating physiological processes (Ames et al. 1996; Augustine et al. 2003).
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A correct calcium homeostasis is essential to maintain cell function. For this central
regulation, there are various factors and mechanisms such as voltage-operated,
receptor-operated, and store-operated calcium channels, which are located at
different cellular sites (Ghosh and Greenberg 1995). The influx of Ca?* from the
extracellular space can be modulated by either receptor-operated channels, such
as NMDA receptors or voltage-operated channels (VOCs) which in turn trigger the
release of neurotransmitters following action potentials.

In the mammalian nervous system, glutamate is the most common neurotransmitter,
which is particularly important in respect of memory. In the neuronal membrane,
glutamate can bind to both metabotropic and ionotropic receptors. Interestingly,
metabotropic receptors were shown to be involved in calcium homeostasis by
driving Ca?* from internal stores through GTP-binding protein-dependent pathways
(Marambaud et al. 2009). Moreover, glutamate is transported by different plasma
membrane transporters, which are reversible and inward under physiological
conditions, in contrast glutamate can also be transported in the outward direction,
termed reversed transport, for instance when intracellular [Na*] / extracellular [K*]
increase (Szatkowski et al. 1990). It is well known that overstimulation of glutamate
receptors is associated with neuronal toxicity. Glutamate receptors respond to
various agonists such as hormones and growth factors. Importantly, they activate
phospholipase-C hydrolysing phosphatidyl inositol 4,5-biphosphate (PIP2) to
generate inositol 1,4,5 triphosphate (IP3), which acts as a second messenger
(Figure 1.11). IP3 then acts on IP3 receptors, ultimately releasing Ca?* from the ER
(Zhang et al. 2011b). In addition, the IP3sR can be influenced by various modulators

such as Ca?*, ATP, CaM, and protein kinases (Foskett et al. 2007; Mikoshiba 2007).
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It is clear that endoplasmic reticulum (ER) Ca?* homeostasis plays a prominent role
in controlling diverse neuronal functions. The ER intraluminal Ca?* level is
approximately 4 to 5 orders of magnitude higher than the surrounding milieu.
Therefore, this concentration gradient leads to Ca?* leaving the ER upon activation
of receptors or channels such as IPsRs and RyRs, which differ in conductance,
expression profile, and regulation. On the other hand, the sarcoplasmic-
endoplasmic reticulum Ca?* ATPase pump can accumulate Ca?* in the SR/ER
lumen through ATP hydrolysis (Stutzmann and Mattson 2011). In addition, the store-
operated calcium entry system is involved in the refilling of intracellular Ca?* stores
by a complex process, termed store-operated Ca?* entry, which is activated by

reducing intracellular stores in the ER (Putney 2011).
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Figure 1.11 Simplified picture of calcium signalling in cells (Bootman 2012).
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The mitochondrion in cells is a multi-functional organelle. In addition to producing
ATP, it plays an essential role in numerous cellular functions such as Ca?*
homeostasis and cell death pathways. It is generally accepted that mitochondrial
perturbations are involved in the neurological diseases such as an interruption in
oxygen to the brain (Zorov et al. 2007). Under normal physiological conditions,
neurons are exposed to a baseline degree of oxidative stress from different sources.
Elevated oxidative stress is a pathological condition leading to increased production
of reactive oxygen species (ROS) and free radicals, thereby reacting with DNA,
lipids and proteins, and causes cellular damage and dysfunction (Choi et al. 2009;
Suh et al. 2008). Importantly, it has been determined that cross-link between redox
signals and Ca?* plays critical role in neuronal function. Furthermore, ROS can alter
Ca?* signalling proteins, amplitudes, and kinetics. Also, oxidation of (NO) can be
induced by ROS and reacts with free thiol in the RyR, to generate S-nitrosothiol,
which mediates Ca?* release from the ER. Likewise, it has also been reported that
ROS can activate IPsRs. On the other hand, ROS is thought to be implicated in the
inhibition of both the sarcoplasmic-endoplasmic reticulum Ca?* ATPase and the
plasma membrane Ca?* ATPase (Foskett et al. 2007; Sutko and Airey 1996).

In addition, the Cyclic AMP response element binding protein (CREB), is a nuclear
transcription factor, which regulates genes important for neuronal survival (Tsokas
et al. 2007). Interestingly, phosphorylation and activation of CREB is switched on by
rises in intracellular Ca?* accompanying neuronal activity. Conversely, CREB levels
are decreased in transgenic models of Alzheimer’s disease following beta-amyloid
treatment of neurons (Pugazhenthi et al. 2011). Further, CREB function has also
been recently linked to expression of some subclasses of K* channel in brain slice

cultures (Tong et al. 2010).
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In cell growth mechanism(s) mapping, it is clear that Ca?* play a powerful role
beyond cancer considerations, such as through canonical and non-canonical role of
K* channels (Huang and Jan 2014) in modulating membrane potential and [Ca?*)i
signalling, thus changing cell cycle progression (Ouadid-Ahidouch and Ahidouch
2013; Yang and Brackenbury 2013). These concepts are well reviewed in chapter
five. Unfortunately, research efforts have not made further progress, and it is still not
clear how Ca?* upmodulation in cells sustains “switch on” cell growth mechanisms.
More, “How Ca?* oscillations, apoptosis and cell growth are linked is still a big
question”. Thus, understanding calcium signalling rules in cancerous cells is
currently very poor.

Accordingly, the study of cellular mechanisms, which participate in the perturbation
of cellular Ca?* signalling, though not clear, are fundamental in investigating

pathogenesis and disease mechanisms, and in recognising therapeutic targets.

1.7 Cell models

1.7.1 CNS cell lines

1.7.1.1 SH-SY5Y cell model

The human neuroblastoma line, SH-SY5Y, was established from bone marrow
tissue in cell culture. First, it was shown that its parental line, SK-N-SH, shows
dopamine beta-hydroxylase activity, thus expressing a neuronal phenotype (Biedler
et al. 1978). Subsequently, it is frequently used in disease models, most commonly
in neuroblastoma, Parkinson’s and Alzheimer's models as disease-specific
phenotypes. Evidence demonstrates that undifferentiated SH-SY5Y cells exhibits
immature catecholaminergic neuronal phenotype at a biochemical level, lacking

mature neuronal markers (Biedler et al. 1978; Gilany et al. 2008). Therefore, this
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cell type might not be an appropriate model for neurodegenerative models, such as
Parkinson’s disease, since mature and differentiated dopaminergic neurons are
affected in the brain through PD. Interestingly, multiple lines of research evidence
on the SH-SY5Y cells highlight that differentiation of this model, through certain
treatments e.g. retinoic acid, produces a more SH-SY5Y neuronal phenotype, with
cholinergic, noradrenergic and dopaminergic properties, and alters the SH-SY5Y
cell morphology to one similar to mature neurons (Xie et al. 2010). More recently,
genomic mapping of SH-SY5Y cells, through sequencing the whole genome, has
found that specific genes existing in Parkinson’s pathways, were also expressed in

the SH-SY5Y genome (Krishna et al. 2014).

1.7.1.2 STHdh cell model

A cell model of Huntington’s disease was also used in this study. In this model, wild-
type mouse striatal cells (STHdh*'Hdh*), heterozygous (STHdh??"Hdh*), as well as
homozygous cells (STHdh®Q"""Hdh?Q?"") were established from wild-type and
Huntington disease (Hdh®?"?) knock-in embryos (Trettel et al. 2000; Wheeler et al.
2000). This study found that a full-lengthening glutamine track in Huntington protein
produces dominant phenotypes in mouse striatal cells. The Huntington’s disease
collaborative research group (1993) reported that the human Huntington’s disease
mutation shows an expanded CAG repeat that extends a poly glutamine portion to
37 or more residues. This reveals that the trinucleotide repeat in Huntington gene is
unstable and mutations produces different CAG repeat length. This phenomenon
can affect HD case severity (Trettel et al. 2000) and its onset, as longer CAG repeat
accelerates HD onset (Pouladi et al. 2013). Two HD mice models, R6/1 and R6/2,
found that these show different CAG repeats in exon 1, 116 and 144 CAG repeats

respectively, using the human Huntington promoter (Mangiarini et al. 1996). In HD
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pathogenesis, studies report that full-length mutant protein actually promotes
mutant amino-terminal fragment into amyloid (Scherzinger et al. 1997; Scherzinger
et al. 1999). Furthermore, it is believed to date that all models that generate
truncated N-terminal fragment shows similar symptoms, for example cognitive and

behavioural abnormalities (Pouladi et al. 2013).

1.7.1.3 BV-2 cell model

Other CNS cells were also used in this study, thus addressing the role of channels
of interest not only in neurons but also in glial cells in the brain. A murine cell line,
BV-2, was used in the study, since it represents a valid cell model for primary
microglia (Henn et al. 2009). BV-2 cells were originally derived from a mouse
primary microglial cell culture (Blasi et al. 1990). The study of BV-2 properties, as
an immune cells in CNS, has shown that these cells have phagocytic ability,
including secretory properties for instance lysozyme, tumour necrosis factor, as well
as interleukin 1 (Blasi et al. 1990). Such cells indeed present antimicrobial activities,
more importantly against microorganisms that involve in CNS pathologies (Bocchini
et al. 1992). Further study compared lipopolysaccharide-activated primary microglia
and the BV-2 response pattern, and has indicated that their functional responses
were highly similar, through modulating interferon gamma and NO regulation (Henn

et al. 2009), that play an important role in neuroinflammation.

1.7.1.4 MOG-G-UVW cell model

Finally, the human brain astrocytoma cell line, MOG-G-UVW, was a line of interest
because previous studies did not address the role of channels of interest in the
seminal element “astrocytes” in the brain in the context of neuronal insults. MOG-

G-UVW cells were established from anaplastic astrocytoma of adult human brain in
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tissue culture (Frame et al. 1984). It is surprising that growing evidences points out
emerging roles of this CNS resident cell in neurological disorders. In this paradigm,
it has been mentioned that these cells, for example, are involved in neuroplasticity

(Clarke and Barres 2013).

1.7.2 Breast cancer and non-tumorigenic cell lines

1.7.2.1 Wild-type breast cancer cell models

The cancer work in this study was carried out in three wild-type breast cancer cell
lines, which include MCF-7, BT-474 and MDA-MB-231 cell lines. The reason was to
explore whether breast cancer cells which express different phenotypes show either
similar or different expression pattern in the context of channels of interest as well
as their role in breast cancer cell growth, if any. MCF-7 line is the most commonly
used cell line so far, these cells being derived from a primary culture of 734B cell
culture from human pleural effusion which was originally isolated from a metastatic
mammary carcinoma (Soule et al. 1973). These cells have (ER*, PR* and HER2")
status (See section 5.3.1), which represent approximately 70% of breast cancer
cases to date (Lumachi et al. 2013). Another line, BT-474, has a triple positive (ER",
PR* and HER2") expression pattern, and is less common (~15%) among breast
cancer patients compare to MCF-7 line phenotype (Alba et al. 2014; Neve et al.
2006). These cells were also derived from human pleural effusions from an invasive
ductal carcinoma (Lasfargues et al. 1978). Furthermore, another breast cancer
phenotype was also utilised in the study, namely MDA-MB-231 cells, which
demonstrate (ER-, PR and HERZ2) phenotype i.e. triple negative status (Neve et al.
2006). This phenotype is also less common and constitutes about 15% compare to

(ER*, PR*, HER2") status of MCF-7 cell line, and was derived from pleural
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effusions(Cailleau et al. 1974). This indicates that these different cells have different
growth signature through various mechanisms i.e. pathological features. Breast
cancer cell lines are also classified, based on molecular characterisation, into five
models: luminal A (MCF-7), luminal B (BT-474), HER2 (MDA-MB-453), Basal (MDA-
MB-468) and claudin-low (MDA-MB-231) (Perou et al. 1999; Perou et al. 2000). In
breast cancer study, there is little doubt that these cell lines improved the
understanding of breast cancer pathogenesis at the molecular level as in vitro

models of breast cancer.

1.7.2.2 Endocrine resistance cell models

The work in this study also utilised endocrine resistance cell models, it is assumed
that resistance mechanism understanding is highly complex and challenging in its
clinical outcome. In this regard, it has been reported that about 45% of estrogen
receptor casualties which were treated with endocrine therapy, such as tamoxifen
and fulvestrant, will eventually relapse (Jafaar et al. 2014). This was the reason that
endocrine MCF-7 resistance cell models, namely TamR (Knowlden et al. 2003) and
FasR (Nicholson et al. 2005), were investigated to test whether the channels of
interest play any role in the context of their expression and their functional activities

(See sections 2.1 and 5.3.1).

1.7.2.3 Non-tumorigenic epithelial cell model

This cancer research was followed by asking whether these ion channel targets
occur in a human breast epithelial cell line, namely MCF 10A. This line was
generated from human fibrocystic mammary tissue (Soule et al. 1990). Such cells
exhibit normal characteristic of breast epithelial cells, when several parameters are

considered. For instance, MCF 10A cells lack of tumorigenicity phenotype, their
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growth in culture can be modulated by using growth factors, and these cells can

form a dome pattern in confluent culture (Soule et al. 1990).
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1.8 General hypothesis and aims

It has become clear that intracellular Ca?* perturbations trigger cell survival and so
are involved in several pathologies, more importantly in neurodegeneration and
cancer. In neurons, Ca?* overload is cytotoxic, whereas an increase in intracellular
Ca?*is required for abnormal cell growth, namely in cancer. Thus, SK and TRPM7

ion channel modulation will modify “on-off” switching cell survival capabilities.

In this in vitro study, the main aims are:

1. To establish a role, if any, for SK and TRPM7 ion channels in CNS cell
survival against neuronal insults.

2. To establish a role, if any, for the SK ion channel in breast cancer cell
growth.

3. To explore whether SK and TRPM7 ion modulation is involved in any
underlying “molecular” mechanisms such as apoptosis, causing either

neurodegeneration or modified cell growth.
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2 Chapter Two: General Methods and Materials

2.1 Cell lines

SH-SYS&Y cells, a human neuroblastoma line were subcloned and isolated from a
four year-old female. MOG-G-UVW cells, is a human brain astrocytoma line, and
both lines were purchased from the European Collection of Cell Cultures, United
Kingdom (UK). Mouse striatal cells, a mouse striatal cell model of Huntington’s
disease, which include a wild type STHdh*Hdh*, a heterozygous mutant
STHdh?"""Hdh* and a homozygous mutant STHdhQ""HdhQ?" were a gift from
Professor Lesley Jones, Institute of Psychological Medicine and Clinical
Neurosciences, School of Medicine, Cardiff University, UK. BV-2 cells, a primary
mouse brain microglia line, were provided courtesy of Professor Rosario Donato,
Department of Experimental Medicine and Biochemical Sciences, University of
Perugia, Italy.

Also used were MCF-7 cells (Luminal A: ER*, HERZ2), and a human breast
adenocarcinoma isolated from a 69-year old Caucasian female, a widely studied
endocrine resistant model, being Tamoxifen-resistant (TamR) and Fulvestrant-
resistant (FasR) lines, and originally derived from primary MCF-7 cells. Other breast
cancer cell lines of varying phenotype, namely BT-474 (Luminal B: ER*, HER2"),
and MDA-MB-231 cells (Basal B: ER", HER2") were kindly provided by Tenovus
Centre for Breast Cancer Research, School of Pharmacy and Pharmaceutical
Sciences, Cardiff University, UK. A non-tumorigenic cell line, namely MCF 10A was
a gift from Prof Arwyn Jones, School of Pharmacy and Pharmaceutical Sciences,

Cardiff University, UK.
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2.2 Culture conditions

SH-SY5Y cells were grown in Eagles Minimum Essential Medium in a ratio 1:1 with
F12 nutrient mixture (Sigma-Aldrich, UK), 15% (v/v) foetal bovine serum (Gibco®
Life Technologies, United Kingdom), and 1% (v/v) non-essential amino acids
(Sigma-Aldrich, UK). For SH-SY5Y differentiation, regular medium was
supplemented with 10 uM retinoic acid for seven days, a commonly used protocol
to differentiate neuroblastoma cells into a neuronal phenotype. MOG-G-UVW cells
were cultured in Dulbecco’s Modified Eagle Medium (Gibco® Life Technologies, UK)
in a ratio 1:1 with F10 nutrient mixture (Sigma-Aldrich, UK), and 10% (v/v) foetal
bovine serum. Mouse striatal cells, namely the wild type STHdh*Hdh*, the
heterozygous mutant STHdhQ'""Hdh* and the homozygous mutant
STHdhQ"""HdhQ?? cells were cultured in Dulbecco’s Modified Eagle Medium, and
10% (v/v) foetal bovine serum. Mouse microglial BV-2 cells were cultured in Roswell
Park Memorial Institute-1640 medium containing phenol red (Gibco® Life
Technologies, UK) and 10% (v/v) foetal bovine serum. MCF-7 cells were grown in
Roswell Park Memorial Institute-1640 medium containing phenol red, supplemented
with 5% (v/v) foetal bovine serum. Tamoxifen resistant and Fulvestrant resistant
cells were exposed to 100 nM 4-hydroxytamixifen (Sigma-Aldrich, UK) and
Fulvestrant (Sigma-Aldrich, UK) for eighteen and twenty seven months respectively,
thereby generating a short term endocrine resistant model, and their replication
maintained in Roswell Park Memorial Institute-1640 medium, supplemented with
5% (v/v) charcoal-stripped foetal bovine serum (Appendix 1). BT-474 cells were
grown in in Dulbecco’s Modified Eagle Medium, and 10% (v/v) foetal bovine serum.

MDA-MB-231 cells were grown in Dulbecco’s Modified Eagle Medium in a ratio 1:1
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with F12 nutrient mixture, and 10% (v/v) foetal bovine serum. MCF 10A cells were
cultured in Dulbecco’s Modified Eagle Medium in a ratio 1:1 with F12 nutrient
mixture, and 5% (v/v) horse serum, supplemented by 100 yl of insulin (10 mg/ml), 5
Ml of epidermal growth factor (400 ug/ml), and 50 pl of hydrocortisone 1 mg/ml, which
were purchased from Sigma-Aldrich, UK.

All cultures were maintained at 37°C, except BV-2 cells which were maintained at
33°C, in a standard humid atmosphere of 5% COz2, supplemented with 2 mM (v/v)
L-glutamine (Sigma-Aldrich, UK), and 100 IU/ml penicillin-100 pg/ml streptomycin

(Gibco® Life Technologies, UK).

2.3 Preparation of primary culture and subculturing

Working with a cell culture environment requires an aseptic (closed) system.
Therefore the laminar flow cabinet was “preconditioned” being switched on and left
at its normal setting for 15 minutes, the work area being sprayed with ethanol 70%
(v/v) using clean tissues before starting the culture procedure and setting up.
Moreover, reagents necessary for the cell culture such as Dulbecco’s phosphate
buffered saline and trypsin, were pre-warmed (37°C) in a clean water bath for 15
minutes, which were aseptically opened in the cabinet. Cells were frozen and stored
either in the cryo-freezer (-80°C) for short-term storage or in liquid nitrogen (-196°C)
for long-term storage. Primary cultures were generated by transferring the frozen
vials to the water bath and allowing them to thaw for about 5 minutes before gently
pipetting into Eppendorf tubes: the suspension containing cells was immediately
centrifuged at 1000 rpm for 3 minutes. The old medium was then discarded and
cells were recovered with fresh growth medium (1 ml) by disintegrating the pellet

and pipetting down in order to have a homogenous suspension. Cells were then
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distributed into the culture flask (Thermo Fisher Scientific, UK), and as a result cells
can grow leaving the quiescence state which can differ for each line of cells. Cells
were examined on a daily basis under the microscope. Although each cell line has
specific culture demands, the technology and procedures are similar in terms of
subculturing for all. Cell passaging regime at regular intervals limits the cell biomass
in the form of monolayer culture, thereby maintaining cultures by continuous
transferring a determined volume of each respective cell number in the confluent
flasks. The “dilution” of cells in the new culture is typically in the range of a ratio 1:2-
1:10 as necessary, based on the goals of subculturing with optimum growing
efficiency and the requirements of further experimental work. Moreover, the number
of flasks required for further use, were considered in advance being based on the
experimental design, for example the number of technical and biological replicates
and the planned time course. For subculturing (Cell splitting), the regular medium in
25 cm? tissue culture flasks was aspirated and cells rinsed with Dulbecco’s
phosphate buffered saline (1 ml), which was then sucked away using an aspiration
pump. Adhered cells were detached in trypsin (0.5 ml) after incubation at 37°C for
3-6 minutes. Flasks were retained and examined under the microscope to ensure
complete cell detachment, gently tapping if necessary. Trypsin activity is
immediately ceased by adding the normal medium (1 ml) and swirling. The solution
was then transferred to an Eppendorf tube, which was then centrifuged at 1000 rpm
for 3 minutes resulting in a suspended pellet: again the supernatant was discarded,
the pellet recovered in normal medium (1 ml) and pipetted up and down to reach an
homogenous distribution of cells. In the pre-seeding step, variations in the cell

suspension densities were assessed using a haemocytometer in order to achieve
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the desired culture density. An unknown cell population (in 1 ml) was added to
normal medium (4 ml) in a universal tube and pipetted. The counting chambers and
coverslip were sprayed with 70% ethanol (v/v) and cleaned using lens tissue. The
suspension was mixed well and then 10 pl injected to the V-shaped area under the
coverslip on both sides with a pipette. Cells in all squares were counted under the
microscope thus providing values for the volumes that the cell suspension and the
medium need to be mixed in for further experimental work such as culture

maintenance, using the equation (Total cells counted in 10 in squares/ 10) X 104).

Cell models Passaae number
CNS
Undifferentiated SH-SY5Y 17-20
Differentiated SH-SY5Y 17-20
MOG-G-UVW 18-22
BV-2 19-21
STHdh*'Hdh* 7-10
STHdhQ1Hdh* 7-10
STHdhQ111 Hdh Q111 7-10
Breast cancer
MCF-7 8-12
TamR 40-44
FasR 100-104
BT-474 8-11
MDA-MB-231 6-10
Non-tumorigenic
MCF 10A 9-12

Table 2.1 The passage numbers of the cells used in this study.
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2.4 Gene expression assessment

2.4.1 Qualitative gene expression assessment

2.41.1 Primer design

Forward and reverse primers in original DNA sequences were designed using the
National Centre for Biotechnology Information online database. The Basic Local
Alignment Search (Blast) tool compares sequences producing significant similarity.
Primer 3 tool (Version 0.4.0) accesses predesigned primers. Sequences were
retrieved in an Ensemble database to verify where the primers bind in the exons in

question.

2.4.1.2 RNA extraction

Total RNA from cultured cells was extracted using 2.5 ml of Trizol (Ambion® Life
Technologies, UK) spread over the entire surface of 75 cm? culture flask (Thermo
Fisher Scientific, UK). The cell lysate was pipetted several times to form a
homogenous cell suspension, which was transferred into two Eppendorf tubes, and
250 ul of chloroform (Sigma-Aldrich, UK) was added to each tube. After brief
incubation, the mix was centrifuged at 12,000 rpm for 10 minutes at room
temperature. The supernatant, which contains RNA, was isolated into a fresh
Eppendorf tube. In this, and all subsequent steps, a controlled workstation within a

PCR hood was used.

2.4.1.3 RNA precipitation
After generation of the aqueous (RNA containing) phase, this was re-suspended in
625 pl of isopropyl alcohol (Thermo Fisher Scientific, UK), thus recovering RNA.

Following incubation at room temperature for 10 minutes, the mix was then
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centrifuged at 12,000 rpm for 5 minutes. The resultant precipitant was eluted in 75%
ethanol (500 ul) after which RNA samples were vortexed, and centrifuged at 12,000
rom for 5 minutes at room temperature. The supernatant was aspirated, and the
pellet was incubated at room temperature for a few minutes. To rehydrate the RNA,
25 pl of RNAse free water was added, and the samples were stored overnight at -

80°C.

2.4.1.4 DNAse treatment

DNAse treatment was performed to ensure the purity of the RNA samples, thereby
eliminating contaminating genomic DNA. Samples were combined in a 500 pl tube,
followed by RNA purification using Precision™ DNase kit (PrimerDesign, United
Kingdom), which was treated with Precision 10x DNase reaction buffer (5 pl) and
precision DNAse enzyme (1ul) for 10 minutes at 30°C in a DNA thermal cycler
(Perkin-Elmer). DNAse enzyme was heat inactivated after incubation of the mix for
5 minutes at 55°C, thus terminating reactions. RNA samples were immediately

cooled on ice, before proceeding to the RNA quantification step.

2.4.1.5 RNA quantification

The Du 730 spectrophotometer (Beckman coulter®) was calibrated, followed by a
50 times dilution of the samples in a cuvette using nuclease free water, and the
amount of RNA per microliter was quantified at 540 nm. As per manual, the ratio

index (260 nm/ 280 nm) yields the RNA amount for further assays.

2.4.1.6 Reverse transcription
The resultant mMRNA was reverse transcribed using precision nanoScript™ Reverse

Transcription kit (PrimerDesign, United Kingdom) to produce complementary DNA
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(cDNA). The annealing step reaction involved 1 ug of RNA template, RT primers 1
dI of each Oligo-dT (20 uM) and Random nonamer (40 uM), and RNAse/DNAse free
water up to 10 ul. The mixture was incubated at 65°C for 5 minutes in a DNA thermal
cycler, which was immediately cooled in an ice bath for optimal performance. The
extension RT reaction was conducted using the following constituents: nanoScript
10x buffer (2 pl), ANTP (10 mM) mix (1 pl), 2 pl of DTT (100 mM), RNAse/DNAse
free water (4 pl), and 1 yl nanoScript enzyme (17.5 u/ul), which were added to the
sample on an ice bath. After a pulse spin, tubes were incubated at 25°C for 5
minutes and then at 55°C for 20 minutes. This reaction was then terminated by

incubation at 75°C for 15 minutes.

2.4.1.7 Polymerase chain reaction

Polymerase chain reaction (PCR) was undertaken to investigate the presence of
messages in all target cells, this technique using specific primers to replicate a DNA
target. Promega PCR assay uses nuclease free water (7.43 ul), 5x Green GoTaq
Flexi buffer (2.5 pl), 0.75 yl MgCl2 (25mM), 0.25 pl dNTP (10 mM), 0.0625 pl GoTaq
polymerase (5 u/pl), and 0.5 pl of each primer (10 uM). The mixture was placed in
a UNO-Thermoblock machine (Biometra) using an appropriate PCR protocol, so

producing multiple DNA amplified segments from the isolated cDNA.

2.4.1.8 Electrophoresis

Following the development of DNA copies, gel electrophoresis, using an agarose
matrix (1%) was performed to facilitate the separation of DNA populations,
according to biomolecule sizes. Gels were cast using 700 mg agarose gel
(Invitrogen™ Life Technologies, UK), and 70 ml Tris-acetate-EDTA (Thermo Fisher

Scientific, UK), the mixture briefly microwaved, and stained using 0.5 ug/ml ethidium
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bromide (BIO-RAD, UK) in a Mini-Gel tray (BIO-RAD, UK). Following 30 minutes
incubation at room temperature, the gel was placed in an electrophoresis chamber,
the comb removed and the wells then covered with TAE buffer (1x). The wells were
loaded with 10 ul of DNA of interest and B-actin samples, which is ubiquitously
expressed in eukaryotic cells. Product sizes were referenced using an 10 pl
HyperLadder™50bp (BioLine, UK), which yields blue and yellow dyes, and to
monitor migrating molecules through a gel, the device was set at 100 mV, 200 mA
for up to 60 minutes. When the front dye approached the end of gel, the migration
progress was ceased, and the resulting gel was photographed by a UV gel

documentation system.

2.4.2 Quantitative gene expression assessment

A quantitative expression profiling supplementary to qualitative approach (PCR)
was performed using the Affymetrix GeneChip® 1.0 ST array system, which
provides data on the concordant expression of transcripts encoding genes of
interest. Assays used RNA compiled from experimental and reference samples at
three passage numbers, the RNA quantity was scored, and the quality was verified
through PCR. The technique involves transcribing of RNA to cDNA, which was
differentially labeled with fluorescence. The hybridisation involves the labeled DNA
molecules pairing with the complementary sequence of the DNA probe to form
double stranded DNA on the chip, on which thousands of spots were printed. The
arrays were then scanned, the data processed, analysed, and normalised using
GENESIFTER software, which results in a log transformed expression pattern, as
well as a heatmap that provides a snapshot of changes in gene expression. In this

profile, spot colours reflect simultaneous gene expression, red colour meaning the
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target gene is up-regulated, in contrast down-regulation appears as green, and
black signifies no cause change in expression. Experiments were conducted by the
Tenovus Centre for Breast Cancer Research, School of Pharmacy and
Pharmaceutical Sciences, Cardiff University, UK.

Additional details can be found at:

http://media.affymetrix.com/support/technical/datasheets/gene_1_0_st_datasheet.pdf
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2.5 Protein blotting

2.5.1 Protein extraction

Total protein was lysed from cells cultured in six well plates: either regular or
experimental medium was aspirated, the culture was rinsed with appropriate amount
of ice cooled phosphate buffered saline (Sigma-Aldrich, UK), and 200 pl was
retained in each well. After 15 minutes incubation on ice whilst maintaining constant
rocking, adherent cells were mechanically dislodged using a plastic cell scraper
(Thermo Fisher Scientific, UK), and the suspension was transferred into pre-cooled
Eppendorf tubes. The lysate was fractioned by centrifuging for 5 minutes at 4°C,
pellets recovered and cells disintegrated in a mixture of Pierce lysis IP buffer
(Thermo Fisher Scientific, UK) and Halt™ protease inhibitor cocktail (Thermo Fisher
Scientific, UK) in a ratio (100:1). The cocktail protects the proteins from uncontrolled
losses through degradation. For this preliminary treatment, samples were incubated
on ice for 30 minutes. Centrifugation for 15 minutes at 12,000 rpm resulted in a

solution at the top, which carries proteins, which can then be determined.

2.5.2 Protein quantification

Unknown concentrations were determined using an accurate colorimetric assay
(Thermo Fisher Scientific, UK). The bicinchoninic acid assay (BCA) uses the biuret
reaction in which peptide bonds reduce cupric (Cu?*) to cuprous (Cu*) that chelates
with bicinchoninic acid molecules whereby the products stain a purple colour with
light adsorbing at 560 nm, and the absorbance correlates with the protein amount
that can be displayed in a linear relationship. A series of different and known protein
concentrations were required for normalisation using standard albumin (10 mg/ml).

BCA component A and B were mixed in a ratio (7 ml: 140 ul) and then added to the
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wells containing protein samples. The reactions were developed by incubation at
37°C for 30 minutes, and the absorbance was read using a LT-5000MS ELISA
reader (Labtech). Proteins were washed in the most common sample buffer (1:1),
Laemmli (Sigma-Aldrich, UK), which masks an inherent charge, so that proteins are

negatively charged. Finally, proteins were aliquoted and stored at -20°C.

2.5.3 Polyacrylamide Gel Electrophoresis (PAGE)

The PAGE is an electrophoretic separation technique in which proteins migrate
based on their sizes and can be detected as bands through the matrix. In principle,
the matrix is mounted between the anode (-) and cathode (+) running buffers in the
upper and lower chambers, respectively. The gel is porous through which negatively
charged proteins can be forced toward the cathode (+) in the unit. As the migration
pattern depends on molecule charge and size, large molecules are retarded in their
mobility compared to smaller molecules. In this format, a typical matrix comprises
two sections which vary in concentration, a running (Appendix 2) and stacking
(Appendix 2) gel solution. Prior to casts set, the module needed for gel solidification
was assembled using Mini-PROTEAN Tetra Cell system (BIO-RAD, UK).
Separating gel solutions were poured into glass plates on the casting stand, topped
with isopropyl alcohol (Thermo Fisher Scientific, UK) to achieve a glossy surface,
and allowed to stand for 40 minutes at room temperature. When the separating gel
set, the gel was overlaid by stacking gel, and a comb was inserted to form the wells.
When layers were set, the module was placed in the buffer tank, and the running
(1x) Tris-Glycine-SDS buffer (Sigma-Aldrich, UK) was poured into the chambers.
After removing a comb, wells were uncovered and rinsed with the buffer using a

Pasteur pipette. The lanes were loaded with the same amount of protein as
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recommended, in order to achieve the same expression level between lanes. In all
cases, the control well was loaded with the same amount of total protein (20 ug) as
treated cells. Samples were run at a constant voltage and current of 120 V and 400
mA until the coloured band reference line was reached. For all runs, the first well
was reserved for a molecular weight marker, namely Precision Plus Protein™
Kaleidoscope Standards (BIO-RAD, UK): molecules in the samples are in parallel
wells and migrate a distance according to size, which can then be determined. Once

protein bands reached the reference line, the current was stopped in the run.

2.5.4 Western blotting

This technique expands the workflow that starts with the contemporary method,
referred to as electrotransfer that permits immobilising of separated proteins on a
membrane, in which proteins are captured at their relative positions, mirroring the
pattern achieved by electrophoresis in the gel. This setting used a wet transfer
system, where in response to an electrical current, proteins could then be
transferred. The transfer sandwich uses the cassette, in which the layers start with
a sponge followed by a filter paper, the membrane in contact with the gel, a second
filter paper and second sponge. It is vital to ensure expulsion of air bubbles and to
avoid creases in the construct, which compromises uniform transfer. Prior to the
sandwich preparation, all constituents were immersed in transfer buffer. Further, the
buffer contains methanol that activates the membrane, the degree to which leads to
efficient binding. The sandwich was then submerged in refrigerated (1x) Tris-Glycine
buffer in the transfer tank. As buffers would generate heat and require an ice block,
this is therefore considered in the design. In the transfer apparatus, the stack was

run at a constant current of 100 V and 400 mA fixed, ensuring that the membrane
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was orientated towards the cathode (+). Once the membrane was lined with proteins
that were originally established on the gel, which itself would complete in about 1
hour, the current was disconnected in the stack.

As nonspecific binding is detrimental, it is recommended to incubate the fresh
membranes with 5% (w/v) dried skimmed milk and Tris buffered Saline with
Tween®-20 regularly for three hours, a strategy which blocks the spaces that are
not occupied by target molecules.

For detection of target proteins, the membrane is incubated overnight with the
primary antibodies diluted in 5% (w/v) dried skimmed milk and Tris buffered Saline
with Tween®-20, a more sensitive treatment which allows the probes to bind only
the protein in question in the whole sample isolate. Known target proteins are thus
labelled at 4°C overnight. An additional manipulation is required, as a high
background alters the signal to noise ratio. After three washings (15 minutes/wash),
again using 5% (w/v) dried skimmed milk and Tris buffered Saline with Tween®-20,
the appropriate secondary antibody (1:10000), Anti-rabbit IgG HRP-linked (#7074),
which is affinity purified goat anti-rabbit IgG format, is directed against a first
reporter, the primary antibody for 60 minutes, because the primary antibody itself
does not generate a signal. After a series of washes as above, the membrane which
carries an immune complex and has provided the horseradish peroxidase activity
developed in Supersignal™ West Dura Chemiluminescent substrate layered by
Amersham Hyperfiim™ ECL, enables the determination of specific protein present
using a film cassette, which can be visualised and then quantified after 3 minutes in
a darkroom. In most applications, reprobing the resolved membrane is required for

identifying other targets, which can be achieved by stripping the prewashed
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membrane with Restore™ Plus Western Blot Stripping Buffer for 8 minutes at room

temperature.

2.6 MTS preparation

The cell proliferation experiments used the MTS method to assess cell viability in
the culture in a colorimetric fashion, thereby staining viable cells present per
population, and in principle monitoring the cytotoxicity of pharmacological probes.
In essence, living cells have a dehydrogenase (NADPH) activity which is normally
abundant in the mitochondria that can reduce the tetrazolium dye (MTS) to a
formazan product, which can be quantified through an absorbance function that
yields a picture of cell proliferation, being a surrogate for the number of healthy cells.
Based on the Promega procedure, MTS powder reagent (42 mg) was weighed and
added into phosphate buffered saline (21 ml) using a Corning® 50 ml tube: the
mixture allowed to dissolve at 37°C for 15 minutes, followed by adjusting the pH
(6.0-6.5). Then this filtered using a syringe filter, as cell culture requires an aseptic
approach, the stock was stored at -20°C. This procedure also required an electron
coupling reagent phenazine methosulfate (PMS) combined with MTS in a ratio 1:20
to form an MTS-PMS mix. Again the PMS stock demands the same storage

conditions as the MTS solution.

2.7 Pharmacological modulation

2.7.1 Plate preparation
For this work, confluent flasks (80-90%) were used to harvest fresh cells, and the
density assessed using a haemocytometer as described above. The resultant

solution with known cell population was further diluted in the relevant medium in
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order to achieve sufficient volume of the suspension based on the experimental
strategies. In all cases, experiments used formatted 96-well plates, where only inner
wells had cells so ensuring less chance to lose aseptic conditions and medium
evaporation, particularly in long-term assays. Cells in a final volume (100 ul) were
distributed among wells, using a multi-channel pipette for convenience and uniform
delivery with desired densities, thereby optimising cell seeding for different
scenarios. In CNS experiments, SH-SYS5Y cells were seeded at a density of 15 X
103, and all other cell lines were seeded at a density of 10 X 103 cells per well. Breast
cancer cells were also pharmacologically managed, all lines being seeded at a
density of 8 X 103 cells per well. It is essential to use the same medium for control
“blank” wells (without cells) for each respective group, so removing the any
background considerations in the statistical treatment. Transferred fresh cells were

allowed to adhere and recover for 24 hours in the incubator.

2.7.2 MTS cell proliferation assays

The next day after cells had been maintained for 24 hours in normal conditions, test
cells were kept either unchallenged, as respective controls, or treated with insults
and/or ion channel modulators for the desired period. The medium was aspirated
from the wells using a Pasteur pipette and then replaced, controls being only
refreshed with normal medium (100 pl each), whereas other cell groups were
challenged using normal medium (100 ul each) containing test treatments. Treating
CNS derived cells with test compounds used a 24 hour challenge in parallel with
both insult and ion channel modulators, as well as each probe alone. On the other
hand, in experiments with cancer cells, these were challenged for 72 hours,

refreshing the medium and treatment every 24 hours, and cells were observed
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under the microscope. Three hours before each examination point to determine any
changes, the plates were retrieved and the pre-warmed MTS-PMS (20 pl) was
added in a ratio of 1:5 to each well using the repeating pipette, protected from light
and further incubated for 3 hours in the incubator. Results were obtained using a
LT-5000MS ELISA reader machine in the form of an absorbance function (490 nm)

and the responses were then profiled.

2.8 Gene silencing

2.8.1 Design, source and storage

The siRNAs wherein the double stranded RNAs, namely sense and antisense
templates were designed to direct against genes of interest, and to bind to silence
the target mRNA, thus identifying a unique sequence particularly in the case of the
intended targets. However, it is important to candidate an additional cDNA template,
thus limiting off-target results. The Eurofins Genomics database was consulted
using the IDs of genes in the NCBI database that had been utilised previously for
PCR. The target and control siRNAs needed for this study were commercially
synthesized by Eurofins Genomics, diluted in appropriate buffer (50 uM each) based

on the manufacture’s instruction, and stored at 4°C.

2.8.2 Plate preparation

For transfection assay with breast cancer and CNS derived cell lines, fresh cells
were prepared from confluent flasks, as described above. Then six well plates were
cultured, at a density of 200 X 103 cells per well in normal medium (2 ml), and

allowed to stand for 24 hours to attain 50-60% confluence.
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2.8.3 Transfection

On transfection day after 24 hours, cells in cultured plates were first retrieved and
observed under the microscope to ensure the quality of the culture. Normal medium
was replaced twice by adding the same amount of Opti-MEM® medium, thereby
washing cells which were then incubated for 15 minutes. The siRNA procedure was
carried out according to the manufacturer’s instructions, accompanied by previously
normalised and published protocol (Al Soraj et al. 2012). To deliver 50 nM siRNA
into cells of interest per well, the following reagents with indicated concentrations
were sequentially applied. First, the siRNA transfection medium Opti-MEM® (179
pl) was transferred to Eppendorf tubes of the target and control siRNA , and then
oligonucleotides (1 ul) were diluted in each tube, Also, Oligofectamine™, the
transfection reagent, (8 pl) was diluted in Opti-MEM® medium (32 pl). Next the
diluted oligofectamine (20 ul) was combined with the diluted siRNA solutions, an
homogenous mix ensured, and incubated for 30 minutes. Before adding the siRNA-
oligofectamine complex, the medium in wells was replaced by Opti-MEM® medium
(800 pl) without serum and antibiotics, and the complex (200 pl) was added onto
specific wells of the target and control siRNA. At four hours post-transfection, wells
were supplemented with Opti-MEM® medium containing 12% (v/v) serum, and

further incubated for 72 hours.

In siRNA knockdown and apoptosis experiments, medium was replaced with
Dulbecco’s phosphate buffered saline (300 ul) per well and incubated on ice using
a shaker for 10 minutes. Cells were then harvested into Dulbecco’s phosphate
buffered saline by scraping, with cell suspensions from three wells subjected to the

same condition being combined in order to obtain appropriate protein concentrations
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per sample, which were then pelleted by centrifuging at 1000 rpm for 5 minutes at
4°C. The supernatant was discarded and the pellet was resuspended in Pierce lysis
IP buffer-Halt™ protease inhibitor cocktail mix (150 pl), before proceeding to protein

quantification and immunoblotting, as described above.

In cell proliferation assays, cells were washed with Dulbecco’s phosphate buffered
saline (1 ml), harvested in trypsin (300 ul) after incubation for 5 minutes, and normal
medium (600 pl) was immediately added. Also, suspensions from three wells were
combined to achieve sufficient cell numbers in the sample. Cells were counted, and

seeded in 96-well plates using the growth medium.

2.9 Cell storage

Prolonged examining of cells with continuous subculturing runs the risk that cells
become contaminated and lose their characteristics. In this study, cells were frozen
in cryovials using Recovery™ Cell Culture Freezing Medium (300 X 103 cells per
ml), yielding higher cell maintenance. The procedure covered all steps of cell
preserving, Cryovials were first placed into a Nalgene freezing container (-1°C
/Minute) then into a cryofreezer (-80°C), followed by their transfer to a liquid nitrogen

container (-196°C).

2.10Preparation of chemicals

The pharmacological SK modulators, GW542573X (Cat. No. 4311), CyPPA (Cat.
No. 2953), NS309 (Cat. No. 3895), UCL1684 (Cat. No. 1310), TRAM-34 (Cat. No.
2946), and NS6180 (Cat. No. 4864), were purchased from Tocris Bioscience, UK,
NS8593 (Cat. No. N2538) being obtained from Sigma-Aldrich, UK. Using the online

Tocris dilution calculator and instructions, the modulators were all dissolved in
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dimethyl sulfoxide (Sigma-Aldrich, UK). The stock solutions of GW542573X (50
mM), CyPPA (50 mM), NS309 (50 mM), UCL1684 (4 mM), TRAM-34 (50 mM),
NS6180 (4 mM) and NS8593 (8 mM), were stored at (-20) in aliquots, and used
within one month.

In the case of the pharmacological CNS insults, hydrogen peroxide (H202) (Cat. No.
H1009), cobalt (Il) chloride (CoCl2) (Cat. No. 232696), Escherichia Coli
lipopolysaccharides (Cat. No. L6529), were purchased from Sigma-Aldrich, UK and
staurosporine (Cat. No. 1285) was purchased from Tocris Bioscience, UK. Here, the
stock solutions were made using sterile water for H202 (0.5 M), CoCl2 (10 mM), and
lipopolysaccharides (1mg/ml), and were kept at 4°C. The stock solution of
staurosporine (500 uM) was prepared using dimethyl sulfoxide and stored at -20°C.
Other test agents, namely 4-Hydroxytamoxifen (Cat. No. L6529), Fulvestrant (Cat.
No. 14409), and retinoic acid (Cat. No. R2625) were purchased from Sigma-Aldrich,
UK. Former drugs were dissolved in ethanol (Thermo Fisher Scientific, UK) to reach
a concentration of (1 mM each) and kept at 20°C. Retinoic acid (10 mM) was made
up using dimethyl sulfoxide.

In all cases, specific demands such as light sensitivity were covered.

2.11Densitometric analysis

The autoradiography films were first scanned by an office scanner in order to semi-
quantify and translate the resultant images into values, acquiring an 8-bit scale and
a resolution of 600 dots per inch (dpi), this step being referred to as image
acquisition. This is followed by a second step which uses computer aided ImageJ
software as previously pointed out (Gassmann et al. 2009). The software allows the

rectangular selection around the relevant bands. The software further enables
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estimation of the peak heights of specific signals, based on their size, that can be
expressed as a relative percentage of the area (Protein band), which were
compared with their corresponding loading controls, again derived from their
densities, namely peak heights, of the housekeeping protein bands (GAPDH).
Subsequently, the values provided can yield the adjusted optical density for bands
of interest by dividing the density of each sample by the loading control. The ImageJ
software can correct background due to default settings. This function may often
interfere with the densitometric result, though no correction was undertaken in this

study.

2.12Data analysis

In the protein measurement step, experiments used BCA assays to determine
unknown protein concentrations in samples (See section 2.5.2). Obtained raw data
(absorbance) were retrieved in Excel, means were averaged and the background
was removed. The line of best fit was drawn through the absorbance-concentration
data (the standard curve). This generates the trendline equation which can be used
to assess unknown protein concentrations in fresh samples.

This study used one-way ANOVA as a statistical method. All measures for MTS
assays and densitometric analysis were used in GraphPad Prism (Version 6.05,
2015). This software evaluated means, as well as detecting significant outliers, if
any, from the rest. Here, the data are presented as means + SEM. p-values: *, **,
wrx %% denotes P < 0.05, P < 0.01, P <0.001, and P < 0.0001 respectively i.e. P <
0.05 was considered “significant”. Amongst post hoc tests, Dunnett’s test was used

in all cases, with the exception of the statistical case in quantitative gene expression

analysis, where Tukey’s test was performed.
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3 Chapter Three: SK lon Channel in Survival of

Neurons and brain astrocytes

3.1 Introduction

SK channels are a Ca?* responsive family of potassium channels, with four channel
subtypes (Wei et al. 2005), namely SK1-4, which are expressed at both plasma
membrane (Adelman et al. 2012), and more recently, channels such as SK2
channels are also found at the mitochondrial molecular level (Dolga et al. 2013).
SK1-3 channel subtypes mediate a small K* ion conductance, whereas SK4 (IK)
generates an intermediate K" ion conductance (Adelman et al. 2012). Pathology of
many diseases showed, in both neuronal degeneration (Mattson 2007), and
abnormal cell growth aspects (Farfariello et al. 2015), that Ca?* signalling plays a
significant role. This system is well characterised in excitable cells, such as neurons
(Higley and Sabatini 2012). Here, a calcium role is extremely critical, Ca?* acting
either as a survival or criminal element (Berridge 2012). Perturbed Ca?* signalling in
neurons is largely implicated in neurodegeneration processes (Kawamoto et al.
2012), deregulated Ca?* homeostasis being linked to life or death outcomes, thereby
triggering neuronal survival, as well as cancer progression. In neurons, SK1-3
channels are responsible for a medium after-hyperpolarisation (mAHP) function
(Zhang and Krnjevic 1987), whereas SK4 channels underlie the slow form of the
AHP (King et al. 2015): thus SK channel activation reduces Ca?* influx and potential
Ca?* overload (Stocker et al. 2004). Their role in non-excitable cells is perhaps less
clear, and may be concerned with cell growth through Ca?* regulation. These
proteins are largely expressed in central nervous system (CNS) resident cells,

particularly in neurons. In rat CNS, three SK subtypes, namely SK1, SK2, and SK3
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channel subtypes exist. For example, the SK1 and SK2 channels are present in the
hippocampus region, while SK3 channels are expressed in the supraoptic nucleus
(Stocker and Pedarzani 2000). In mouse brain, immunochemistry also determined
the presence of SK1 and SK2 channels in the hippocampus, but the SK3 channel
subtype is resident in other regions, such as the basal ganglia and thalamus (Sailer
et al. 2004). Mouse dopaminergic neurons express both SK2 and SK3 channel
subtypes (Deignan et al. 2012). It is surprising that the SK1 channel cDNA, at least
in rat and mouse species, does not generate functional channels at the plasma
membrane. This channel perhaps interacts with the SK2 channel subtype (Benton
et al. 2003), although this remains unclear (D'Hoedt et al. 2004). It is important to
highlight that SK channel expression, if any, was still not studied in astrocytes as
CNS resident cells. It was shown that these cells are less sensitive to oxidative
stress upmodulation than neurons, for instance H202-induced oxidative stress
(Almeida et al. 2001; Dringen 2000; Wilson 1997). Most importantly, in vitro mixed
cultures of both neurons and astrocytes improved neuronal protection against
oxidative stress (Vargas and Johnson 2009; Wilson 1997). This indicates that
neighbouring astrocytes in CNS strengthens neuronal defence mechanism to
combat this stress. SK channel expression in diseased cells in aging has not been
investigated, for example in the Huntington’s cell model. For instance, do these cells
express SK channels, if any, and also are they differentially expressed compare to
the wild-type. This study considers such a big question. It has been well mapped
that exacerbated oxidative stress is extensively up-modulated in neuropathology.
Interestingly, a recent study using both in vitro and vivo models has shown that SK2
channel opening can markedly rescue cells from the glutamate toxicity in cerebral

ischemia, this protection being linked to Ca?* remodelling, through SK channel
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action (Dolga et al. 2011). Most recently, molecular level expression of these
channels in human dopaminergic neurons has been revealed, and that indeed
mitochondria also express SK channels. This seminal study showed that SK2
channel activation significantly challenged mitochondrial dysfunction by rotenone, a
complex | inhibitor, thus improving cell survival through modifying mitochondrial
membrane potential (Dolga et al. 2014), and therefore reveals that this organelle
perhaps plays a critical and central role in age-related diseases (Federico et al.
2012), for instance Alzheimer’s disease. Indeed, understanding has recently been
advanced, with the demonstration that increases in calcium influx through the
plasma membrane triggers mitochondria, thereby upregulating reactive oxygen
species production in vagal neurons (Goldberg et al. 2012).

In summary, SK channels not only control membrane potential at the plasma
membrane level, but also at the subcellular level. This clearly means that these

channels modulate calcium ion oscillations in the world of neuronal cells.
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3.2 Hypothesis and aims

Activation of SK channels will have neuroprotective effects against H202-induced

oxidative stress neuronal damage in vitro, since abnormal oxidative stress acts as

a major contributor in the degeneration processes in neurons.

The principal objectives are:

1.

To explore the profile of expression of SK1-4 potassium channels in a human
neuroblastoma SH-SY5Y cell line: cell differentiation will also be undertaken.
To explore the profile of expression of SK1-4 potassium channels in mouse
striatal wild-type STHdh*'Hdh* cells.

To explore the profile of expression of SK1-4 potassium channels in mouse
striatal Huntington’s cell models, namely heterozygous STHdh??""Hdh*, in
addition to homozygous STHdhQ""""HdhQ177 cells.

To explore the profile of expression of SK1-4 potassium channels in human
astrocytoma MOG-G-UVW cells.

To explore the effect of the SK channel modulation, if any, on the viability of
these cells.

To measure the LDso effect of the insult, H202, on these cells.

To establish a role, if any, for SK1-4 potassium channels against H202-
induced oxidative stress:

To probe any protective effects of SK channel opening on H202-induced
oxidative stress.

If SK activation is protective, to specify the channel target, and reverse the
action by simultaneously blocking the channel target, using the relevant

channel blocker.
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8. To explore whether any changes in apoptotic mechanisms, through SK1-4

channel modulation and H20z2, are involved in any of the effects observed.
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3.3 Materials and methods

3.3.1 Cell origins and features

The in vitro work of this study used two neuronal cell types, namely human
neuroblastoma and mouse striatal cells. The former cell line was subcloned from
SH-SY5, this being derived from an SH-SY clone of the SK-N-SH cells, which were
isolated from human bone marrow neuroblastoma metastasis (Biedler et al. 1978).
Importantly, SH-SY5Y cells were also differentiated to a neuronal phenotype. Thus,
both undifferentiated and differentiated SH-SYSY cells were tested. Experiments
also used wild-type mouse striatal (ST) cells, as well as mutated Huntington gene
knock-in counterparts. Huntington disease knock-in cells express an abnormal
glutamine tract in their Hdh* allele, whereas the normal tract has seven glutamines
(Q7), as in wild-type cells, which is named STHdh*'Hdh*. Here, both forms of the
mutant cells were considered. In heterozygous cells, only one allele was targeted,
thereby inserting CAG repeat generation up to 111 glutamines, hence the formatting
STHdh?"""'Hdh*. Moreover, homozygous cells have two mutant proteins, namely
two Hdh?77? allele knock-in in striatal neurons of the mice, this is the reason for the
abbreviation STHdhQ""""HdhQ177 cells (Trettel et al. 2000; Wheeler et al. 2000). This
work also used MOG-G-UVW cells, a human brain astrocyte, which were derived

from anaplastic astrocytoma, isolated from adult brain tissue (Frame et al. 1984).
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3.3.2 Polymerase chain reaction

SK channel transcripts (SK1-4) were interrogated for their messages, if present, at
the mRNA level in these cells using RT-PCR. Experiments collected total RNA from
the lysed cells, followed by RNA quantification for each sample, and then their
integrity were assessed. These were reverse transcribed, thereby producing their
cDNA. In these reactions, reverse transcriptase enzyme was used in all the
samples, except the negative control sample, which was abbreviated as “No RT”.
The resultant cDNA was amplified in the PCR reaction, using specific primers for
the SK channel genes in question, and (-actin, which serves as the reference.
Indeed, reaction conditions were optimised for each SK channel gene, as well as
the reference, here both cycle number and the temperature being varied.
Experiments explored the following optimum conditions, in the case of the human
primers that were used for human cell lines in this work: denaturation at 95°C for 5
minutes, followed by 30 cycles of incubation consisting of 95°C for 30 seconds, 55°C
for 30 seconds, followed by an extension step at 72°C for 1 minute, as well as 72°C
for 5 minutes of final extension step. For mouse primers the same profile was used,
with the exception that the mouse primers were annealed at 60°C instead of 55°C.
RT-PCR product sizes were then assessed on an 1% agarose gel in

electrophoresis, after being visualised by UV light.
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Gene Gene ID Human primer sequences ?'i)zpe)s
(sir) | NM_0022484 | erGeraarearTonceTs | 28
(Ska) | AFITITST o CoaeTonGeATTGTARGTORT | 249
(Ska) | NML00Z2495 | ST GaATAGOTTGGAGGAA | 1%
(Ska) | AB12B9B31 oo e rGeTrereTaceTTaTra | 219

Table 3.1 Primer sequences for human SK channel transcripts and positive control

for the human cell types, and predicted identities. F. denotes forward primer and R.

denotes reverse primer.

Gene Gene ID Mouse primer sequences ?sze)s
| oroeos | £ STOTACCCTSOOACIACAS |
KON | a2 | SSMCCTISCTOMCTORSCS | o
(Ska) | AVI23TTB1 | eiacaTracTomGonAGTa | 250
Sk | AP | G AAAGAACGTOATEOAGAS | 1
O | acorears |F STASCACACTCOMOSICEAT | g

Table 3.2 Primer sequences for mouse SK channel transcripts and positive control

for the mouse cell types, and predicted identities. F. denotes forward primer and R.

denotes reverse primer.
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3.3.3 Western blotting

Protein blotting experiments used cold Dulbecco’s phosphate buffered saline in
which cells were lifted using a cell scraper. Harvested cells were then pelleted, and
the supernatant was discarded. The full lysate was then recovered in a mixture of
Pierce lysis IP buffer and Halt™ protease inhibitor cocktail (100:1), through
disintegrating cell proteins, and samples were incubated on ice for 30 minutes.
Proteins were then partitioned in the supernatant, after samples being centrifuged.
Isolated proteins were directly transferred into fresh tubes, samples subjected to the
BCA assay, and protein concentrations were determined.

PAGE electrophoresis was used to separate protein molecules, which were then
Western blotted onto membranes. This was followed by incubation of these
membranes in a blocking solution, 5% (w/v) dried skimmed milk and Tris buffered
Saline with Tween®-20. Blocked membranes were probed with antibodies against
protein targets, and a loading control (See section 2.5.4). Antibodies in this work,
and their noted dilution ratios are rabbit monoclonal anti-GAP43 (Abcam ab134075,
1:1000), rabbit polyclonal anti-SK1 (Abcam ab66624, 1:5000), rabbit polyclonal anti-
SK2 long and short isoforms (Abcam ab85401, 1:1000), rabbit polyclonal anti-SK3
(Abcam ab28631, 1:1000), rabbit monoclonal anti-Bcl-2 (Abcam ab32124, 1:1000),
and mouse anti-GAPDH antibody (Sigma-Aldrich G9295,1:50,000). These were all
diluted and incubated with the membranes overnight, for 16 hours, using the
blocking solution, with the exception of anti-GAPDH antibody. The next day, this
antibody was incubated against the membrane for 45 minutes, after the membrane
was washed with Tris buffered Saline with Tween®-20. The developing signals were
documented at the following exposure times: 3 minutes, 2 minutes, 2 minutes, 3

minutes, 2 minutes, and 30 seconds, respectively.
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3.3.4 SK channel pharmacology

In MTS cell viability experiments, the effect of the insult alone, SK1-4 potassium
channel modulators alone, and these modulators in conjunction with the insult were
assessed in vitro after 24 hours. In the case of survival effects, if any, target
specification was ensured by testing the effect of the relevant SK channel blocker
along with the SK channel activator-H202 combination. Briefly, SK channel effects
on proliferation were screened in target cells, where there was no action, the next
step proceeded to challenge cells with H202 alone to gain LDso values, and then
these treatments were all combined. In these steps, overall relative viability was

measured in MTS assays (See section 2.7.2) after the time indicated above.
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3.4 Results
3.4.1 SKion channel expression and modulation in human
neuroblastoma SH-SY5Y cells
3.4.1.1 SK channel mRNA and protein investigation in human
neuroblastoma SH-SY5Y cells
In this neurosurvival work and all subsequent sections of this study, experiments
began by interrogating the presence of channels of interest, if any, in all cell targets.
Here, reverse transcription-polymerase chain reaction (RT-PCR) was used to
investigate the presence of the message for SK channel members (SK1-4) in
neuroblastoma SH-SY5Y cells. This qualitative investigation indicated the presence
of only Kca2.1 (SK1), Kea2.3 (SK3), and Kcaz.1 (SK4) channel transcripts (Subtypes) in
both undifferentiated (Figure 3.1) and differentiated (Figure 3.2) SH-SY5Y cells.
This work also asked whether these channels are expressed at the protein level. In
these two cell types, however, SK4 channel protein expression was not technically
managed to be addressed. Unfortunately, specific antibodies used here, which were
commercially obtained, did not work. Therefore, Western blotting targeting of this
protein did not reveal any SK4 channel expression. Blotting of other proteins,
namely SK1 (Figure 3.3) and SK3 (Figure 3.4), showed their protein expression in
both forms of SH-SY5Y cells. However, SK1 channel is similarly expressed at the
protein level (Figure 3.3). Variable results were found regarding the SK3 channel
expression, where SK3 channel is distinctly downregulated in differentiated SH-
SY5Y cells (Figure 3.4). This indicates that retinoic acid-induced SH-SY5Y cell
differentiation apparently downregulated SK3 channel expression at the protein

level.
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300 bp

No RT p-actin  SK1 SK2 SK3  SK4

Figure 3.1 SK channel mRNA investigation in undifferentiated SH-SY5Y cells. Only
the amplicons for SK1, SK3, and SK4 channels are present and the PCR products

are of the predicted size. B-actin serves as the normalising control.

No RT B-actin  SK1 SK2  SK3 SK4

Figure 3.2 SK channel mRNA investigation in differentiated SH-SY5Y cells. Only
the amplicons for SK1, SK3, and SK4 channels are present and the PCR products

are of the predicted size. B-actin serves as the normalising control.
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Undifferentiated
Differentiated

SK1

— 60 kDa

GAPDH --— 37 kDa

Figure 3.3 Representative immunoblot of SK1 channel subtype in SH-SY5Y cells.

SK1 channel protein is expressed similarly in both undifferentiated and differentiated

SH-SYS5Y cells .GAPDH serves as the normalising control.
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Figure 3.4 Representative immunoblot of SK3 channel subtype in SH-SY5Y cells.
SK3 channel protein expression is visibly downregulated in differentiated cells
compared to undifferentiated SH-SYSY cells. GAPDH serves as the normalising

control.
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3.4.1.2 Neuroblastoma SH-SYS5Y cell differentiation

These cells are neuroblastoma, and in this work an attempt was made to
differentiate SH-SY5Y cells to a neuronal phenotype. In this protocol, experiments
used retinoic acid (10 uM) in the culture for seven days to achieve the phenotype.
The action of this acid on these cells was assessed through monitoring the
expression of growth associated protein-43 (GAP-43), a neuronal marker, upon
differentiation at three different time courses. Protein blotting of GAP-43 showed
that treatment with retinoic acid for 5 days in vitro produced a pronounced
upregulation of GAP-43 (Figure 3.5). This also established that a seven day
exposure to retinoic acid is perhaps sufficient to achieve a neuronal phenotype

based on GAP-43 expression observation (Figure 3.5).

Cells treated with
retinoic acid for

5day 6day 7 day
I I I

GAP-43 | = - <D S S — 48 kDa

Figure 3.5 Representative immunoblot of growth associated protein-43 (GAP-43) in

—Untreated

SH-SY5Y cells. GAP-43 protein expression is distinctly upregulated after treatment
with retinoic acid in SH-SY5Y cells after 5 days. GAPDH serves as the normalising

control.

75



Chapter Three

3.4.1.3 The effect of SK channel modulators alone on human neuroblastoma
SH-SY5Y cell viability
3.4.1.3.1 The effect of SK channel activators alone on SH-SY5Y cell viability
In vitro work then addressed the action of SK channel modulators, namely activators
and blockers, alone on the viability of the cells of interest in the culture. The reason
was to check whether these modulators alone exert any noticeable action on the
viability, i.e. cell numbers, which can relatively be measured by MTS survival assay.
This was necessary since these channel modulators were then screened in the
presence of the insult of CNS cells, to test whether SK channel modulation, indeed
activation based on the hypothesis, can rescue these cells from the degenerative
neuronal insult. Here, it is important to note that the MTS viability assay is
traditionally referred to as the MTS cell proliferation assay.
In this approach, experiments first considered the effect of SK channel activators,
since it was predicted that SK channel activation might afford protection in the face
of cellular degeneration using hydrogen peroxide (H202). In SH-SY5Y cells, SK
channel activators were chosen according to the expression pattern in cells, and
cells were challenged for 24 hours. It was found that SH-SY5Y cells were not
affected by SK1 (Figures 3.6 and 3.7) and SK3 (Figures 3.8 and 3.9) channel
openers in either undifferentiated or differentiated cells after 24 hours. Bracketing
previously obtained ECso values, GW542573X (10-50 uM), and CyPPA (10-50 uM)
did not significantly change SH-SY5Y cell growth. This was an encouraging result
to advance with and to proceed this to the next step.
It is important to mention also that the working concentrations of the vehicle dimethyl
sulfoxide (DMSOQO) had no effect on cell growth (Appendix 3, Figures 7.1, 7.2 and

7.3), and that any confounding effect was constantly considered in this study.
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Relative cell viability

T
Control 10 uM 30 uM 50 uM

GW542573X

Figure 3.6 The effect of the SK1 channel activator, GW542573X, on undifferentiated
SH-SYS5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed

by Dunnett’s post hoc test, n=6.

Relative cell viability

T
Control 10 uM 30 uM 50 M

GW542573X

Figure 3.7 The effect of the SK1 channel activator, GW542573X, on differentiated
SH-SYS5Y cell viability. Data are shown as means £ SEM. One-way ANOVA followed

by Dunnett’s post hoc test, n=6.
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Relative cell viability

T
Control 10 4 M 30 uM 50 uM

Figure 3.8 The effect of the SK2-3 channel activator, CyPPA, on undifferentiated
SH-SYS5Y cell viability. Data are shown as means £ SEM. One-way ANOVA followed

by Dunnett’s post hoc test, n=6.

Relative cell viability

T
Control 10 uM 30 uM 50 uM

Figure 3.9 The effect of the SK2-3 channel activator, CyPPA, on differentiated SH-
SY5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.
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3.4.1.4 The effect of SK channel blockers alone on SH-SY5Y cell viability

SK channel blockers, again based on SK channel expression fashion in SH-SY5Y
cells, were tested to show whether SK1 or SK3 channel inhibition modulated cell
growth of these cells.

MTS viability assay showed that neither SK1 channel inhibition (Figures 3.10 and
3.11) through UCL1684 (3-10 nM), nor SK3 channel inhibition (Figures 3.12 and
3.13) by NS8593 (300 nM -1 uM) significantly altered the SH-SY5Y growth after 24
hours. This is further demonstrating that not only SK1 and SK3 channel activation,
but also SK1 and SK3 channel inhibition has no effect on SH-SY5Y cell viability after
the time indicated.

Thus interestingly, SH-SY5Y cells do not favour SK molecules for their normal
growth, and SK1 and SK3 channel modulators role can now be assessed in the face

of degenerative oxidative stress using H202 and the MTS assay.
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Relative cell viability

T T T T
Control 3 nM 5nM 10 nM

ucL1684

Figure 3.10 The effect of SK1-3 channel blocker, UCL1684, on undifferentiated SH-
SY5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.

Relative cell viability

T T T
Control 3 nM 5nM 10 nM

ucL1684

Figure 3.11 The effect of SK1-3 channel blocker, UCL1684, on differentiated SH-
SY5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.
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Relative cell viability

T T T
Control 300 nM 500 nM 1T uM

NS8593

Figure 3.12 The effect of SK1-3 channel blocker, NS8593, on undifferentiated SH-
SY5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.

Relative cell viability

T T T
Control 300 nM 500 nM 1T uM

NS8593

Figure 3.13 The effect of SK1-3 channel blocker, NS8593, on differentiated SH-
SY5Y cell viability. Data are shown as means + SEM. One-way ANOVA followed by
Dunnett’s post hoc test, n=6.
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3.4.1.5 The dose-response curve for hydrogen peroxide in human
neuroblastoma SH-SY5Y cells

The effect of the insult, namely H202, alone was first determined on cells of interest
to estimate the median lethal dose (LDso). For these experiments here both
undifferentiated and differentiated SH-SY5Y cells were challenged in the presence
of H202 for 24 hours. The MTS assay showed that H20:2 itself significantly decreased
SH-SY5Y cell numbers in a dose-dependent manner in undifferentiated (Figure
3.14) and differentiated (Figure 3.15) cells, and the LDso was similar for H202 in both

cell types i.e. 450 uM.
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Relative cell viability
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Log [H,0,] M

Figure 3.14 The effect of H202 on undifferentiated SH-SY5Y cell viability. From the
line of best fit of the dose-response data, the LDso was 450 uM, n= 9.

In this figure and all subsequent plots the data are shown as means + SEM.

Relative cell viability
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Log [H,0,] M

Figure 3.15 The effect of H202 on differentiated SH-SY5Y cell viability. From the
line of best fit of the dose-response data, the LDso was 450 uM, n= 9.
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3.4.1.6 Pharmacological modulation of SK1 and SK3 channels in human
neuroblastoma SH-SY5Y cells
3.4.1.6.1 Hydrogen peroxide-SK1 channel interaction
The next question asked was whether the SK channel subtypes represent a novel
target for modulating oxidative stress in neurons? Because SK channels are well
characterised molecules in pharmacology, the question can be selectively
addressed, first investigating an SK1 channel role followed by an SK3 channel
contribution. For the pharmacological approach here and in all subsequent sections,
previously reported (ECso)s and (ICs0)s of SK channel modulators were adopted.
Commencing with the SK1 channel argument, MTS viability assay revealed that
GW542573X (10 uM - 40 uM) afforded significant protection (p-value<0.0001 versus
insult) against H202-induced oxidative stress, which itself markedly reduced SH-
SY5Y cell numbers by near 50%, in both undifferentiated and differentiated cells
(Figures 3.16 and 3.18, respectively).
Intriguingly, the SK1-3 channel blocker UCL1684 (3 nM), through SK1 channel
inhibition, in the presence of GW542573X (10 uM - 40 pM) fully abolished the
protection achieved against H202 (Figures 3.17 and 3.19, respectively) in both cell
types, this reversal ensured the specificity of channel target. These effects of SK1
channel modulators clearly indicate that these cells have oversight of oxidative

stress through SK1 channel modulation.
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Relative cell viability
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GW542573X (uM) - - 10 20 30 40

Figure 3.16 The effect of GW542573X, SK1 channel activation, on the survival of
undifferentiated SH-SY5Y cells exposed to H202-induced oxidative stress. Data are

shown as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.

Relative cell viability
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H,0, (450 uM)
GW542573X (uM) - - 10 20 30 40
UCL1684 (3 nM)

Figure 3.17 The effect of GW542573X, an SK1 channel activator, in the presence
of SK1-3 blocker, UCL1684, on the survival of undifferentiated SH-SY5Y cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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Relative cell viability
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Figure 3.18 The effect of GW542573X, an SK1 channel activator, on the survival of
differentiated SH-SY5Y cells exposed to H202-induced oxidative stress. Data are
shown as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.

Relative cell viability
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Figure 3.19 The effect of GW542573X, an SK1 channel activator, in the presence
of SK1-3 channel blocker, UCL1684, on the survival of differentiated SH-SY5Y cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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3.4.1.6.2 Hydrogen peroxide-SK3 channel interaction

As shown above SK1 channel opening can rescue SH-SY5Y cells from H202-
induced oxidative stress. The resident SK3 channel was the next candidate to
investigate in both undifferentiated and differentiated cells, to test also in the face of
oxidative stress with H202. In MTS viability assay, the insult alone produced a
dramatic reduction in cell numbers by near 50%, whereas SK3 channel activation,
CyPPA (10 uM- 40 uM), significantly reversed the decrease in undifferentiated
(Figure 3.20) and differentiated (Figure 3.23) SH-SY5Y cell numbers produced by
H20:2. To identify the channel target, an SK1-3 blocker, UCL1684, was first used in
the mix to test whether it can abolish the protection afforded by SK3 channel
activation. UCL1684 (3 nM) did not abolish the protection mediated by the relevant
SK3 activators (Appendix 3, Figure 7.4). It was then decided to raise the
concentration of the compound to 10 nM, where it was found that UCL1684 (10 nM)
partially reversed the action of the SK3 channel activator in undifferentiated (Figure
3.21) and differentiated (Figure 3.24) SH-SY5Y cells. The reason that UCL1684 had
a little action on the SK3 channel induced protection will be addressed in the
discussion. Pharmacological experiments then probed another generic SK1-3
channel blocker, NS8593, at the relevant concentration. NS8593 (750 nM) reversed
the survival effect afforded by CyPPA, the relevant SK3 activator, in undifferentiated
(Figure 3.22) and differentiated (Figure 3.25) SH-SY5Y cells. In the light of these
data, further work largely focused on the NS8593 compound, an SK1-3 channel

blocker, to target SK3 channel in all subsequent sections.
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Relative cell viability
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Figure 3.20 The effect of CyPPA, SK3 channel activation, on the survival of
undifferentiated SH-SY5Y cells exposed to H202-induced oxidative stress. Data are
shown as means +* SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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0.0"

H,0, (450 uM)
CyPPA (uM) - - 10 20 30 40
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Figure 3.21 The effect of CyPPA, an SK2-3 channel activator, in the presence of
the SK1-3 channel blocker, UCL1684, on the survival of undifferentiated SH-SY5Y
cells exposed to H202-induced oxidative stress. Data are shown as means + SEM.
****p-value < 0.0001 versus insult, one-way ANOVA followed by Dunnett’s post hoc

test, n =9.
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Relative cell viability
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Figure 3.22 The effect of CyPPA, an SK2-3 channel activator, in the presence of
SK1-3 channel blocker, NS8593, on the survival of undifferentiated SH-SYS5Y cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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Relative cell viability
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Figure 3.23 The effect of CyPPA, SK3 channel activation, on the survival of
differentiated SH-SY5Y cells exposed to H202-induced oxidative stress. Data are
shown as means +* SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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Figure 3.24 The effect of CyPPA, an SK2-3 channel activator, in the presence of
SK1-3 blocker, UCL1684, on the survival of differentiated SH-SY5Y cells exposed
to H202-induced oxidative stress. Data are shown as means + SEM. **p-value <

0.01 versus insult, one-way ANOVA followed by Dunnett’s post hoc test, n =9.
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Figure 3.25 The effect of CyPPA, an SK2-3 channel activator, in the presence of
SK1-3 channel blocker, NS8593, on the survival of differentiated SH-SY5Y cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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3.4.2 SKion channel expression and modulation in mouse model of
Huntington’s (STHdh) striatal cells

To further test the hypothesis, mouse striatal neurons were also used in this work,

being attractive candidates for several reasons. Firstly, these cells were directly

derived from primary neurons. Secondly, it has been known that striatal cells among

CNS neurons are very sensitive to oxidative stress (Trettel et al. 2000). It was

thought interesting to test the hypothesis not only on human cells, but also on these

mouse cells.

3.4.2.1 SK channel mRNA and protein investigation in mouse STHdh striatal
cells

Initially, RT-PCR was employed to test for the existence of SK1-4 channels, if any,
in the target cells. This proved a fascinating adventure in the context of SK1-4
channel expression in wild-type (STHdh*Hdh*) and the mutant Hdh?"?? knock-in
mouse striatal cells, namely heterozygous (STHdhQ?""Hdh*) and homozygous
(STHdhQ"1"HdhQ77), a cell model of Huntington’s disease. Wild-type STHdh*Hdh*
cells exhibit Kca2.1 (SK1), Kca2.3 (SK3), and Kcas.1 (SK4) channel transcripts (Figure
3.26). Mutant heterozygous (STHdhQ?"Hdh*) cells, however, express only Kcaz.1
(SK1) and Kca22 (SK2) channel messages (Figure 3.27). Intriguingly, mutant
homozygous (STHdhQ"""HdhQ?17) cells lacked SK2 and SK3 channels (Figure
3.28). It is important to highlight here that it has been shown that SK1 channel cDNA
is not functional in mouse and this will be considered in the discussion.

At the protein level, Western blotting confirmed SK2 channel expression in mutant
heterozygous STHdhQ""""Hdh* cells. Here, the anti-SK2 antibody detected both long

(SK2-L) and short (SK2-S) isoforms of the channel (Figure 3.29). Western blotting
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also showed that the wild-type STHdh*Hdh* cells express SK3 channels (Figure
3.30) at the protein level. These results mirrored the RT-PCR results in both cell

types.
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300 bp

No RT B-actin  SK1 SK2 SK3 SK4

Figure 3.26 SK channel mRNA investigation in wild-type Hdh*'Hdh* cells. Only the
amplicons for SK1, SK3 and SK4 channels are present and the PCR products are

of the predicted size. B-actin serves as the normalising control.

300 bp

No RT B-actin SK1  SK2 SK3 SK4

Figure 3.27 SK channel mRNA investigation in heterozygous mutant Hdh®'""Hdh*
cells. Only the amplicons for SK1 and SK2 channels are present and the PCR

products are of the predicted size. B-actin serves as the normalising control.

300 bp

No RT B-actin  SK1 SK2  SK3 SK4

Figure 3.28 SK channel mRNA investigation in homozygous mutant HahQ?"
HdhQ'"? cells. Only the amplicons for SK1 and SK4 channels are present and the

PCR products are of the predicted size. 3-actin serves as the normalising control.
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SK2-L |4 — 64 kDa
SK2-S | 4 — 26 kDa
GAPDH E— 37 kDa

Figure 3.29 Representative immunoblot of SK2 channel subtype in heterozygous
mutant HdhQ?""Hdh* cells. GAPDH serves as the normalising control. SK2 channel

isoforms, SK2 long and SK2 short, are expressed in the cells.

SK3 — 82 kDa

GAPDH — 37 kDa

[I[

Figure 3.30 Representative immunoblot of SK3 channel subtype in wild-type

Hdh*'Hdh* cells. GAPDH serves as the normalising control.
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3.4.2.2 The effect of SK channel modulators alone on mouse STHdh striatal
cells

3.4.2.2.1 The effect of SK channel activators alone on STHdh cell viability

As above, the effect of the SK modulators were systematically approached. The
viability of mouse striatal cells in culture was challenged in the presence of SK1-4
channel openers alone for 24 hours, to check whether these modulators alone
modify cell growth in these cells. The relevant SK channel activators, based on the
expression pattern of SK1-4 channels in these cell types, were tested against cell
growth. As seen in the case of SH-SY5Y cells, SK channel activation produced no
significant change in mouse striatal cells growth rate. Pharmacological modification
of the SK3 or SK4 channel using an SK2-3 activator, CyPPA (10-50 uM), and SK4
channel opener NS309 (30-100 nM) produced no significant effect on wild-type
Hdh*'Hdh* cell viability of mouse striatal cells (Figures 3.31 and 3.32, respectively).
Similarly, screening of CyPPA (10-50 pM) against heterozygous mutant
HdhQ11""Hdh* viability did not modify cell growth (Figure 3.33). It was not surprising
that SK channel modulation was also ineffective on homozygous mutant
HdhQ11HdhQ'17 cell viability (Figure 3.34) using NS309 (30-100 nM), an SK4
channel activator. The next step was to test the effect of the SK channel blockers

on these cells.
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Relative cell viability

T
Control 10 uM 30 uM 50 uM

Figure 3.31 The effect of SK2-3 channel activator, CyPPA, on wild-type Hdh*Hdh*
cell viability. Data are shown as means £+ SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.

Relative cell viability

T T T T
Control 30 nM 50 nM 100 nM

NS309

Figure 3.32 The effect of SK4 channel activator, NS309, on wild-type Hdh*Hdh*
cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.
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Relative cell viability
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Control 10 uM 30 uM 50 uM

Figure 3.33 The effect of SK2-3 channel activator, CyPPA, on heterozygous mutant
Hdh?"""'Hdh* cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.

Relative cell viability

T T T T
Control 30 nM 50 nM 100 nM

NS309

Figure 3.34 The effect of SK4 channel activator, NS309, on homozygous mutant
HdhQ111"HdhQ"17 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.
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3.4.2.2.2 The effect of SK channel blockers alone on STHdh cell viability

To determine whether SK channel blocking impacts on mouse striatal cell growth,
the relevant SK1-4 channel blockers were also pharmacologically screened against
STHdh cell growth. SK1-4 channel inhibition also did not affect cell growth after 24
hours, in an MTS assay. In wild-type cells, neither SK3 channel blockade by NS8593
(300 nM-1 pM), nor SK4 channel inhibition by the SK4 channel blockers, TRAM-34
(50-300 nM) or NS6180 (10-50 nM), significantly affected Hdh*'Hdh* cell numbers
(Figures 3.35, 3.36 and 3.37, respectively). Heterozygous mutant Hadh?''"'Hdh* cells
showed a similar lack of response to UCL1684 (3-10 nM), an SK1-3 channel blocker
(Figure 3.38). Moreover, homozygous mutant HdhQ"""HdhQ'? cells were
unresponsive to the SK4 channel blocking action (Figures 3.39 and 40) of TRAM-
34 (50-300 nM), and NS6180 (10-50 nM) respectively.

These results meant that the next steps can be performed to finalise the work on

neurons beginning with measuring the LDso of the insult (H202) on these cell types.
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Relative cell viability
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Figure 3.35 The effect of SK1-3 channel blocker, NS8593, on wild-type Hdh*'Hdh*
cell viability. Data are shown as means £+ SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.

Relative cell viability
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TRAM-34

Figure 3.36 The effect of SK4 channel blocker, TRAM-34, on wild-type Hdh*Hdh*
cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.
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Relative cell viability
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Figure 3.37 The effect of SK4 channel blocker, NS6180, on wild-type Hdh*Hdh*
cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.

Relative cell viability
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Figure 3.38 The effect of SK1-3 channel blocker, UCL1684, on heterozygous
mutant HdhQ?""Hdh* cell viability. Data are shown as means * SEM. One-way
ANOVA followed by Dunnett’s post hoc test, n=6.
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Relative cell viability
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Figure 3.39 The effect of SK4 channel blocker, TRAM-34, on homozygous mutant
Hdh?"1'HdhQ"77 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.
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Figure 3.40 The effect of SK4 channel blocker, NS6180, on homozygous mutant
HdhQ111"HdhQ"17 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.
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3.4.2.3 The dose-response curve for hydrogen peroxide in mouse STHdh
striatal cells

MTS assay measured the effect of H202 at 24 hours, and determined from the dose-
response curve the LDso. It was clear that wild-type Hdh*'Hdh* and mutant HdhQ'7?
striatal cells, namely heterozygous Hadh?'""Hdh* and homozygous Hdh®Q'"HdhQ117,
respond similarly to H202-induced oxidative stress with an approximate LDso of ~ 1
mM (Figures 3.41, 42 and 3.43, respectively). These data show that the dominating
Huntington’s gene in mouse striatal cells had no role in terms of responsiveness to

oxidative stress compared to its wild-type counterpart.
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Relative cell viability
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Figure 3.41 The effect of H202 on wild-type Hdh*'Hdh* cell viability. From the line of

best fit of the dose-response data, the LDso was 1 mM, n= 9.
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Figure 3.42 The effect of H202 on heterozygous mutant Hdh®""Hdh* cell viability.

From the line of best fit of the dose-response data, the LDso was 1 mM, n= 9.
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Figure 3.43 The effect of H202 on homozygous mutant HadhQ"""Hdh<"? cell viability.

From the line of best fit of the dose-response data, the LDso was 1 mM, n= 9.
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3.4.2.4 Pharmacological modulation of SK channels in mouse STHdh striatal
cells

3.4.2.4.1 Hydrogen peroxide-SK2 channel interaction

Experiments then challenged SK channels in the presence of the oxidative stress
insult in striatal neurons. Because it was reported that the SK1 gene does not form
functional SK1 channel proteins, its role was not addressed in this work. As shown
in the SK1-4 channel expression section, SK2 channel was uniquely expressed in
heterozygous mutant Hdh?"""Hdh* cells. Screening of this mutant cell type with an
SK2 channel activator, CyPPA (20 uM - 40 uM), in the presence of H20:2 significantly
(p-value<0.0001 versus insult) rescued mutant Hdh®"""Hdh* cells (Figure 3.44).
UCL1684 (3 nM) completely reversed (Figure 3.45) the activity of the relevant SK2
channel activator, CyPPA, on the channel.

Since, the SK3 channel is expressed in wild-type cells, a role for this channel is now

explored.
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Figure 3.44 The effect of CyPPA, SK2 channel activation, on the survival of
heterozygous mutant HdhQ"""Hdh* cells exposed to H202-induced oxidative stress.
Data are shown as means + SEM. ****p-value < 0.0001 versus insult, one-way
ANOVA followed by Dunnett’s post hoc test, n =9.
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Figure 3.45 The effect of CyPPA, an SK2-3 channel activator, in the presence of
SK1-3 blocker, UCL1684, on the survival of heterozygous mutant HdhQ"""Hdh* cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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3.4.2.4.2 Hydrogen peroxide-SK3 channel interaction

Whether another SK channel member behaves similarly against oxidative stress
was now addressed. In wild-type Hdh*Hdh* cells, CyPPA activation of the SK3
channel, under conditions of H202-induced oxidative stress, again markedly
challenged H20:2 (p-value<0.0001 versus insult) after 24 hours (Figure 3.46). Here,
the protective effect of CyPPA was combined with SK3 channel inhibition using
NS8593 (750 nM). As expected, this resulted in the abolishing of CyPPA activity
(Figure 3.47).

These data would indicate that SK channels are promising targets against the
deleterious effects of oxidative stress which is often said to underlie cell demise in

neurodegenerative diseases.
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Figure 3.46 The effect of CyPPA, an SK2-3 channel activator, on the survival of
wild-type Hdh*'Hdh* cells exposed to H202-induced oxidative stress. Data are
shown as means +* SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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Figure 3.47 The effect of CyPPA, an SK2-3 channel activator, in the presence of
SK1-3 blocker, NS8593, on the survival of wild-type Hdh*'Hdh* cells exposed to
H202-induced oxidative stress. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=9.
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3.4.2.4.3 Hydrogen peroxide-SK4 channel interaction

This section concludes by asking whether the SK4 channel subtype is still a target
for blocking oxidative stress? The IK (SK4) channel is distinctive, having its own
biophysical and pharmacological features. The SK4 resident channel was further
targeted in wild-type Hdh*Hdh* and homozygous mutant Hdh®Q?""HdhQ1? cells.
Results confirmed that SK4 also favoured this category of neurosurvival. Activation
of this ion channel by NS309 (20-40 nM) also rescued (p-value<0.0001 versus
insult) these cells from oxidative stress (Figures 3.48 and 3.51) in wild-type
Hdh*'Hdh* and homozygous mutant HdhQ"""HdhQ?"? cells respectively.
Experiments then used the SK4 blockers, TRAM-34 (100 nM) and NS6180 (30 nM),
to test whether these blockers can eliminate the protection afforded by SK4 channel
activation. Parallel blocking of SK4 channel fully blunted the channel protective role
of activators in wild-type Hdh*Hdh* (Figures 3.49 and 3.50, respectively), and
mutant homozygous HdhQ""""Hdh??"7 (Figures 3.52, and 3.53, respectively) cells.
In summary, the data in this chapter identify the novel target (SK channels) that
effectively modulate mechanisms of neurodegeneration, at least that caused by

oxidative stress.
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Figure 3.48 The effect of NS309, an SK4 channel activator, on the survival of wild-
type Hdh*'Hdh* cells exposed to H202-induced oxidative stress. Data are shown as
means * SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n= 9.
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Figure 3.49 The effect of NS309, an SK4 channel activator, in the presence of the
SK4 channel blocker, TRAM-34, on the survival of wild-type Hdh*Hdh* cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. One-

way ANOVA followed by Dunnett’s post hoc test, n=9.
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Relative cell viability

H,0, (1 mM) - + + + + +

NS309 (nM) - - 10 20 30 40
NS6180 (30 nM)

Figure 3.50 The effect of NS309, an SK4 channel activator, in the presence of the
SK4 channel blocker, NS6180, on the survival of wild-type Hdh*'Hdh* cells exposed
to H202-induced oxidative stress. Data are shown as means + SEM. One-way
ANOVA followed by Dunnett’s post hoc test, n=9.

112



Chapter Three

Relative cell viability

0.0"

H,0, (1 mM)
NS309 (nM) - - 10 20 30 40

Figure 3.51 The effect of NS309, SK4 channel activation, on the survival of
homozygous mutant Hdh?"""HdhQ""? cells exposed to H202-induced oxidative
stress. Data are shown as means £ SEM. ****p-value < 0.0001 versus insult, one-

way ANOVA followed by Dunnett’s post hoc test, n= 9.

Relative cell viability
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NS309 (nM) - - 10 20 30 40
TRAM-34 (100 nM)

Figure 3.52 The effect of NS309, an SK4 channel activator, in the presence of the
SK4 channel blocker, TRAM-34, on the survival of homozygous mutant
HdhQ111"HdhQ"17 cells exposed to H202-induced oxidative stress. Data are shown as

means £ SEM. One-way ANOVA followed by Dunnett’s post hoc test, n= 9.

113



Chapter Three

Relative cell viability

H,0, (1 mM) - + + + + +

NS309 (nM) - - 10 20 30 40
NS6180 (30 nM)

Figure 3.53 The effect of NS309, an SK4 channel activator, in the presence of the
SK4 channel blocker, NS6180, on the survival of homozygous mutant
Hdh?1'HdhQ177 cells exposed to H202-induced oxidative stress. Data are shown as

means + SEM. One-way ANOVA followed by Dunnett’s post hoc test, n= 9.
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3.4.3 SKion channel expression and modulation in human brain
astrocytoma cells
This work also tested the hypothesis on another CNS resident cell, a human
astrocytoma, namely the MOG-G-UVW cell. RT-PCR indicated only the presence
of SK4 channel in MOG-G-UVW cells at the mRNA level. Activation of this channel
by NS309 (20-40 nM) caused a marked increase (p-value<0.0001) in cell numbers
versus LDso of H202 (1 mM). Target channel specificity was also verified using SK4
channel blockers, TRAM-34 (100 nM) and NS6180 (30 nM). Again, these blockers
abrogated the protection afforded by SK4 channel opening. It is important to mention
that these SK channel modulators alone did not significantly change cell viability
(Appendix 3, Figures 7.5, 7.6, 7.7 and 7.8).
These data show that SK1-4 channel activation, not only in neurons, but also in
brain astrocytes, is protective against oxidative stress. This work is the first to
identify an SK channel role in a second CNS resident cell in oxidative stress.
This indicates that SK1-4 molecules are functionally expressed in two types of CNS
cells, and they represent in fact a novel and impressive channel against oxidative

stress in both brain cells.
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3.4.4 The effect of H202 and/or SK3-4 channel activation on Bcl-2
expression in wild-type mouse striatal, human neuroblastoma,
and astrocytoma cells

To investigate which molecular mechanism SK channel modulation adopt to

promote survival of neurons from a toxic H202 effect, an apoptotic avenue was

explored. Currently, it is known that Bcl-2 plays a powerful role in neuronal survival,
thereby rigidly regulating the path of neuronal apoptosis (Anilkumar and Prehn

2014). Western blotting experiments addressed this using only wild-type cell types.

Results showed that the insult markedly diminished the pro-survival target, namely

Bcl-2, at the protein level (Figure 3.54). These target cells express the SK3 channel

subtype, in Hdh*’Hdh* and SH-SY5Y cells, and the SK4 channel subtype in MOG-

G-UVW cells. Pharmacological experiments screened CyPPA, an SK2-3 activator,

and NS309, an SK4 activator, to test whether they could reverse H20:2 action,

through the Bcl-2 effector. SK3 and SK4 channel opening significantly (p-value<0.01
versus insult, densitometry relative to GAPDH expression) re-established Bcl-2

expression after 24 hours in these cells (Figure 3.54).
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Undifferentiated SH-SY5Y

STHdh*'Hdh*
MOG-G-UVW

I I I
Control (> S @ — 26 kDa Bcl-2

HoO2 |wwess wseas @ — 26 kDa Bcl-2

CyPPA or NS309+ H20. |4 <D s — 26 kDa Bcl-2

M G 57 (D2 GAPDH

Figure 3.54 The effect H202 and/or SK3 or SK4 channel activation on Bcl-2

expression in mouse wild-type striatal cells, and human neuroblastoma and

astrocytoma cells. LDso of H202 produced a significant reduction in Bcl-2 protein
expression after 24 hours. CyPPA (30 pM) through SK3 channel activation
expression in mouse wild-type Hdh*'Hdh* striatal cells and human neuroblastoma
SH-SYS5Y cells, also SK4 channel activation via NS309 (30 nM) in human
astrocytoma MOG-G-UVW cells, significantly restored Bcl-2 expression. **p-value

< 0.01 versus insult. GAPDH serves as the normalising control.
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3.5 Discussion

The main findings of this work are:

1.

In human neuroblastoma cells, Kca2.1 (SK1), Kca2.3 (SK3) and Kcas.1 (SK4)
channels are expressed in both undifferentiated and differentiated SH-SY5Y
cells at the mRNA (SK1, SK3 and SK4) and protein level (SK1 and SK3).
The SK4 channel subtype is noticeably upregulated in differentiated SH-
SY5Y cells at the mRNA level.

The SK3 channel subtype is noticeably downregulated in differentiated SH-
SY5Y cells at the protein level.

A neuronal marker, GAP-43, is markedly upregulated after retinoic acid
exposure for 5 days.

Pharmacological opening of SK1 and SK3 channels did not significantly
modify cell growth after 24 hours in either undifferentiated or differentiated
SH-SYS&Y cells.

Pharmacological blocking of SK1 and SK3 channels also did not significantly
affect cell growth after 24 hours in both undifferentiated and differentiated
SH-SYS5Y cells.

Both undifferentiated and differentiated SH-SY5Y cells were similarly
sensitive to H202, the LDso being 450 uM.

SK1 or SK3 channel activation significantly rescued undifferentiated and
differentiated SH-SYS5Y cells from H202-induced oxidative stress.
Coincident SK1 or SK3 channel inhibition abolished the protection afforded
by the relevant SK channel activator against H20O2-induced oxidative stress

in undifferentiated and differentiated SH-SY5Y cells.
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10.In mouse striatal cells, SK channels are differentially expressed between
the wild-type and mutant cells. Wild-type Hdh*Hdh* cells express Kca2.1
(SK1), Kcaz.3 (SK3) and Kcas.1 (SK4) channels at the mRNA level, and SK3
channel protein expression was also confirmed.

11.Heterozygous mutant HdhQ'""Hdh* cells only favour Kca2.1 (SK1), Kca22
(SK2) channel expression, and here SK2 channel protein expression was
also confirmed.

12.Intriguingly, homozygous mutant HdhQ"""HdhQ'"? cells only showed the
presence of Kcaz.1 (SK1), Kcas.1 (SK4) channels.

13. Pharmacological opening of SK3 and SK4 channels in wild-type Hdh*'Hdh*
cells, SK2 channels in heterozygous mutant HdhQ?""Hdh* cells, and SK4
channels in homozygous mutant Hdh®Q?""Hdh??"" cells, did not significantly
change cell growth after 24 hours.

14.Pharmacological blocking of SK3 and SK4 channels in wild-type Hdh*'Hdh*
cells, SK2 channels in heterozygous mutant HdhQ?""Hdh* cells, and SK4
channels in homozygous mutant HdhQ'""HdhQ?"7 cells, also did not produce
a significant effect on cell growth after 24 hours.

15. These cells respond to H202 cytotoxic action similarly, the LDso being nearly
1 mM.

16.Against H202-induced oxidative stress, activation of SK3 and SK4 channels
in wild-type Hdh*Hdh* cells, SK2 channels in heterozygous Hdh®?""Hdh*
cells, and SK4 channels in homozygous HdhQ"""HdhQ?"? cells, afforded
significant protection.

17.Coincident inhibition of SK3 and SK4 channels in wild-type Hdh*Hdh* cells,

SK2 channels in heterozygous Hdh®?""Hdh* cells, and SK4 channels in
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homozygous HdhQ""""Hdh??"" cells, also totally reversed the protection
demonstrated by the relevant SK channel activator against H202-induced
oxidative stress.

18. In human brain astrocytes, RT-PCR showed only the presence of the SK4
channel subtype. SK4 channel opening in MOG-G-UVW cells significantly
opposed H20:2 toxic action and markedly increased cell numbers.

19.In questioning molecular mechanisms, work here also found that H202-
induced oxidative stress downmodulated Bcl-2 protein expression, whereas
either SK3 or SK4 channel opening significantly challenged Bcl-2 loss in wild-
type mouse Hdh*Hdh* (SK3) and human undifferentiated SH-SY5Y (SK3),

as well as targeting the SK4 channel in human MOG-G-UVW cells.
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The work in this chapter targeted the expression of SK channel subtypes and their
roles in human and mouse neuronal cell types in combatting oxidative stress. The
hypothesis of this work was proposed in order to address previous studies
interested in the underlying mechanisms of aging-related neuronal demise, namely
Alzheimer’s, Parkinson’s, as well as Huntington’s degenerative diseases (Fatokun
et al. 2008). It has been proposed that the loss of normal oxidative stress
modulation underlies neuropathology, and this proceeds to neuronal loss in the
CNS (Lin and Beal 2006). It is not clear whether stress disturbance is a driver or is
the consequence in the pathogenesis of neurodegenerative diseases (Andersen
2004). However, two detrimental factors, Ca?* excess and oxidative stress, have
been linked and suggested to cooperate in the neuronal dying processes. It is not
known however how abnormal mitochondrial stress is initiated in
neurodegeneration pathogenesis (Ermak and Davies 2002). Recent work showed
that aberrant increased calcium entry into the cytosol of vagal neurons perturbed
mitochondrial stress (Goldberg et al. 2012). In neuronal physiology, SK1-4
channels through control of firing rate operate as a fundamental determinant in this
regard (Adelman et al. 2012; King et al. 2015) through Ca?* regulation. Experiments
here first used human neuroblastoma cells, the SH-SY5Y line, as a human cell
model to attack this question. Three SK channel subtypes, which include SK1, SK3,
and SK4, were found as resident channels in undifferentiated and differentiated
cells. Retinoic acid (10 uM) for 7 days unveiled a neuronal marker, namely growth
associated protein-43, and this was heavily expressed after 5 days exposure at the
protein level. Recent work has revealed that this protein is required for the
reshaping of morphology, and importantly to strengthen neuronal communication.

In fact a lack of GAP-43 induces neuronal casualties through loss of information
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exchange between synapses (Buizza et al. 2013). The in vitro investigation on
neuronal cells presented here then established whether SK1-4 modulation, either
activation or inhibition, does affect cell growth for the indicated time. In SH-SY5Y
cell culture, neither SK1 nor SK3 channel activation by GW542573X (10-50 uM)
and CyPPA (10-50 uM) respectively in both undifferentiated and differentiated cells
(Figures 3.6-3.9, respectively), nor SK1 and SK3 channel inhibition by SK1-3
channel blockers (Figures 3.10-3.13, respectively), using UCL1684 (3-10 nM) and
NS8593 (300 nM-1 uM), significantly modified cell viability in undifferentiated and
differentiated cells. Estimating LDso for H202 on both undifferentiated and
differentiated cells showed that the insult produced a similar cytotoxic effect on both
cell types (Figures 3.14 and 3.15, respectively), where LDsos were 450 uM. It has
been accepted that H20: diffuses through membranes in bacteria and yeast
(Bienert et al. 2006): in fact at a toxic concentration in vitro it increased Ca?* entry
into the primary neurons of mouse cerebral cortex after 1 hour (Hu et al. 1998), and
exogenous H202, again at toxic concentrations, also exacerbated mitochondrial
dysfunction, thereby enhancing cellular reactive oxygen species generation
(Richter et al. 2015). In experiments with challenged resident SK channels in the
presence of H20z2, it was not surprising that in MTS assays it was found that SK1
and SK3 channel opening reversed H20:2 action (P<0.0001 versus insult), this
resulting in SH-SY5Y cell protection (Figures 3.16, 18, 20 and 23, respectively). It
has been previously reported that SK2 channel activation rescues hippocampal
HT-22 cells from H202-induced oxidative stress through remodelling of
mitochondrial function (Richter et al. 2015), using an SK2-3 channel activator,
CyPPA (25 uM). Other work identified the SK1 channel subtype activator,

GW542573X, which can actually activate SK1 channels with an ECso of 8.2 uM,
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being more potent at hSK1 over other channel subtypes, namely hSK2 and hSK3
(Hougaard et al. 2009). In this study, pharmacological tools for SK1-4 channel
modulation were utilised, namely activators and blockers, and experiments
attempted to confirm the channel target specificity by checking whether the relevant
blocker can reverse the protective result of SK1 and SK3 channel activation. Here,
an SK1-3 blocker, UCL1684 (3 nM), fully abolished the protection mediated by SK1
channel activation. However, UCL1684 (3 nM), did not affect the protection against
H202 afforded by the SK3 channel activator CyPPA (Appendix 3, Figure 7.4).
UCL1684 (10 nM) partially abrogated the protection established by the relevant
activator in both undifferentiated and differentiated SH-SY5Y cells (Figures 3.21,
and 24, respectively). This blocker is not thought to be as potent on the SK3
channel. In recombinant SK1-3 gene expression, pharmacological approaches with
electrophysiology found that the SK1 and SK2 channels are more sensitive to
UCL1684 than SK3 channels in HEK 293 cells (SK1 and SK2), and Jurkat cells
(SK3). These studies obtained ICsos of 0.76 nM (Strobaek et al. 2000), 0.36 nM
(Strobaek et al. 2000), and 9.5 nM (Fanger et al. 2001), respectively. In this regard,
another relevant SK1-3 blocker, NS8593, was screened against the SK3 channel.
NS8593 (750 nM) entirely abolished the protective effect of CyPPA against H20:2
oxidative stress (Figures 3.22, and 25, respectively). This was the reason that in all
subsequent sections pharmacological experiments used NS8593 when targeting
the SK3 channel. In hippocampal CA1 neurons, electrical recording showed that
the non-selective SK1-3 channel blocker (NS8593), decreases SK1-3 channel
sensitivity to Ca?* in this rank order of potency: 0.42, 0.60, and 0.73 uM (these
representing Kq values respectively), but demonstrating no selectivity for the SK4

channel (Strobaek et al. 2006).
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To understand whether SK channels are powerful targets for modulating oxidative
stress, in CNS resident cells, this study tested the same hypothesis in mouse striatal
cells. Curiously, the SK1-4 channel expression pattern was different between wild-
type STHdh*Hdh*, and mutant cells, namely heterozygous STHdhQ"""Hdh* and
homozygous STHdhRQ"""Hdh??"", and even between heterozygous and
homozygous cells (Figures 3.26-3.28, respectively), a cell model of Huntington’s
disease (Trettel et al. 2000). STHdh*Hdh* cells expressed SK1, SK3, and SK4
channel subtypes, whereas STHdhQ""Hdh* only expressed SK1 and SK2
channels, while STHdhQ"""HdhQ7" cells lacked SK2 and SK3 channels. Here, it is
important to emphasise that SK1 channel cDNA does not provide a functional
channel in the mouse and rat (Benton et al. 2003). This is a very attractive finding
with STHdhQ""HdhQ"?7 cells. Indeed, these striatal cells require SK channels for the
medium AHP, and lacking this function influences neuronal excitability, and this
proceeds to cell death. Intriguingly, it was found that huntingtin phenotype is more
effective in homozygous than heterozygous dominant phenotype (Trettel et al.
2000). As in the case of SH-SY5Y cells, this work first assessed the effect of SK
channel modulators alone on mouse striatal cell growth. In wild-type STHdh*Hdh*
cells, neither SK3 and SK4 channel activation, nor SK3 and SK4 inhibition, produced
any significant effect on STHdh*Hdh* cell growth (Figures 3.31, 32, 35, and 36
respectively). Similar results were found regarding the effect of the SK2-4 channel
modulation on heterozygous, as well as homozygous cell growth. Here, the relevant
SK channel modulators, both activators and blockers, did not produce any
significant effect. Where the median toxic effect of the insult was estimated, dose-
response curves showed that wild-type STHdh*Hdh*, heterozygous

STHdhQ""""Hdh*, and homozygous STHdhQ?"""Hdh?""7 cells all invariably responded
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to the H202, and the LDsos were 1 mM (Figures 3.41-3.43, respectively). In the MTS
viability assay, the impact of SK2-4 channels, in order, on oxidative stress was
addressed. SK2 channel opening by an SK2-3 activator, CyPPA (20-40 pM),
markedly increased cell numbers (P<0.0001 versus insult) versus insult in
heterozygous STHdhQ'""Hdh* cells. Parallel blocking this channel by UCL1684, an
SK1-3 channel inhibitor, abolished the protection against oxidative stress (Figures
3.44-3.45, respectively). Probing the next channel subtype, pharmacological
experiments showed that SK3 channel activation though CyPPA (10-40 uM) also
significantly (P<0.0001 versus insult) rescued STHdh*Hdh* cells (Figure 3.46).
Again, the channel inhibition by NS8593 (750 nM), an SK1-3 channel blocker,
blunted the protection against H202 afforded by the relevant activator (Figure 3.47).
The reason that both wild-type and mutant cells were used in pharmacological
experiments, was to test whether resident SK channels, in these mutant cells for
Huntington’s model, are still functional, and impact on oxidative stress. In this model,
it has been found that mitochondria were extremely sensitive to changes in calcium
entry and oxidative stress (Lim et al. 2008). In imaging living neurons in a mouse
model of Alzheimer’s disease, it was noticed that oxidative stress was generated in
neurites near lesions, and it then gradually propagated into cell bodies, which
caused caspase-dependent cell demise within 24h, while this was not observed in
other neurons (Xie et al. 2013). Finally, SK4 activation by the SK4 channel activator,
NS309 (20-40 nM), also afforded a significant protection (P<0.0001 versus insult)
against H202-induced oxidative stress in both cell types (Figures 3.48, and 51,
respectively). Similarly, the SK4 channel blockers, TRAM-34 (100 nM) and NS618
(30 nM), effectively reversed SK4 activation and protection against H202 oxidative

stress (Figures 3.49, 50, 52, and 53, respectively). An interesting study has shown

125



Chapter Three

that NS309 acts more potently on the SK4 channels, this channel being four times
more sensitive than other SK subtypes. Hence NS309 (=30 nM) significantly
induced in a dose-dependent manner an increase in hSK4 currents (Strobaek et al.
2004). It was also revealed that TRAM-34 distinguishes the SK4 channel from other
SK channels (Wulff et al. 2007). In glioblastoma GL-15 cells, the SK4 protein is
functionally expressed, and pharmacological screens showed that the ICso values
of clotrimazole, TRAM-34, and charybdotoxin, were 257 nM, 55 nM, and 10.3 nM
respectively (Fioretti et al. 2006). Further electrophysiological tests in CHO cells,
have shown that the human SK4 channel can be fully inhibited by TRAM-34, with
an ICso of 310 nM (John et al. 2007). In T-cells advances in channel pharmacology,
include characterisation of a new SK4 blocker, NS6180, which is more potent at this
channel than TRAM-34, with an ICso of 9 nM (Strobaek et al. 2013).

In addition to neurons, similar effects were found in human astrocytoma MOG-G-
UVW cells, however, these cells are less sensitive to oxidative stress upmodulation
(Wilson 1997). Their cell viability was reduced by ~50% using H202 (1 mM), which
served as LDso. Activation of the SK4 channel resident, the sole SK channel subtype
(See next chapter), through NS309, also (P<0.0001 versus insult) afforded
significant protection against H202-induced oxidative stress. Here, the channel
target blockade by the relevant SK4 blockers did completely abolish the rescuing
effect of NS309 (Appendix 3, Figure 7.7 and 7.8). It has currently been accepted
that Bcl-2 itself acts as leading protein among apoptotic regulators, triggering
mitochondria, which eventually exceeds the apoptotic threshold, causing either
cancer in case of scant upmodulation, or neurodegeneration when its
downmodulated (Anilkumar and Prehn 2014; Czabotar et al. 2014). Importantly, Bcl-

2 dysregulation in neuronal damage has been linked with oxidative stress
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(Anilkumar and Prehn 2014). In this paradigm, in vivo work was shown that losing
Bcl-2 in mice induced neuronal loss by 52% (Hochman et al. 1998). Moreover,
simultaneous Bcl-2 expression in rat hippocampus in the presence of glutamate
toxicity in vivo significantly diminished lesion size (Wong et al. 2005). Glutamate
toxicity reduced SK2 channel expression in the cerebellum, and its activation with
pharmacological experiments also markedly improved cell survival (Dolga et al.
2011). So, in the next step work here attempted to show whether SK channels
“crosstalk” with Bcl-2 activity. Protein blotting discovered that H20:2 by itself
produced pronounced reduction in Bcl-2 expression (Figure 3.54), and that SK3 or
SK4 channel activation modestly (p-value<0.01) restored Bcl-2 at the protein level
in a 24 hour challenge (Figure 3.54) in mouse wild-type striatal cells, and human
neuroblastoma and astrocytoma cells. Moreover, CyPPA (20-40 uM) activation of
SK3 or SK2 channels also produced significant protection (P<0.0001 versus insult)
against staurosporine-induced apoptosis that thought to work through Ca?* entry
through store-operated channels (Tojyo et al. 2013), at an LDso dose (30 nM) in
STHdh*Hdh* and STHdhQ?""Hdh* cells respectively (Appendix 3, Figures 7.9 and

7.10).
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3.6 Conclusions

The results in this chapter revealed that SK channels can engage oxidative stress
pathway in five CNS-related cell types. Most importantly, this work now may
galvanise an examination of the mysterious mechanisms behind SK channel
expression and a role in cells bearing neurodegenerative phenotypes, such as the
Huntington’s cell model. Of course healthy cells require SK1-4 channel activity to
resist the cytotoxic stress of H202. Pertinently, this study delivers some mechanistic
insight underling neurodegeneration. Homozygous STHdh®Q'""Hdh?Q""7 cells in fact
lacked SK1-3 channel function, which explains why these cells cannot generate
after hyperpolarisations, which is required for their physiology. Importantly, work
here also observed that SK channel activity restores the abnormal apoptotic
threshold through Bcl-2 regulation. These results could advance substantially an
understanding of neurodegeneration pathogenesis, particularly the apoptotic role of

SK channel.
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3.7 Recommendations and future work

This study would urgently suggest mapping SK1-3 channel expression in all aging
related CNS degenerative diseases, considering both in vivo and in vitro models. It
would be fascinating if an SK1 channel role would also be determined in non-human
species. Assessment of the effect of SK channel modulation on the other apoptotic
pathways will also provide more clarification, particularly distinguishing between
extrinsic and intrinsic modes. Also, it would be very interesting if future research
explores whether plasma membrane and/or mitochondrial SK channels are
responsible for such protection in these cells. Which SK channel subtype is
expressed in the mitochondria of these cells also urgently needs to be addressed.
Finally, there is a question about the efficiency or effectiveness of the antibody used
here for SK4. Future consideration therefore might be given to producing a viable

antibody for SK4.
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4 Chapter Four: TRPM7 lon Channel in Survival of

Astrocytes and Neurons

4.1 Introduction

The TRPM?7 ion channel occupies the seventh position of the melastatin subfamily
(TRPM) in TRP channel classification (Wu et al. 2010). The TRPM7 ion channel,
also termed the magnesium transporter (Zhang et al. 2011a), is composed of two
domains, namely a channel and its kinase. Therefore, this bifunctional protein is an
uncommon molecule amongst ion channels. The channel pore is permeant to
various cations: Ca?* ions, Mg?* ions, and other metals (Monteilh-Zoller et al. 2003;
Yamaguchi et al. 2001), which are touted as important ions in diseases, leading to
perturbation in overall “cell fitness” such as cellular survival (Mattson 2007) and
proliferation (Roderick and Cook 2008). Other trace metals such as Zn?* also require
the TRPM7 channel to cross the plasma membrane and thus be regulated
(Yamaguchi et al. 2001). It has been shown that either intracellular Mg?* or Mg.ATP
finely requlates TRPM7 channel activity (Demeuse et al. 2006; Nadler et al. 2001).
The TRPM7 channel subtype seems to be expressed in all cells (Runnels et al.
2001; Yee et al. 2014): indeed negative cell lines or types without this channel have
not been reported so far, which is in fact very interesting, suggesting that this
molecule is essential in all mammalian cell physiology (Yee et al. 2014). It is well
established that for example Ca?* and Mg?* ions are implicated in the viability and
growth avenues of different cell types (Chen et al. 2012; Jin et al. 2008; Mattson
2007). Such considerations of course predict that any dysregulation in either TRPM7
channel activity or its expression may produce ill effects through triggering disturbed

Ca?* and Mg?* homeostasis in cells. Indeed, this member of TRPM channel
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contributes to various physiological functions related to ionic homeostasis (Bae and
Sun 2013). The TRPM7 channel seems a powerful prospective target in CNS injury.
For instance, it was found that CA1 neurons possess the TRPM7 channel, and its
role is critical in their survival. This study showed that lack of TRPM7 results in CA1
neurons, resistant to ischemic cell demise, compared to wild-type cells (Sun et al.
2009). It is still contentious that the TRPM7 kinase is a functional domain of the
channel. By deletion of the TRPM7 channel in mice, interestingly early embryonic
fatality was experienced in homozygous mice, while heterozygous generation
produced only symptomatic illness (Ryazanova et al. 2010). This study reported that
the kinase itself can actually regulate Mg?* homeostasis at both cellular and
organism levels. In contrast, recent research, again using mutant mice, indicated
that kinase inactivation does not affect the overall channel function, and this protein
acts as Mg?* channel (Kaitsuka et al. 2014). Notably, however TRPM7 channel
activity has been connected to cell survival, particularly in neurons. In this respect,
an earlier study found that the TRPM7 channel in fact contributes to stroke
pathogenesis through Ca?* entry upregulation as well as by increasing reactive
oxygen species in cortical neurons experiencing oxygen/glucose deprivation
challenges (Aarts et al. 2003). This model indeed also produced mitochondrial
dysfunction in neurons (Almeida et al. 2002), actually inducing apoptosis via
caspase-3 awakening (Newcomb-Fernandez et al. 2001). The work in this chapter
targeted this prospectively influential channel not only in neurons, but also in brain
astrocytes. Importantly, the former cells were diseased neurons derived from
homozygous Huntington’s disease mice model. In the CNS, emerging research
points to a vital role of astrocytes in CNS structure and function (Clarke and Barres

2013), [Ca?*]i changes for example being shown in response to neurotransmitter
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activity (Volterra et al. 2014). Intriguingly, this major CNS cell type is involved in
synapse elimination through upmodulation of C1g component that serves as an
initiator player in the complement pathway (Stevens et al. 2007), thereby inducing
microglial phagocytosis (Clarke and Barres 2013). In this fine regulation,
understanding such cross-talk between neurons, astrocytes, as well as microglial
cells is extremely important, deciphering mechanisms in neurodegeneration
processes. Thus, it is important that prospective studies should aim to examine the

activities and roles of all CNS cell types in neurodegenerative diseases.
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4.2 Hypothesis and aims

It is proposed here that inhibition of TRPM7 channel will have protective effects
against H202-induced oxidative stress, CoClz-induced hypoxia, and staurosporine-
induced apoptosis in vitro, since these mechanisms underlie degeneration

processes in CNS.

The principal aims are:

1. To explore the expression of TRPM7 channel in mouse striatal homozygous
mutant STHdhQ""""HdhQ117 cells.

2. To explore the expression of TRPM7 channel in human brain astrocytes,
namely MOG-G-UVW cells.

3. To test the effect of TRPM7 channel blocking, if any, on the viability of these
cells in pharmacological experiments.

4. To measure the LDso of these insults, which include H202, CoCl2, and
staurosporine on these cell types.

5. To show a protective role, if any, for the TRPM7 channel against the cytotoxic
nature of these insults in both cell types.

6. To test whether channel target knock-out mimics pharmacological studies,

using siRNA-mediated knockdown.

133



Chapter Four

4.3 Materials and methods

4.3.1 Cell origins and features

The work in this chapter concentrated on CNS cell survival studies, using two CNS
cell types, including mutant and wild-type cells. The former type was mouse striatal
cells (STHdh*Hdh*), which were mutated into the homozygous form of Huntington’s
cell model (STHdhQ"""HdhQ177) that show a severe dominant phenotype (Trettel et
al. 2000; Wheeler et al. 2000). The channel target (TRPM7) was also investigated
in human brain astrocytoma MOG-G-UVW cells, which are derived from anaplastic
astrocytoma (Frame et al. 1984). These cell types were described in chapter three

(See section 3.3.1).

4.3.2 Polymerase chain reaction

The channel target transcripts, SK1-4 and TRPM7, were amplified in RT-PCR to
test whether these targets are expressed at the mRNA level in these cells. First,
extraction experiments isolated total RNA from the target cells after being lysed, and
its concentration was then quantified in each sample. RNA purity and integrity in
target samples were ensured. These samples were taken into the reverse
transcription step, by generating their cDNA. In experiments that did not use the
enzyme, reverse transcriptase, i.e. the negative control sample, this was labelled as
No RT. The generated cDNA was then used in the PCR reaction. Specific primers
for channel target genes, and (-actin, which serves as the reference, were used in
these amplifications. Reaction conditions for various target genes indeed were
validated, and in this respect, cycle number and temperature variations were
considered. This found the following optimum profiles, for human primers:

denaturation at 95°C for 5 minutes, followed by 30 cycles of incubation consisting

134



Chapter Four

of 95°C for 30 seconds, 55°C for 30 seconds, followed by an extension step at 72°C
for 1 minute, as well as 72°C for 5 minutes of final extension step. In the case of the
mouse primers, experiments used the same PCR program, but these primers
effectively annealed at 60°C instead of 55°C. In the final step, the amplicon sizes

were UV visualised in electrophoresis experiments using 1% agarose gel.

Gene Gene ID Human primer sequences ?'i)zpe)s
KON | otezis | £ STSICACIOAGTORONMG S | o
(Ska) | AFITITST | S oGeTCAGCATTGTAGTOA S | 249
(Ska) | NML00Z2495 | ST GOATAGOTTGGAGGARS | 1%

Table 4.1 Primer sequences for human SK channel transcripts and positive control
for the human cell type, and predicted identities. F. denotes forward primer and R.

denotes reverse primer.
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Gene Gene ID Mouse primer sequences ?'i)zpe)s
| w_otrsons | STOTACCHCTOGOACIACES |
T | vz |F SSSCTISOOTONCTNSS |
(Ska) | AI23TTB1 oo oipcaTracTeomeoaara | 20
Sk | AP | GO AANGAACGTOATEOAGAS | 1
NG | acoraeras |F- SASCRACTOOMGOMESRT |

Table 4.2 Primer sequences for mouse SK channel transcripts and positive control

for the mouse cell type, and predicted identities. F. denotes forward primer and R.

denotes reverse primer.

Gene Gene ID Primer sequences ?")zpe)s
TRPM7 F. 5-TGCAGCAGAGCCCGATATTAT-3’
Human | NM_017672 Fe T CTATCCCATGCCAATGTAAGGS | 239
TRPM7 | (1 021450 | F-B-GTCAGATITGTCAGCAACTTGTCS | o
Mouse R. 5-GACCATTCTTCTATTGCCTGGTT-3

Table 4.3 Primer sequences for human and mouse TRPM7 channel transcript and

positive control for the human and mouse cell types, and predicted identities. F.

denotes forward primer and R. denotes reverse primer.
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4.3.3 Small interference RNA

Knockdown protocol of the channel target, TRPM7, was consulted using the
Eurofins Genomics database in order to obtain an effective target siRNA, the chosen
candidate being top ranked with the highest percentile score, and like previous work
this was used in knockdown experiments. Small interference RNA exploration used
the following sequences:

Green florescent protein (GFP) siRNA which is non-targeting siRNA, served as non-
specific control siRNA: 5-GGCUACGUCCAGGAGCGCACC-3'. For targeting
human TRPM7 channel gene in MOG-G-UVW cells, the siRNA sequence was 5'-
UUAGGCAGUUCAUCUACUA-3’ in exon 26. In the case of mouse TRPM7 gene
the sequence was 5'- UUAGGCAGUUCACCUAAUA-3' also in exon 26. These are
sense sequences through which complementary ends were determined, defining
binding sites. Briefly, siRNA experiments were performed using TRPM7 siRNA
oligonucleotide, this complexing with the transfection reagent, which was
Oligofectamine™, in Opti-MEM® medium. Knockdown experiments first obtained
the optimum concentrations of siRNAs within the 100 nM range on cell lines
indicated, ensuring the effectiveness of the target siRNA.

To investigate whether siRNA-mediated downregulation of TRPM7 channel protein
expression impacts on cell survival against cellular insults indicated, target cells
were seeded in six-well plates at a density of 200 X 103 cells per well. Experiments
first ensured the optimum cell density for these cell types in six-well plates for this
protocol. After 24 hours, seeded plates were retrieved, and first observed under the
microscope, to ensure the quality of the culture. Experiments used 100 nM and 80
nM to achieve successful delivery of the TRPM7 siRNAs in STHdh??""Hdh?""? and

MOG-G-UVW cells respectively along with controls. After 72 hours, control and SK-
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siRNA treated cells were harvested for MTS assays. These cells were counted and
reseeded in the regular medium using 96-well plate format at the relevant densities,
and then incubated for 24 hours recovery. The next day, control cells and treated
cells were challenged with the cellular insults for 24 hours using the insult (serum-
free) medium. This was followed by use of PMS-MTS mix (1:5) that in viable cells

can be converted to formazan, thereby determining the relative cell viability.

4.3.4 Western blotting

In examining target protein, experiments first lifted control and treated cells in cold
Dulbecco’s phosphate buffered saline by aid of a cell scraper. Cell suspensions
were then directly pipetted into fresh tubes in which pellets were formed after
centrifugation. The supernatant was discarded, and cells in the full lysate were
disintegrated in a mixture of Pierce lysis IP buffer and Halt™ protease inhibitor
cocktail (100:1), which was then incubated on ice for 30 minutes. This was
accomplished by partitioning of the suspended proteins in the supernatant, again
after centrifugation. Extracted proteins were transferred into fresh tubes, and their
concentrations were quantified in each sample via BCA assays.

Protein samples were then subjected to PAGE electrophoresis, thus separating
protein molecules based on their sizes. Resultant gels were then used in Western
blotting, commencing with the transferring step in which proteins were relocated on
to blotting membranes, which were blocked in the blocking solution of 5% (w/v) dried
skimmed milk and Tris buffered Saline with Tween®-20. These membranes were
used in probing experiments to detect the target molecule, as well as loading control
protein (See section 2.5.4). Anti-TRPM7 mouse monoclonal antibody (Abcam,

ab85016) was applied in a dilution ratio (1:1000) in a blocking solution, this
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normalising with a loading control, a mouse anti-GAPDH antibody (Sigma-Aldrich,
G9295) in a ratio (1:50,000). The primary anti-TRPM7 antibody was incubated
overnight for 16 hours, whereas the anti-GAPDH antibody was exposed for 45
minutes. Target signals were developed after the membrane was washed with Tris
buffered Saline with Tween®-20, and expression was recorded at the following

exposure times: 4 minutes and 30 seconds, respectively.

4.3.5 TRPM7 channel pharmacology

MTS cell viability assessments addressed in the in vitro cytotoxic effect, if any, of
the insults and the TRPM7 channel modulator, as well as any combating action over
24 hours. The work here, unfortunately, did not confirm channel target specification
through any pharmacological approach because selective TRPM7 channel
modulators were not available, particularly any TRPM7 activator. Their role alone
was first ensured in the cell viability test. Cellular insults at their LDsos were also
introduced in conjunction with TRPM7 channel blockade, MTS assays quantifying
relative cell viability (See chapter two, section 2.7.2).

It is important to mention that the SK channel blockers used in the work here can
block such channels at nanomolar concentrations, but can also block TRPM7 at
micromolar ranges (Chubanov et al. 2012). Indeed, the SK1-3 channel blocker can
fully block TRPM7 channel at 30 uM, for this reason pharmacological experiments

bracketed this dose (30 uM).
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4.4 Results

4.4.1 TRPM7 ion channel expression in mouse model of Huntington’s
homozygous STHdhQ"""Hdh?'"" cells
4.4.1.1 TRPM7 channel mRNA and protein investigation in STHdh?"""Hdh?11
cells

The work in this section used mouse striatal cells STHdhQ""""HdhQ""? cells for
several reasons. For example, there was no previous study addressing TRPM7
channel expression in diseased cells such as a mouse striatal cell model of
Huntington’s disease. Also STHdh®Q"""Hdh??"" cells do not generate SK2 and SK3
channels, and the SK1 channel subtype in mouse is not functional (Benton et al.
2003). This avoids pharmacological argument for using SK channel modulators in
the context of TRPM7 channel blockade.

RT-PCR investigations found that STHdhQ""""Hdh???" express the TRPM7 channel
subtype of TRPM subfamily at the mRNA level, B-actin serving as the normalising
control (Figure 4.1). This result was confirmed in Western blotting studies. This
protein detection method used a specific antibody to recognise the channel target,

and the expression was normalised by using GAPDH (Figure 4.2).
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300 bp

No RT B-actin SK1 SK2  SK3 SK4 TRPM7

Figure 4.1 SK and TRPM7 channel mRNA in homozygous mutant Hdh?"?" HdhQ11?
cells. Only the amplicons for SK1, SK4, and TRPM7 channels are present and the

PCR products are of the predicted size. 3-actin serves as the normalising control.

TRPM7 |@EP— 212 kDa

GAPDH Q‘ 37 kDa

Figure 4.2 Representative immunoblot of TRPM7 channel subtype in homozygous

mutant Hdh??"" HdhQ"7? cells. GAPDH serves as the normalising control.
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4.4.1.2 The effect of pharmacological TRPM7 channel inhibition on
STHdhQ""HdhQ11 cell viability

The next question was: do these modulators alone affect STHdh??"HdhQ1"? cell
numbers in the viability assays. This determines whether constitutive TRPM7
channel activity modulates STHdh®Q?"HdhQ77? cell proliferation. This question was
addressed by the MTS assay using a 24 hour exposure. MTS cell viability
quantification showed that neither NS8593 (20-40 uM), nor UCL1684 (20-40 uM),
which are SK1-3 channel blockers, significantly modified STHdh??""Hdh??"7 cell
growth (Figures 4.3 and 4.4). Here, lower doses (5 and 10 uM) for both SK1-3
blockers were also screened against STHdhQ?""HdhQ'"? cell proliferation, but did
not significantly change cell numbers compared to control (Appendix 3, Figures 7.11
and 7.12). These results enabled work to proceed to the next step where LDsos of

the insults were determined.
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Relative cell viability

T
Control 20 y M 30 uM 40 u M

NS8593

Figure 4.3 The effect of NS8593, TRPM7 channel inhibition, on homozygous mutant
Hdh?"1'HdhQ"77 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.

Relative cell viability

T
Control 20 u M 30 uM 40 M

ucL1684

Figure 4.4 The effect of UCL1684, TRPM7 channel inhibition, on homozygous
mutant HdhQ?""HdhQ777 cell viability. Data are shown as means + SEM. One-way
ANOVA followed by Dunnett’s post hoc test, n=6.
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4.4.1.3 The dose-response curve for cellular insults in STHdh®"""HdhQ1"1
cells

Three different cellular insults were applied to induce cell injury in
STHdhQ""1"HdhR?"1 cells, namely oxidative stress, hypoxia, and a pro-apoptotic
challenge. Their cytotoxic action was estimated in vitro through MTS cell viability
checks at 24 hours. The target cells were differentially sensitive to these insults with
values from nanomolar up to millimolar ranges. H202 “killed” 50% of
STHdhQ""1"HJhR?11 cells with an approximate LDso of 1 mM (See chapter three,
Figure 3.43). The next insult (CoCl2) had an LDso of 60 uM on this cell type (Figure
4.5). These mutant cells were very sensitive to the apoptotic action of staurosporine,
the MTS assay yielding 10 nM for this insult (Figure 4.6). All these LDsos were
determined from the dose-response data.

Following this step, work proceeded to the next stage, where TRPM7 channel

inhibition-insult interactions were determined.
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Relative cell viability

-6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0

Log [CoCI,] M

Figure 4.5 The effect of CoCl2 on homozygous mutant Hdh???"Hdh?Q'7 cell viability.

From the line of best fit of the dose-response data, the LDso was 60 uM, n= 9.

Relative cell viability

-10 -9 -8 -7 -6

Log [Staurosporine] M

Figure 4.6 The effect of staurosporine on homozygous mutant HdhQ?""HdhQ?7 cell
viability. From the line of best fit of the dose-response data, the LDso was 10 nM, n=
9.
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4.4.1.4 Pharmacological inhibition of TRPM7 channel against striatal cell
insults in STHdhQ"""Hdh?'" cells

The question posed here was whether TRPM7 ion channel blocking can rescue
STHdhQ"""HdhQ?? cells from H202, CoClz, and staurosporine challenges. Again,
pharmacological treatment to answer this question was for 24 hours. Interestingly,
TRPM7 channel blocking by NS8593 and UCL1684 can remarkably (P<0.0001
versus insult) reverse the decrease in STHdhQ?"HdhQ1"? cell viability against the
cytotoxic action of an LDso dose of H202 (Figures 4.7 and 4.8, respectively), CoCl2
(Figures 4.9 and 4.10, respectively), and staurosporine (Figures 4.11 and 4.12,
respectively), these insults mimicking oxidative stress, hypoxia, and apoptosis
respectively. Both compounds, NS8593 (20-40 uM) and UCL1684 (20-40 uM), were
protective in all cases, although these two compounds had no protective role at 10
MM (N.B. not true for the H202-NS8593 interaction, Figure 4.7). This indicates that
these modulators are potent at >10 uM. This study did not pursue the channel
specificity associated with the reversing the protection through TRPM7 channel
opening because TRPM7 channel pharmacology is less advanced, and TRPM7
channel openers are not available.

These pharmacological results show that TRPM7 channel subtype has a crucial role
in neuronal loss in vitro to oxidative stress, hypoxia, and apoptosis challenges,
indicating that this channel is widely involved in cell survival mechanisms. This work
was further progressed by TRPM7 gene silencing using the small interference RNA

method.
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Relative cell viability

0.0"

H,0, (1 mM)

NS8593 (uM) - - 10 20 30 40

Figure 4.7 The effect of NS8593, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ"""Hdh?Q?"" cells exposed to H20:2-induced oxidative
stress. Data are shown as means £ SEM. ****p-value < 0.0001 versus insult, one-

way ANOVA followed by Dunnett’s post hoc test, n= 9.

Relative cell viability

0.0°

H,0,(1 mM)

UCL1684 (uM) - - 10 20 30 40

Figure 4.8 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ"""Hdh??"" cells exposed to H20:2-induced oxidative
stress. Data are shown as means £ SEM. ****p-value < 0.0001 versus insult, one-

way ANOVA followed by Dunnett’s post hoc test, n= 9.
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Relative cell viability

0.0°

CoCl,(60 uM)
NS8593 (uM) - - 10 20 30 40

Figure 4.9 The effect of NS8593, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ?""Hdh<?? cells exposed to CoClz-induced hypoxia. Data
are shown as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n= 9.

Relative cell viability

0.0"

CoCly (60 uM)
UCL1684 (pM) - - 10 20 30 40

Figure 4.10 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ?""Hdh<?"? cells exposed to CoClz-induced hypoxia. Data
are shown as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n= 9.
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Relative cell viability

Staur. (10 nM)

NS8593 (uM) - - 10 20 30 40

Figure 4.11 The effect of NS8593, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ"""HdhQ?"" cells exposed to staurosporine-induced
apoptosis. Data are shown as means £ SEM. ****p-value < 0.0001 versus insult,

one-way ANOVA followed by Dunnett’s post hoc test, n=9.

Relative cell viability

Staur. (10 nM)

UcL1684 (uM) - - 10 20 30 40

Figure 4.12 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
homozygous mutant HdhQ"""HdhQ?"" cells exposed to staurosporine-induced
apoptosis. Data are shown as means + SEM. ****p-value < 0.0001 versus insult,

one-way ANOVA followed by Dunnett’s post hoc test, n=9.
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4.4.1.5 Small interference RNA-mediated modulation of TRPM7 channel
against cellular insults in STHdhQ"""Hdh?'" cells

To test whether lowering TRPM7 channel expression can mirror above
pharmacological results, TRPM7 channel downregulation was performed via siRNA.
This method used specific TRPM7-siRNA to knock-out this target in
STHdhQ"""HdhQ1? cells after 72 hours. Its efficiency was first confirmed by Western
blotting validation. This exploration used proteins from control cells i.e. non-treated
cells, GFP-siRNA treated group, which expresses GFP-siRNA that serves as the
normalising siRNA, as well as TRPM7-siRNA transfected cells, which express
TRPM7-siRNA. Western blotting followed by densitometric analysis found that GFP-
siRNA had no significant effect on TRPM7 channel expression level compared to
control, in contrast TRPM7-siRNA produced an immense loss (P<0.0001 versus
control) in TRPM7 channel protein expression (Figures 4.13 and 4.14). After this
determination, experiments further followed whether TRPM7 channel knockdown
impacts on STHdhQ"""'Hdh??17" cell viability in the presence of H202, CoCl2, and
staurosporine using the 24 hour exposure protocol. Intriguingly, the cell viability
results revealed that this pre-treatment dramatically (P<0.0001 versus insult)
protected STHAhQ""""Hdh?"?7 cells from harm from H202, CoClz, and staurosporine.
Cells lacking TRPM7 channels are more resistant to these toxic effects, namely
oxidative stress, hypoxia, as well as apoptotic induction (Figures 4.15, 4.16 and
4.17), which by themselves caused a vast decrease in normal STHdhQ'""HdhQ171
cell numbers. Cells receiving GFP-siRNA were similarly sensitive as control cells
(Figures 4.15, 4.16 and 4.17) to all insults.

These data clearly demonstrate that not only TRPM7 channel blockade, but also its

downregulation is neuroprotective in these diseased cells.
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Figure 4.13 Representative immunoblot of TRPM7 channel in homozygous mutant
HdhQ111 HdhQ111 cells transfected with specific TRPM7-siRNA. TRPM7 channel
protein expression is markedly downregulated compared to control. GAPDH serves

as the normalising control.

TRPM7 channel protein expression

Relative density to GAPDH

* ok ok K

Control GFP TRPM7 siRNA

Figure 4.14 Densitometric measurement of TRPM7 channel in homozygous mutant
HdhQ111 HdhQ171 cells transfected with specific TRPM7-siRNA. Data are shown as
means = SEM. ****p-value < 0.0001 versus control, one-way ANOVA followed by

Dunnett’s post hoc test, n =3.
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@ Control

E Non-transfected

1.0 E5 GFP siRNA

il Ml TRPM7 siRNA

Figure 4.15 The effect of sSiRNA-mediated knockdown of TRPM7 channel on the
survival of homozygous mutant HdhQ"""HdhQ?? cells exposed to H202-induced
oxidative stress. Data are shown as means + SEM. ****p-value < 0.0001 versus

insult, one-way ANOVA followed by Dunnett’s post hoc test, n=9.
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E Non-transfected

1.0 EH GFP siRNA
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Relative cell viability
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CoCl, (60 uM) - + + +

Figure 4.16 The effect of siRNA-mediated knockdown of TRPM7 channel on the
survival of homozygous mutant Hdh®Q"""Hdh???7 cells exposed to CoClz-induced
hypoxia. Data are shown as means + SEM. ****p-value < 0.0001 versus insult, one-
way ANOVA followed by Dunnett’s post hoc test, n= 9.
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ontrol
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Figure 4.17 The effect of siRNA-mediated knockdown of TRPM7 channel on the
survival of homozygous mutant HdhQ?"""HdhQ?17 cells exposed to staurosporine-
induced apoptosis. Data are shown as means + SEM. ****p-value < 0.0001 versus

insult, one-way ANOVA followed by Dunnett’s post hoc test, n=9.
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4.4.2 TRPM7 ion channel expression in human astrocytoma MOG-G-
UVW cells
4.4.2.1 TRPM7 channel mRNA and protein investigation in MOG-G-UVW
cells

In the second part of this work, experiments tested the same hypothesis using
another CNS derived cell type, a human brain astrocytoma. Similar questions and
aims were addressed as shown in part one of this work. Wild-type MOG-G-UVW
cells are less frequently used in research activities compare to other cell lines used
in neuroscience to date. RT-PCR first investigated the TRPM7 channel message in
MOG-G-UVW cells at the mRNA level (Figure 4.19). This was further examined by
Western blotting to test whether the gene target also formed the channel protein. It
was found that these channels are also expressed at the protein level (Figure 4.20).
It is important to emphasise again that this cell line only has the SK4 subtype of SK
channel (Figure 4.18), so helping to avert target confusion since this study used two
SK1-3 channel blockers, in the micromolar range to produce TRPM7 channel

blockade.
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300 bp

No RT B-actin  SK1 SK2 SK3 SK4

Figure 4.18 SK channel mRNA investigation in MOG-G-UVW cells. Only the
amplicon for SK4 channel is present and the PCR products are of the predicted size.

B-actin serves as the normalising control.

300 bp

No RT B-actin TRPM7

Figure 4.19 TRPM7 channel mRNA investigation in MOG-G-UVW cells. The
amplicon for TRPM7 channel is present and the PCR products are of the predicted

size. B-actin serves as the normalising control.

TRPM7 | — 212 kDa

GAPDH E 37 kDa

Figure 4.20 Representative immunoblot of TRPM7 channel subtype in MOG-G-

UVW cells. GAPDH serves as the normalising control.
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4.4.2.2 The effect of pharmacological TRPM7 channel inhibition on MOG-G-
UVW cell viability

The pharmacological approach first assessed the effect TRPM7 channel blocking
alone on MOG-G-UVW cell viability over 24 hours. In the MTS assay, SK1-3 channel
blockers NS8593 (20-40 uM) and UCL1684 (20-40 pM) were tested on the
proliferation of MOG-G-UVW cells (Figures 4.21 and 4.22, respectively). This
screening did not significantly affect MOG-G-UVW cell numbers compared to control
for the time indicated. This shows that these cells do not adopt constitutive TRPM7
channel activity for their proliferation. In this respect, experiments also considered
the effect of lower doses of NS8593 (5 and 10 uM) and UCL1684 (5 and 10 pM):
these concentrations were also inactive on MOG-G-UVW cell viability (Appendix 3,
Figures 7.13 and 7.14).

These data encouraged this work to be progressed to the next stage, as these

compounds did not modulate normal cell growth in MOG-G-UVW cells.
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Relative cell viability

T
Control 20 y M 30 uM 40 u M
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Figure 4.21 The effect of NS8593, TRPM7 channel inhibition, on MOG-G-UVW cell
viability. Data are shown as means £ SEM. One-way ANOVA followed by Dunnett’s

post hoc test, n=6.
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Figure 4.22 The effect of UCL1684, TRPM7 channel inhibition, on MOG-G-UVW
cell viability. Data are shown as means + SEM. One-way ANOVA followed by

Dunnett’s post hoc test, n=6.
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4.4.2.3 The dose-response curve for cellular insults in MOG-G-UVW cells

Again in vitro pharmacological experiments determined the LDsos of cellular insults
by the aid of dose-response measures, using H202, CoCl2, and staurosporine to
induce oxidative stress, hypoxia, and apoptosis respectively. These agents
challenged cell viability and MTS assays estimated different LDsos of the insults
against MOG-G-UVW cell viability. MOG-G-UVW cells were less sensitive to H202
with an LDso 1 mM (Figure 4.23), while these cells showed a moderate sensitivity to
CoCl2 with an LDso 32 yM (Figure 4.24), and they were more sensitive to

staurosporine toxic effect with an LDso of 50 nM (Figure 4.25).
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Relative cell viability
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Figure 4.23 The effect of H202 on MOG-G-UVW cell viability. From the line of best

fit of the dose-response data, the LDso was 1 mM, n= 9.
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Figure 4.24 The effect of CoCl2 on MOG-G-UVW cell viability. From the line of best
fit of the dose-response data, the LDso was 32 yM, n= 9.
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Relative cell viability
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Figure 4.25 The effect of staurosporine on MOG-G-UVW cell viability. From the line

of best fit of the dose-response data, the LDso was 50 nM, n= 9.
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4.4.2.4 Pharmacological inhibition of TRPM7 channel against cellular insults
in MOG-G-UVW cells
The next series of experiments checked whether TRPM7 channel inhibition
promotes cell survival in the face of various cell death mechanisms, namely H202,
CoCl2, and staurosporine insults. This established that NS8593 (20-40 uM) and
UCL1684 (20-40 uM), SK1-3 channel blockers, by blocking TRPM7 significantly
protected (P<0.0001 versus insult) cells against oxidative stress (Figures 4.26 and
4.27, respectively), hypoxia (Figures 4.28 and 4.29, respectively), and apoptosis
(Figure 4.30 and 4.31, respectively). As expected, these modulators did not always
have a protective role at 10 yM, where NS8593 did not oppose CoCl2 and
staurosporine induced effects (Figures 4.28 and 4.30, respectively). These data

were encouraging, and the question was further pursued in siRNA experiments.
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Figure 4.26 The effect of NS8593, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to H202-induced oxidative stress. Data are shown as
means * SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n=9.
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UCL1684 (uM) - - 10 20 30 40

Figure 4.27 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to H202-induced oxidative stress. Data are shown as
means * SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n=9.
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Relative cell viability
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Figure 4.28 The effect of NS8593, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to CoClz-induced hypoxia. Data are shown as means
+ SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by Dunnett’s

post hoc test, n=9.
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Figure 4.29 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to CoClz2-induced hypoxia. Data are shown as means
+ SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by Dunnett’s

post hoc test, n=9.
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Relative cell viability
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Figure 4.30 The effect of NS8593, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to staurosporine-induced apoptosis. Data are shown
as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n= 9.
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Figure 4.31 The effect of UCL1684, TRPM7 channel inhibition, on the survival of
MOG-G-UVW cells exposed to staurosporine-induced apoptosis. Data are shown
as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n= 9.
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4.4.2.5 Small interference RNA-mediated modulation of TRPM7 channel
against cellular insults in MOG-G-UVW cells

Small interference RNA experiments then tested whether TRPM7 channel
knockdown can result in MOG-G-UVW cells resistant against death insults delivered
through different mechanisms. These experiments used specific human TRPM7-
siRNA to dampen TRPM7 channel expression in MOG-G-UVW cells. Western
blotting results indicated that TRPM7 expression in GFP-treated cells was entirely
normal (Figures 4.32 and 4.33). Importantly, densitometric analysis also showed
that TRPM7-siRNA caused a marked reduction (P<0.0001 versus control) in
TRPM7 channel protein expression (Figures 4.32 and 4.33) 72 hours post-
transfection. In the cell viability monitoring 24 hours after transfection, MTS results
from knockdown of TRPM7 channels mirrored the pharmacological results. MOG-
G-UVW deficient of TRPM7 channels were in fact significantly more viable
(P<0.0001 versus insult) in the face of H202-induced oxidative stress (Figure 4.34),
CoClz2-induced hypoxia (Figure 4.35), and staurosporine-induced apoptosis (Figure
4.36) than normal cells.

The data in this chapter are very compelling, TRPM7 channel inhibition in the face
of three important models of cell death plays a central role in combating these three
stressors, namely H202-induced oxidative stress, CoClz2-induced hypoxia, and
staurosporine-induced apoptosis. This indicates that this channel has a big role in
survival of these CNS resident cells, i.e. both normal brain astrocytes, and the

mouse cell model of Huntington’s disease.
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TRPM7 — 212 kDa

GAPDH — 37 kDa

Figure 4.32 Representative immunoblot of TRPM7 channel in MOG-G-UVW cells
transfected with specific TRPM7-siRNA. TRPM7 channel protein expression is
considerably downregulated compared to control. GAPDH serves as the

normalising control.
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Figure 4.33 Densitometric measurement of TRPM7 channel in MOG-G-UVW cells
transfected with specific TRPM7-siRNA. Data are shown as means + SEM. ****p-

value < 0.0001 versus control, one-way ANOVA followed by Dunnett’s post hoc test,
n =3.
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Figure 4.34 The effect of sSiRNA-mediated knockdown of TRPM7 channel on the

survival of MOG-G-UVW cells exposed to H202-induced oxidative stress. Data are

shown as means +* SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n=9.
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E Non-transfected
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Ml TRPM7 siRNA

Figure 4.35 The effect of siRNA-mediated knockdown of TRPM7 channel on the
survival of MOG-G-UVW cells exposed to CoClz-induced hypoxia. Data are shown

as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n=9.
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Figure 4.36 The effect of siRNA-mediated knockdown of TRPM7 channel on the

survival of MOG-G-UVW cells exposed to staurosporine-induced apoptosis. Data

are shown as means £ SEM. ****p-value < 0.0001 versus insult, one-way ANOVA

followed by Dunnett’s post hoc test, n=9.
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4.5 Discussion

The principal findings of this work are:

1.

In STHdh®"""Hdh®Q'"" cells, a mouse homozygous cell model of
Huntington’s disease, it was found that TRPM7 channels are expressed at
both mRNA and protein levels in RT-PCR and Western blotting experiments.
Pharmacological screening indicated that TRPM7 channel blockade in
STHdhR"""'HdhQ"7 cells did not significantly modify the cell proliferation rate,
indicating that this channel does not inhibit constitutive growth.

MTS cell viability assays also found that these cells were more sensitive to
staurosporine-induced apoptosis than CoCl2 and H20:.

Pharmacological blocking of TRPM7 afforded significant protection against
cell death mechanisms, namely staurosporine-induced apoptosis, CoClz-
induced hypoxia, and H202-induced oxidative stress.

Intriguingly, pharmacological results were well supported by the channel
target knockdown in siRNA experiments. This revealed that TRPM7 channel
knock-out also significantly protected STHdh®Q?""Hdh?Q'?? against all insults
indicated.

In MOG-G-UVW cells, a human brain astrocyte, RT-PCR and Western
blotting investigations determined the presence of TRPM7 channels at both
mRNA and protein levels respectively.

MTS assays showed that TRPM7 channel blocking had no effect on MOG-
G-UVW proliferation, again indicating no impact of these channels on normal
growth.

These cells were also more sensitive to staurosporine than other insults.
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9. TRPM7 channel blockade in the presence of staurosporine-induced
apoptosis, CoClz2-induced hypoxia, and H202-induced oxidative stress, was
also markedly protective, compared to the insult alone.

10.TRPM7 siRNA-mediated knock-out in MOG-G-UVW cells reflected the
pharmacological TRPM7 channel results. Downregulation produced MOG-

G-UVW cells more resistant against all the insults above.
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The main focus of this work was to determine whether the TRPM7 channel promises
to be a neuroprotectant molecule in human brain astrocytes and a mouse
homozygous cell model of Huntington’s disease against dysfunction mediated by
staurosporine-induced apoptosis, CoClz-induced hypoxia, and H202-induced
oxidative stress. There is a growing bank of knowledge that indicates that the
TRPMY7 channel is an impressive target in both neurodegeneration (Park et al. 2014)
and the cancers (Deliot and Constantin 2015; Guilbert et al. 2009). Expression
experiments of this present study first showed that the channel of interest is
expressed in STHdhQ"""HdhQ""T and MOG-G-UVW cells (Figures 4.1-4.2 and 4.19-
20, respectively) using RT-PCR and Western blotting methods. A later step checked
whether the channel protein is functionally generated. This began with
pharmacological probing in MTS cell viability assays. It is important to stress that
the pharmacological approach used SK1-3 channel modulators for TRPM7 channel
modulation, since it was recently shown that SK channel modulators can also block
the TRPM7 ion channel at micromolar concentrations (see Figure 4.37), as in
electrophysiological experiments NS8593 (30 uM) fully inhibited the TRPM7
channel current (Chubanov et al. 2012). SK1-3 blockers used in this work block the
SK1-3 channels at nanomolar ranges, bypassing profile overlapping. Importantly,
STHdhQ"""HdhQ?"? cells expressed no SK2-3 channels (Figure 4.1), and the SK1
channel cDNA does not form a functional ion channel (Benton et al. 2003; D'Hoedt
et al. 2004). In MOG-G-UVW cells, no SK1-3 channel transcripts were present at
the mRNA level (Figure 4.18). Experiments screened the TRPM7 channel,
bracketing the 30 uM dose as this concentration is more potent on channel activity

(Chubanov et al. 2012). First, the effect of the modulators alone, namely NS8593

171



Chapter Four

and UCL1684 was tested in the viability assays at 24 hours: here no significant

effect on the cell numbers was found (Figures 4.3, 4.4 and 4.21, 4.22, respectively).
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Figure 4.37 TRPM7 channel blocking by the SK channel modulators. NS8593 (30

pMM) can fully block TRPM7 channel current. Other SK channel modulators can also

% Current reduction at 100 mV

significantly block the channel target as indicated (Chubanov et al. 2012).

In the next phase, LDsos of the insults were determined from the dose-response
curves (Figures 3.43, 4.5, 4.6 and 4.23. 4.24, 4.25 respectively). In this regard, it
has been documented that exogenous hydrogen peroxide (H202) can reach the
cytosol by crossing the plasma membrane (Bienert et al. 2006; Fatokun et al. 2008).
This stressor can react with active metals, particularly copper and iron, thus
producing highly reactive cytotoxic radicals such as hydroxyl radicals (Bourassa and
Miller 2012), which cause detrimental cell injury. Intriguingly, TRPM7 channel
blocking (P<0.0001 versus insult) reversed the cytotoxic effect of H202 in
STHdhQ""1"Hdh"? and MOG-G-UVW cells. In this challenge and all subsequent

challenges in this work the modulators, NS8593 and UCL1684, were protective at
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(20-40 pM) in the presence of all insults indicated, but in some cases 10 uyM of
blockers did not significantly challenge the insults used (Figures 4.7-4.8 and 4.26-
4.27, respectively). Nowadays, the involvement of TRPM7 channels in ischaemic
conditions and cellular ROS regulation is accepted. Studies report that H202 caused
TRPM?7 activation and this elevated [Ca?*]i (Coombes et al. 2011). In a detailed
investigation of oxidative stress in Parkinson’s disease (PD), interestingly, PD
lesions, through a-Synuclein, exacerbated the physiological stress via mitochondria.
This possible stress elevation is physiologically generated because it can be
eliminated through inhibition of voltage dependent L-type calcium channels
(Dryanovski et al. 2013). Silencing of TRPM7 channel gene in STHdhQ""""HdhQ11?
and MOG-G-UVW cells mimicked the pharmacological picture (Figures 4.15 and
4.34, respectively), affording a profound increase (P<0.0001 versus control) in cell
viability. In aerobic organisms, oxygen (Oz2) is required for normal tissue wellbeing,
and hypoxia-inducible transcription factor 1 (HIF-1) plays a critical role that can be
activated by CoCl2 (Caltana et al. 2009). In Hep3B cells, real hypoxia mediates
transcription in a mitochondrial-dependent manner, causing an increase in ROS, but
CoClz can induce transcription via ROS generation in a mitochondrial-independent
pattern (Chandel et al. 1998). MTS viability assessments showed that TRPM7
channel blocking also significantly dampened (P<0.0001 versus insult) the harmful
delivery of CoCl2 in STHdhQ"""HdhQ?"" and MOG-G-UVW cells (Figures 4.9-4.10
and 4.28-4.29, respectively). Again, siRNA-mediated elimination of the TRPM7
channel made STHdhQ'"HdhQ'"" and MOG-G-UVW cells less vulnerable
(P<0.0001 versus control) to the CoCl2 hypoxia-mimetic effect (Figures 4.16 and
4.35, respectively). It has been revealed that knockdown of TRPM7 channels in

hippocampal neurons, significantly attenuated an increase in intracellular [Mg?*];
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caused by anoxia (Zhang et al. 2011a). Moreover, TRPM7 dampening also
improved ischaemia-induced long term potentiation and memory tasks (Sun et al.
2009). It is accepted that staurosporine creates apoptosis via PKC inhibition, but it
is not selective. It may also inhibit other kinases such as tyrosine kinase (Ruegg and
Burgess 1989), and more recently, staurosporine has been linked to store-operated
Ca?* entry (SOCE). Single cell imaging in staurosporine-induced cells shows that
this entry remained activated after Ca2* replenishment (Tojyo et al. 2013). Screening
TRPM7 channel activity against staurosporine-induced apoptosis, showed that its
inhibition markedly saved (P<0.0001 versus insult) STHdh?"""Hdh??"" and MOG-
G-UVW cells from apoptosis (Figures 4.11-4.12 and 4.30-4.31, respectively).
Invariably, TRPM7 abolishment through siRNA also showed an increase (P<0.0001
versus control) in cell viability level (Figures 4.17 and 4.36, respectively). TRPM7
channel seems therefore a powerful target in neurodegeneration, being also linked
to apoptosis, since it has been shown that TRPM7 knockdown increases fibroblast
resistance to apoptotic stimuli through lowering ROS levels in a Mg?*-dependent
manner (Chen et al. 2012).

Excitatory neurotransmission has been recently linked to microglial activation,
revealing that activated microglial cells release ATP, that can be amplified by
astrocytes and binds to purinergic receptors (P2Y1R) on astrocytes, and ultimately
this stimulation increases excitatory postsynaptic currents through a glutamate
receptor-dependent pathway (Pascual et al. 2012). Interestingly, experiments here
found that LPS-induced microglia caused remarkable upregulation of the TRPM7
channel expression in these cells (Appendix 3, Figure 7.15). MTS viability assays
determined that this phenotype killed microglia in cultures, a fascinating result,

requiring a detailed examination.
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4.6 Conclusions

The data from this in vitro work showed that the TRPM7 channel is present in mouse
homozygous mutant STHdhQ""""Hdh???? and human brain wild-type MOG-G-UVW
cells. This ion channel plays a big role in their survival in the face of various cell
death mechanisms. It is fascinating that this channel rescues cells from oxidative
stress, hypoxia, as well as apoptosis. Not only modulation of its activity, but also
lowering of channel numbers improves cell viability in these abnormal conditions.
This is the first study to question TRPM7 channel expression and any role in
diseased mutant cells of this neurodegenerative model, namely STHdhQ?""HdhQ111,
These data illustrate that TRPM7 gene generates a functional channel in these cells,

and this channel represents a robust target for neuroprotection.
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4.7 Recommendations and future work

TRPMY7 channel pharmacology is not well advanced. Thus, advances in this area to
develop selective modulators will be very important. Mapping TRPM7 expression
and its significance in other cells, particularly in cell models of neurodegenerative
diseases would also provide further understanding in this field. Future investigations
that can determine further knowledge about TRPM7 role in vivo will shed significant
progress regarding this protein. Another task will be the elucidation of the channel

regulatory mechanisms, including the importance of the channel kinase.
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5 Chapter Five: SK lon Channel in Death of Breast

Cancer Cells

5.1 Introduction

SK potassium ion channels, namely small conductance (SK1-3) and a closely allied
intermediate conductance (SK4) calcium-activated K* channel (Adelman et al. 2012;
Kohler et al. 1996), significantly shape the symphony of Ca?* signaling at both
cellular (Xia et al. 1998) and molecular (Dolga et al. 2013) levels, thereby governing
the myriad of cellular activities in the biology of excitable, and non-excitable cells. In
such biology, SK ion channels possess a definite canonical role, which facilitates K*
efflux and produces an hyperpolarisation (Alger and Nicoll 1980), thus reducing Ca?*
influx and potential Ca?* overload. Activation alters firing patterns and memory,
although the precise links between cellular events and higher order functions such
as memory are not well defined. SK channels also regulate calcium flux in the later
biology in the form of non-canonical roles (Pardo and Stuhmer 2014). This role
offers compelling oncological relevance in the delineation of cancer hallmarks,
judging from frequently highlighted outcomes of studies (Huang and Jan 2014) with
the theme of Ca?* levels in cancer featuring and supporting the notion that these SK
molecules are notoriously implicated in the cancer phenotype. Indeed, this has
increased the interest in cancer, as calcium affects physiological processes at
different levels (Roderick and Cook 2008), driving cancer progression, migration, as
well as mediating metastasis (Azimi et al. 2014). In this respect, it is not surprising
that triple negative breast cancer cells, MDA-MB-435, require Kca2.3 (SK3) channels
for cell migration by regulating calcium fluxes and membrane potential (Potier et al.

2006). In vivo profiling of the Kcas.1 (SK4) blocker, TRAM-34, on the infiltrative
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behavior of glioblastoma multiforme, further improved the understanding of the SK
channel role in this scenario, whereby blocking of the resident SK4 channels in
malignant glioblastoma multiforme curbs diffusing of malignant cells, and in fact
reduces the resultant astrocytosis (D'Alessandro et al. 2013). In vitro experiments
also indicate that SK4 inhibition exclusively disrupts the crosstalk between tumours
and neighboring resident cells, reactive astrocytes and microglia, in the brain.
Recent work strengthens this notion, and points to astrocytes underlying life
decisions of tumour cells, favouring their growth (Biasoli et al. 2014). In the gating
of the SK class of K* ion channels, these proteins do not provide an inherent domain
for Ca?* binding, instead they use a modular protein, termed calmodulin (CaM), to
chelate Ca?* ions (Maylie et al. 2004). More recently it has been shown that CaM
exists as an intrinsic partner in the SK channel complex (Adelman 2015). Moreover,
the channel activity is tightly regulated by a bound casein kinase 2 (CK2) and protein
phosphatase 2A (PP2A) (Allen et al. 2007), but their role on other cell functions,
such as proliferation, remains to be addressed. Novel mechanisms, in the adult
human, orchestrate highly programmed pathways through which approximately 60
billion cells (Diaz et al. 2005; Reed 2008), undergo daily cell division, thus keeping
normal tissue homeostasis throughout. Disappointingly, in certain cancers cells
escape from programmed cell death, destabilising physiological cell death, which is
literally defection. The central question to be addressed is how cancer cells resist
death choices? This facet of their physiology, considering a central for K* ion
channels, is well reviewed by Huang and Jan (2014). This paper concludes there
are four mechanisms. First, changes in cell membrane potential (Vm) throughout
the cell cycle seems informative (Yang and Brackenbury 2013). For example,

proliferating cancer and stem cells are more depolarized (-20 to -40 mV) than other
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cells, namely neurons and cardiomyocytes, which hold their membrane potential at
-60 to -80 mV. Moreover, cells throughout the cell cycle in fact have a depolarized
Vm in the G2/M transition. K* ion channels have another traditional role, regulating
cellular proliferation through cell volume control. It has been shown that during the
cell cycle the EAG2 voltage-gated K* channels sit in different positions, moving from
inside the cell to the plasma membrane where they serve as a checkpoint before
mitotic entry at G2/M phase (Huang et al. 2012). An additional notion is that K* ion
channel induced membrane hyperpolarisation facilitates Ca?* entry through TRP
ion channels (Wulff and Kohler 2013), thereby increasing [Ca?*]i, which positively
triggers cell proliferation (Huang and Jan 2014). In addition to these canonical roles,
it is worth highlighting their emerging roles as non-conducting channels. Indeed, it
has been reported that when a nonconducting mutant, Kv1.3 channel, is expressed
in HEK cells, and these cells do not lose growth capacities (Cidad et al. 2012).

In the light of this last idea, this study will address the non-canonical role of SK
potassium ion channels in the context of breast cancer biology, particularly cell
proliferation, as well as questioning a putative mechanism that links these ion
channels to the signalling cascades. The International Agency for Research on
Cancer currently reported that the global burden through this type of cancer in

females reaches approximately 22.9% as an invasive cancer.
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5.2 Hypothesis and aims

That SK ion channel activity promotes proliferation in breast cancer lines, and hence

SK channel blockade may inhibit cancer cell growth.

The principal objectives are:

1. To determine the profile of expression of SK1-4 channels in five breast
cancer cell lines.

2. To establish a role, if any, for SK channels using siRNA-mediated
knockdown.

3. To probe any cytotoxic effects of SK channel blockade on breast cancer cell
lines using selective small molecule blockers of SK channels.

4. To test whether changes in apoptotic mechanisms are involved in any of the

effects observed.
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5.3 Materials and methods

5.3.1 Cell origins and features
This in vitro study accessed a panel of widely studied breast cancer cell lines, which
express various biological and pathological features, as well as endocrine

responsiveness as summarised below:

Cell type Type/Drug Gene ER PR HER2 | Source and
cluster | status | status | status | Tumour type

MCF-7 Wild Luminal + + - PE, IDC

TamR Tamoxifen

FasR Fulvestrant

BT-474 Wild Luminal + + + P Br., IDC

MDA-MB-231 | Wild Basal B - - - PE, AC

Table 5.1 Biological features of breast cancer cell lines indicated (Knowlden et al.
2005; Knowlden et al. 2003; Neve et al. 2006). PE denotes pleural effusion, P. Br.
denotes primary breast, IDC denotes invasive ductal carcinoma, and AC denotes
adenocarcinoma.

The target cells were maintained in their culture using established growth medium

and methodologies (See chapter two).

5.3.2 Polymerase chain reaction

The mRNA messages were investigated for all SK family members of K* channels
in the target cells. Total RNA was lysed and quantified, its purity and its integrity
ensured. The cDNA samples were then synthesized using predesigned primer
sequences for the transcripts of SK channel and -actin which was the necessary
reference (See table 5.2). For the negative control, the reaction excluded reverse
transcriptase activity, which was referred to as No RT. The target DNA sequences
were amplified, conditions being optimised for the PCR reactions of each pair of

primers, by varying the temperatures. After the identification of the optimum
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conditions for the cell lines, this profile was used in all reactions (PCR). First,
denaturation at 95°C for 5 minutes, followed by 30 cycles of incubation consisting
of 95°C for 30 seconds, 55°C for 30 seconds, followed by an extension step at 72°C
for 1 minute, and final extension step (72°C for 5 minutes). RT-PCR products were
stained and then visualised by UV light after being run on an 1% agarose gel

electrophoresis.

Gene Gene ID Primer sequences ?'i)zpe)s
pacin | NMLOOTIOT | G B eATACCCCTCGTAGATG | 129
O s | ST |,
(Ska) | AFITITST o CoaeToRGEATTGTARGTORT | 249
(Ska) | NML00Z2495 |4 T ST GGATAGOTTGGAGGA S | 1%

Table 5.2 Primer sequences for both human SK channel transcripts and the positive
control for the human cell lines, and predicted identities. F. denotes forward primer

and R. denotes reverse primer.

In the MCF-7 cell lineage, changes in gene quantity across cell types were analysed,
samples from MCF-7 sensitive cells being compared with MCF-7 endocrine
resistant cells, which include TamR and FasR cells, to identify whether SK channel
transcripts were differentially regulated in endocrine resistant cells, by consulting

the Affymetrix microarray database.
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5.3.3 Small interference RNA

In order to render an effective knockdown of the channel of interest the Eurofins
Genomics database was consulted, to choose the most effective candidate, i.e. one
that gained the top rank and highest percentile score based on previous work.
Experiments used the following sequences:

For non-targeting siRNA, namely green florescent protein (GFP), which serves as
non-specific control siRNA: 5-GGCUACGUCCAGGAGCGCACC-3'. For targeting
siRNA, SK2 target sequence: 5-GCAUUGGAGCACUUAAUAA-3’ in exon 1, and
SKa3 specific sequence: 5'-UUGUUGUUAUGGUGAUAGA-3' in exon 3. These were
the sequences for the sense in which complementary ends were defined, thereby
restricting the sites.

The specific SK siRNA oligonucleotides were complexed with Oligofectamine™
transfection reagent in Opti-MEM® medium. Experiments first monitored the effect
of variable concentrations of siRNAs up to 100 nM on the cell lines, optimising the
effectiveness of the siRNA transfection.

For studies of siRNA-mediated changes in cellular proliferation and apoptosis, the
proliferating cells were seeded a density of 200 X 103 cells per well using six-well
plates. After 24 hours, siRNA experiments were conducted using 50 nM and 75 nM
to deliver the SK2 and SK3 siRNAs respectively along with controls. After 72 hours,
MTS assays were carried out on both control and SK-siRNA treated cells, to test
whether SK2-3 gene knockdown impacts on the growth of the cells at one time-
point. Cells expressing SK-siRNA along with the controls, were counted, re-plated
in 96-well plates and allowed to grow in the regular (siRNA-free) medium, and the
medium refreshed every 24 hours. After this expansion, the assay was

accomplished by applying the PMS-MTS mix (1:5), thus producing formazan by
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functional cells. Cells, non-transfected cells (control), control siRNA (GFP), and SK-
siRNA treated, were also examined to uncover the possible mechanisms, if any,
which tip the balance between cell growth (Anti-apoptotic proteins) and cell death
(Pro-apoptotic proteins), using western blotting. This step was performed 72 hours

post-transfection.

5.3.4 Western blotting

Cells were lifted and harvested in cold Dulbecco’s phosphate buffered saline by aid
of the cell scraper. Next, the pellet was formed, cells (full lysate) were disintegrated
in a mixture of Pierce lysis IP buffer and Halt™ protease inhibitor cocktail (100:1),
and suspended proteins were left for 30 minutes. After centrifugation, the
supernatants that carry proteins, were pipetted into fresh tubes. Protein
concentrations were then measured in the BCA assays. PAGE electrophoresis and
Immunoblotting used the standard procedure (See chapter two). Following the
electrophoresis step, westerns (proteins) were blotted onto membranes, and
incubated in a blocking solution, 5% (w/v) dried skimmed milk and Tris buffered
Saline with Tween®-20, and were then probed with a variety of specific or loading
control antibodies: the noted suppliers’ dilution ratios are rabbit polyclonal anti-SK2
long and short isoforms (Abcam ab85401, 1:1000), rabbit polyclonal anti-SK3
(Abcam ab28631, 1:1000), rabbit monoclonal anti-Bcl-2 (Abcam ab32124, 1:1000),
rabbit monoclonal anti-Caspase-7 full length and cleaved forms (Cell Signalling
Technology #9492, 1:1000), rabbit polyclonal anti- cleaved caspase-9 (Cell
Signalling Technology #Asp315, 1:1000), and mouse anti-GAPDH (Sigma-Aldrich
G9295,1:50,000). These were all diluted in the blocking solution. All antibodies, with

the exception of anti-GAPDH mouse monoclonal antibody, were incubated
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overnight for 16 hours. The following day, membranes were incubated with anti-
GAPDH mouse monoclonal antibody after being washed with Tris buffered Saline
with Tween®-20. Signals were developed and the exposure times were: 2 minutes,
3 minutes, 2 minutes, 2 minutes, 2 minutes and 30 seconds, for the detection,

respectively. The resulting bands (signals) were analysed by densitometry.

5.3.5 SK channel pharmacology

Pharmacological probing of proliferating cells was also employed to examine any
changes in the proliferative capacity of the cells in response to the challenge or
stimulation with SK channel modulators, namely blockers and activators. After

seventy two hours, the levels of cell viability were determined.

185



Chapter Five

5.4 Results

5.4.1 SK channel expression and modulation in wild-type and
endocrine resistant MCF-7 cells

5.4.1.1 SK channel mRNA investigation and analysis

In this section RT-PCR was used to investigate the presence of SK channel mMRNA
message in the MCF-7 (ER*, PR*, HER2") adenocarcinoma cell line. This indicated
that only Kca2.2 (SK2) and Kcas.1 (SK4) channel transcripts were present at the mRNA
level (Figure 5.1). These cells can become less sensitive, thus eventually
developing resistance to endocrine therapy, namely Tamoxifen and Fulvestrant. In
order to test a putative mechanism of resistance, both Tamoxifen-resistant (TamR)
and Fulvestrant-resistant (FasR) cell models, were also questioned as to the
existence of the message for SK channel transcripts. Similar results were found
regarding the presence of SK2 and SK4 channel mRNA in both TamR (Figure 5.2)
and FasR (Figure 5.3) cells by RT-PCR. Such qualitative measures of SK channel
transcripts (SK1-4) in these models compared to that of wild-type MCF-7 cells were
further probed by consulting microarray. There was consistent expression of the SK
subtypes in these cell lines, and only FasR cells express significantly increased SK4

channels (p-value < 0.01 versus control) compared to MCF-7 cells (Figure 5.4).
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300 bp

No RT B-actin  SK1 SK2  SK3 SK4

Figure 5.1 SK channel mRNA investigation in wild-type MCF-7 cells. Only the
amplicons for SK2 and SK4 channels are present and the PCR products are of the

predicted size. B-actin serves as the normalising control.

300 bp

No RT B-actin  SK1 SK2 SK3  SK4

Figure 5.2 SK channel mRNA investigation in endocrine resistant TamR cells. Only
the amplicons for SK2 and SK4 channels are present and the PCR products are of

the predicted size. B-actin serves as the normalising control.

300 bp

No RT B-actin  SK1 SK2 SK3  SK4

Figure 5.3 SK channel mRNA investigation in endocrine resistant FasR cells. Only
the amplicons for SK2 and SK4 channels are present and the PCR products are of

the predicted size. B-actin serves as the normalising control.
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Figure 5.4 Microarray analysis of SK channel transcripts in the MCF-7 cell lineage.
a) SK1 gene expression b) SK2 gene expression ¢) SK3 gene expression d) SK4
gene expression e) Heatmap of SK1-4 gene expression in the indicated cell types.
Black boxes denote no change in gene expression. Green boxes denote
downregulation. Red boxes denote upregulation. Gene expression intensities are
presented in log2 form. FasR cells express significantly higher SK4 channel
expression upon fulvestrant treatment for 27 months, compared to MCF-7 cells, **p-
value < 0.01 versus control, one-way ANOVA followed by Tukey’s post hoc test, n
=3.
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5.4.1.2 SK2 channel protein expression in wild-type MCF-7 cells

The SK2 mRNA message was expressed across the MCF-7 cell lineage (See
figures 5.1-5.4), thus cellular expression of SK2 channel was next assessed at the
protein level by Western blotting. Because this channel has not been questioned
and catalogued in cancer biology, this led to increased interest that it was a channel
target. Here, however, it was shown pharmacologically that SK4 inhibition did not
significantly (Figure 5.13) block cell growth. In these three cell lines, Western blots
revealed two isoforms of the SK2 channel at the protein level (Figure 5.5), variant A
that exhibits a long form of SK2, variant B containing a shorter N-terminal extension.
Thus, they co-exist in the same tissue and are capable of generating a
heteromultimeric channel, functioning in concert (Allen et al. 2011a). SK2 channel
expression was noticeably higher in MCF-7 cells than resistant cell lines, TamR and

FasR, which was consistent with the microarray analysis (see Figure 5.4).

MCF-7
TamR
FasR

SK2 (L) ‘- - e 0.

SK2 (S) ‘-—— | 26 kDa

Figure 5.5 Immunoblot of SK2 channel subtype in the MCF-7 cell lineage. In TamR

and FasR cells, SK2 channel protein expression is modestly downregulated.
GAPDH serves as the normalising control.
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5.4.1.3 siRNA-mediated modulation of SK2 channel in MCF-7 cells

Whether SK2 channel gene modulation impacts on MCF-7 cell viability was now
tested. Following small interference RNA induction, Western blotting used samples
from the following groups: control MCF-7 cells, which were only grown in normal
medium, GFP-siRNA treated cells, which were transfected with GFP-siRNA that
serves as the normalising siRNA, as well as SK2-siRNA treated cells, which were
transfected with 50 nM of total siRNA. As the target gene express two isoforms, both
proteins were detected in MCF-7 cells at the protein level (Figures 5.6) using a
specific anti-SK2 antibody that itself detects both forms. Here, it is important to note
that the siRNA can target both isoforms, having the same potential siRNA optimal
binding site in a conserved region. Results showed that siRNA produced a near 45%
(P<0.001 versus control, densitometry relative to GAPDH expression) reduction in
SK2-L proteins (Figures 5.6 and 5.7). It also achieved knockdown SK2-S channel
proteins by a similar amount (Figure 5.6), despite no noticeable change in GFP-
siRNA treated cells (Figure 5.6), compared to control.

To characterise the effect of SK2 channel knockdown on MCF-7 cell viability an
MTS assay was used to determine relative viable cell numbers in the various groups
after an additional 72 hours post-transfection in the normal culture condition. SK2
knockdown dramatically reduced (P<0.0001 versus control) MCF-7 cell viability
(Figure 5.8), repressing cell growth. Conversely, GFP-siRNA treated cell numbers
were entirely normal, indicating that transfection per se did not induce obvious
cytotoxic effects to the cells. Intriguingly, the results also indicate that removal of
siRNA effect from the culture, did not allow recovery of the cell growth confirming

that the effect is irreversible.
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Figure 5.6 Representative immunoblot of SK2 channel in wild-type MCF-7 cells

transfected with specific SK2-siRNA. SK2 channel protein expression is noticeably

downregulated compared to control. GAPDH serves as the normalising control.

SK2-L channel protein expression

Relative density to GAPDH

Control GFP SK2 siRNA

Figure 5.7 Densitometric measurement of SK2-long isoform (SK2-L) channel in
wild-type MCF-7 cells transfected with specific SK2-siRNA. Data are shown as
means + SEM. ***p-value < 0.001 versus control, one-way ANOVA followed by

Dunnett’s post hoc test, n =3.
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Relative cell viability

Control GFP SK2 siRNA

Figure 5.8 The effect of siRNA-mediated knockdown of the SK2 channel on MCF-
7 cell viability. Data are shown as means + SEM. ****p-value < 0.0001 versus

control, one-way ANOVA followed by Dunnett’s post hoc test, n =9.
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5.4.1.4 The effect of siRNA-mediated knockdown of SK2 channel on
apoptosis in MCF-7 cells

Cells lacking SK2 channels have in fact low viability. A key question indeed is how
then SK channel reduction contributes to cell loss? These channels have been
implicated in apoptosis, which is arrested in cancer biology. This study addresses
this question, thereby focusing on this pathway of cell death.

In Western blotting, direct targeting of SK2 channel by siRNA revealed that these
channels were involved in regulating apoptosis. Knockdown of these proteins, not
only caused a substantial loss (P<0.0001 versus control) of Bcl-2 expression by
90% (Figures 5.9 and 5.10), but also coincided with a marked increase of (P<0.0001
versus control) full length Caspase-7 by 370% (Figures 5.11 and 5.12), a member
of the effector caspases. This antibody can detect both forms of the enzyme, and
importantly Western blotting detected no cleaved (activated) form of caspase-7
(Figures 5.11) until SK2-siRNA treatment, and as expected there was no change in
the controls. Conversely, control siRNA had no effect on Bcl-2 and caspase-7
activity. These results clearly show a negative correlation between SK2 channel and
the apoptotic pathway through unbalancing, at least, these apoptotic markers, Bcl-
2 and caspase-7. Indeed, SK2 channel inhibition by siRNA in these cells would
augment apoptotic cell loss and thus hinder growth rate. This insightful crosstalk
uncovers an event in the context of apoptosis biology, where Bcl-2 and caspase-7
are SK channel-dependent effectors, a result which is a first in this study. Therefore,

SK2-dependent cell loss is associated with apoptosis or decreased cell viability.
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Figure 5.9 Representative immunoblot of anti-apoptotic Bcl-2 protein in wild-type
MCF-7 cells transfected with specific SK2-siRNA. Bcl-2 expression is noticeably

downregulated compared to control. GAPDH serves as the normalising control.

Bcl-2 protein expression

Relative density to GAPDH

ok ok K

Control GFP SK2 siRNA

Figure 5.10 Densitometric measurement of anti-apoptotic Bcl-2 protein in wild-type
MCF-7 cells transfected with specific SK2-siRNA. Data are shown as means + SEM.

p-value < 0.0001 versus control, one-way ANOVA followed by Dunnett’'s post

hoc test, n =3.
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Figure 5.11 Representative immunoblot of pro-apoptotic caspase-7 protein in wild-

type MCF-7 cells transfected with specific SK2-siRNA. Caspase-7 protein
expression is noticeably upregulated compared to control. GAPDH serves as the

normalising control.

FL Caspase-7 protein expression

Relative density to GAPDH

Control GFP SK2 siRNA

Figure 5.12 Densitometric measurement of full length (FL) pro-apoptotic caspase-
7 protein in wild-type MCF-7 cells transfected with specific SK2-siRNA. Data are
shown as means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA

followed by Dunnett’s post hoc test, n =3.
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5.4.1.5 Pharmacological modulation of SK2 channel in the MCF-7 lineage
Given that these molecules are functionally expressed in MCF-7 and endocrine
resistant cells, the next question was whether SK channel blockade drives cell loss
or activation saves cells. SK channel modulators were dissolved in dimethyl
sulfoxide following the supplier’s instruction (See chapter two). There was no effect
of working concentrations of the vehicle on relative cell numbers (Appendix 3,
Figures 7.16, 7.17 and 7.18) over the period cell proliferation measured. In the SK
channel blocking experiments, modulators were screened at multiple doses in
increasing concentrations, considering the half maximal inhibitory concentrations
(ICs0)s, which were previously obtained, thereby generating dose-response curves.
For SK activation experiments, three concentrations only were applied, and results
are shown in the form of bar charts. SK channels modulators have currently been
identified with known specificities. Pharmacological experiments were carried out in
MCEF-7 cells targeting both SK2 and SK4 channels. The SK1-3 blocker, UCL1684,
caused a dose-dependent decrease (ICs0= 6.2 nM) in MCF-7 cell numbers after 72
hours (Figure 5.13).

With regard to specificity of the target and whether the opposite effect can be
obtained, cells were also exposed to the SK2-3 channel activator, CyPPA (10-30
MM), the latter appreciably enhancing cell growth (P<0.0001 versus control) by
160% (Figure 5.14). Over the same time course, inhibition of SK4 channels by
NS6180, a new SK4 channel blocker, showed only a minor loss in MCF-7 cells
(Figure 5.13). This was the reason this study did not attempt to examine this
channel, SK4, in other cell types. Intriguingly, resistant TamR and FasR cells were
also sensitive to the SK1-3 channel blocker, UCL1684, with ICso values of 5.6 nM

(Figure 5.15) and 3.5 nM (Figure 5.16), respectively.
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Figure 5.13 The effect of SK1-3 channel blocker, UCL1684, and SK4 channel
blocker, NS6180, on MCF7 cell viability. From the line of best fit of the dose-

response data, the ICso was 6.2 nM, curve, n= 9.
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Figure 5.14 The effect of SK2-3 activator, CyPPA, on MCF-7 cell viability. Data are
shown as means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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Figure 5.15 The effect of SK1-3 channel blocker, UCL1684, on TamR cell viability.

From the line of best fit of the dose-response data, the ICso was 5.6 nM, n=9.
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Figure 5.16 The effect of SK1-3 channel blocker, UCL1684, on FasR cell viability.

From the line of best fit of the dose-response data, the ICso was 3.5 nM, n=9.
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5.4.2 SK channel expression and modulation in BT-474 cells

5.4.2.1 SK channel mRNA investigation

To determine cell specificity the expression pattern of SK channels in other breast
cancer cell lines was checked, and the question asked: are the subtypes of any SK
channels still a target for blocking cell growth? To address this question, BT-474
cells (ER*, PR*, HER2") were further examined. RT-PCR investigation for all
transcripts, SK1-4, in BT-474 cells revealed only the presence of SK2 and SK4
channel messages (Figure 5.17) in a similar fashion to that of MCF-7 cells. No gene
microarray data for the quantitative assessment of expressed channels was

followed up.

300 bp

No RT B-actin  SK1 SK2 SK3  SK4

Figure 5.17 SK channel mRNA investigation in wild-type BT-474 cells. Only the
amplicons for SK2 and SK4 channels are present and the PCR products are of the
predicted size. B-actin serves as the normalising control.
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5.4.2.2 SK2 channel protein expression and siRNA-mediated modulation of
SK2 channel in BT-474 cells
As expected, immunoblots of control BT-474 cells found that SK2 channel was also
expressed at the protein level (Figure 5.18), which was expressing both SK2-L and
SK2-S isoforms, as shown using the specific anti-SK2 antibody.
In siRNA-mediated experiments, 50 nM of total siRNA was used. This produced a
profound reduction of near 85% (P<0.0001 versus control) in SK2-L channel
proteins (Figures 5.18 and 5.19) after SK2 gene silencing for 72 hours.
Coincidentally, the siRNA effectively reduced SK2-S channel expression (Figure
5.18) to a level in which proteins barely remained, indicating that BT-474 cells
probably have lower normal expression of SK2 channels than MCF-7 cells.
Immunoblots of the siRNA control cells, which were GFP-siRNA treated, showed no
significant changes compared to control.
To assess viability of the cell lines after siRNA, MTS assay was employed and
showed that BT-474 cells were strikingly sensitive (P<0.0001 versus control) to the
same concentration of SK2-siRNA, ~29% of cells remaining normal (Figure 5.20)
compared with MCF-7 cells, where approximately 39% of cells were normal after
siRNA. GFP-siRNA treated cells remained unaffected (Figure 5.20) compared to
control. Again, these results show that this molecule, SK2, is a strong candidate for

cell growth repressing another breast cancer BT-474 cell line.
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Figure 5.18 Representative immunoblot of SK2 channel in wild-type BT-474 cells

transfected with specific SK2-siRNA. SK2 channel protein expression is noticeably

downregulated compared to control. GAPDH serves as the normalising control.

SK2-L channel protein expression

Relative density to GAPDH

Control GFP SK2 siRNA

Figure 5.19 Densitometric measurement of SK2-long (SK2-L) isoform channel in
wild-type BT-474 cells transfected with specific SK2-siRNA. Data are shown as
means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA followed by

Dunnett’s post hoc test, n =3.
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Relative cell viability

Control GFP SK2 siRNA

Figure 5.20 The effect of siRNA-mediated knockdown of SK2 channel on BT-474
cell viability. Data are shown as means £ SEM. ****p-value < 0.0001 versus control,

one-way ANOVA followed by Dunnett’s post hoc test, n =9.
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5.4.2.3 The effect of siRNA-mediated knockdown of SK2 channel on
apoptosis in BT-474 cells

The molecular mechanism by which SK2 channels arrest cell growth activity is
currently unknown. SK2 channel might regulate apoptosis in this cell line and to
address this question, Western blotting was undertaken to monitor the activity of
Bcl-2 and caspase-7 expression, as apoptotic markers after SK2 channel
knockdown by siRNA for 72 hours. This treatment produced marked changes in
apoptotic markers. Intriguingly, Bcl-2 expression was downregulated (P<0.0001
versus control) by almost 90% (Figures 5.21 and 5.22), whereas a strong increase
(P<0.0001 versus control) in full length caspase-7 expression by near 470%
(Figures 5.23 and 5.24), was revealed. Therefore, this result was consistent with
detection of cleaved caspase-7 in SK2-siRNA treated cells (Figure 5.23). Control
siRNA cells showed a slight decrease in protein expression, but Bcl-2 and caspase-
7 activity was not significantly affected.

With regard to the effect of siRNA-mediated modulation on cell viability and
apoptotic markers, results from MCF-7 and BT-474 cell lines were broadly
consistent, so strengthening the main hypothesis. A minor exception was that BT-
474 cells were more sensitive to the siRNA used than MCF-7 cells, as is explained

in (5.4.2.2 section).
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Figure 5.21 Representative immunoblot of anti-apoptotic Bcl-2 protein in wild-type

BT-474 cells transfected with specific SK2-siRNA. Bcl-2 protein expression is
noticeably downregulated compared to control. GAPDH serves as the normalising

control.
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Figure 5.22 Densitometric measurement of anti-apoptotic Bcl-2 protein in wild-type
BT-474 cells transfected with specific SK2-siRNA. Data are shown as means *
SEM. ****p-value < 0.0001 versus control, one-way ANOVA followed by Dunnett’s

post hoc test, n =3.
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Figure 5.23 Representative immunoblot of pro-apoptotic caspase-7 protein in wild-

type BT-474 cells transfected with specific SK2-siRNA. Caspase-7 protein
expression is noticeably upregulated compared to control. GAPDH serves as the

normalising control.
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Figure 5.24 Densitometric measurement of full length (FL) pro-apoptotic caspase-
7 protein in wild-type BT-474 cells transfected with specific SK2-siRNA. Data are
shown as means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA

followed by Dunnett’s post hoc test, n =3.
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5.4.2.4 Pharmacological modulation of SK2 channel in BT-474 cells

The BT-474 cell line was also questioned in respect of pharmacology, to determine
whether pharmacological modulation of the subtype, SK2, of SK potassium ion
channels can mirror siRNA results in terms of viability. The MTS assay showed that
inhibition of SK2 channel in BT-474 cells caused vast cell loss with an 1Cso= 3.7 nM
over 72 hours (Figure 5.25). On the other hand, the SK2-3 activator, CyPPA (10-30
MM), markedly (P<0.0001 versus control) stimulated growth of BT-474 cells by near
160% (Figure 5.26), in a dose-dependent manner.

The viability tests revealed also no major differences in respect of SK2 channel
pharmacology between MCF-7 and BT-474 cells, thus indicating that these cells
were sensitive to SK2 channel modulation in a similar pattern.

The next question is:

Do breast cancer cells express only the subtype SK2 and SK4 of SK channels? To
answer this question, this study was expanded, using another phenotype of breast

cancer, MDA-MB-231, which is a triple negative (ER", PR, HER2) cell line.
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Figure 5.25 The effect of SK1-3 channel blocker, UCL1684, on BT-474 cell viability.

From the line of best fit of the dose-response data, the ICso was 3.7 nM, n= 9.
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Figure 5.26 The effect of SK2-3 activator, CyPPA, on BT-474 cell viability. Data are
shown as means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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5.4.3 SK channel expression and modulation in MDA-MB-231 cells
5.4.3.1 SK channel mRNA investigation

To further test the hypothesis, the MDA-MB-231 cell line was also examined. These
cells provided different and interesting insights regarding the expression pattern of
the SK subtypes. RT-PCR determined that this cell line possesses Kca23 (SK3)
channel rather than Kca22 (SK2) channel, as well as the SK4 subtype (Figure 5.27).
Therefore, a new candidate, the SK3 channel, was examined in this cell line, using

the same techniques.

300 bp

No RT B-actin  SK1 SK2 SK3  SK4

Figure 5.27 SK channel mRNA investigation in wild-type MDA-MB-231 cells. Only
the amplicons for SK3 and SK4 channels are present and the PCR products are of

the predicted size. B-actin serves as the normalising control.

208



Chapter Five

5.4.3.2 SK3 channel protein expression and siRNA-mediated modulation of
SK3 channel in MDA-MB-231 cells

Following a systematic study, Western blotting of lysates from control MDA-MB-231
cells showed that SK3 proteins were also expressed at the protein level (Figure
5.28) using a specific anti-SK3 antibody, this being consistent with the RT-PCR
result. Silencing of the SK3 gene with specific-SK3 siRNA (75 nM) resulted in a
significant (P<0.0001 versus control) reduction of the SK3 channel protein
expression by 50% in siRNA (Figure 5.28 and 5.29). Conversely, GFP-siRNA had
no significant effect on the expression level of the SK3 channel proteins compared
to control (Figure 5.28 and 5.29). MDA-MB-231 cell viability changes were
monitored by MTS assay, over 72 hours. Cells lacking SK3 channels showed a
significant (P<0.0001 versus control) loss of MDA-MB-231 cells by near 60% (Figure
5.30), whereas cells in the GFP-siRNA treated group remained viable (Figure 5.30).
In summary, siRNA results show that for the cell lines used namely MCF-7 (ER?,
PR*, HER2"), BT-474 (ER*, PR*, HER2*), as well as MDA-MB-231 (ER", PR", HER2-
) cells these possess SK channel-dependent cell growth, irrespective of the subtype

through either SK2 or SK3 channel targeting.
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Figure 5.28 Representative immunoblot of SK3 channel in wild-type MDA-MB-231
cells transfected with specific SK3-siRNA. SK3 channel protein expression is

noticeably downregulated compared to control. GAPDH serves as the normalising
control.
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Figure 5.29 Densitometric measurement of SK3 channel in wild-type MDA-MB-231
cells transfected with specific SK3-siRNA. Data are shown as means £ SEM. ****p-

value < 0.0001 versus control, one-way ANOVA followed by Dunnett’s post hoc test,
n =3.
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Figure 5.30 The effect of sSiRNA-mediated knockdown of SK3 channel on MDA-MB-
231 cell viability. Data are shown as means + SEM. ****p-value < 0.0001 versus

control, one-way ANOVA followed by Dunnett’s post hoc test, n =9.
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5.4.3.3 The effect of siRNA-mediated knockdown of SK3 channel on
apoptosis in MDA-MB-231 cells

Since, SK2 channels use Bcl-2 and caspase-7 to regulate cell growth in the cell lines
tested so far, the link of the SK3 channel to apoptosis was tested using the same
apoptotic markers, namely Bcl-2 and caspase-7. In Western blotting experiments,
application of SK3-siRNA for 72 hours produced a vast (P<0.0001 versus control)
decrease in Bcl-2 protein expression by up to 90% (Figures 5.31 and 5.32), but no
significant difference between control and GFP-siRNA groups was observed
(Figures 5.31 and 5.32). The siRNA results show that full length caspase-7
increases by 370% (P<0.0001 versus control) following SK3 channel inhibition.
Western blotting showed no cleaved caspase-7 expression until SK3-siRNA
treatment (Figures 5.33 and 5.34). Moreover, controls demonstrate a minor, but not
significant, difference in full length caspase-7 expression (Figures 5.33 and 5.34).
These data are internally consistent amongst MCF-7 (ER*, PR*, HER2"), BT-474
(ER*, PR*, HER2"), as well as MDA-MB-231 (ER-, PR, HER2") cell lines in respect

of apoptotic induction by SK2 and SK3 subtypes.
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Figure 5.31 Representative immunoblot of anti-apoptotic Bcl-2 protein in wild-type
MDA-MB-231 cells transfected with specific SK3-siRNA. Bcl-2 protein expression is
noticeably downregulated compared to control. GAPDH serves as the normalising

control.
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Figure 5.32 Densitometric measurement of anti-apoptotic Bcl-2 protein in wild-type
MDA-MB-231 cells transfected with specific SK3-siRNA. Data are shown as means
+ SEM. ****p-value < 0.0001 versus control, one-way ANOVA followed by Dunnett’s

post hoc test, n =3.
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Figure 5.33 Representative immunoblot of pro-apoptotic caspase-7 protein in wild-
type MDA-MB-231 cells transfected with specific SK3-siRNA. Caspase-7 protein

expression is noticeably upregulated compared to control. GAPDH serves as the

normalising control.
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Figure 5.34 Densitometric measurement of full length (FL) pro-apoptotic caspase-
7 protein in wild-type MDA-MB-231 cells transfected with specific SK3-siRNA. Data
are shown as means + SEM. ****p-value < 0.0001 versus control, one-way ANOVA

followed by Dunnett’s post hoc test, n =3.
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5.4.3.4 Pharmacological modulation of SK3 channel in MDA-MB-231 cells

As seen above in MCF-7 (ER*, PR*, HER2") and BT-474 (ER*, PR*, HER2") cells
SK2 channel inhibition by the SK1-3 blocker, UCL1684, led to cell growth
suppression. The anti-proliferative effects of two SK small molecule inhibitors, which
include UCL1684 and NS8593, were tested in the viability MTS assays using MDA-
MB-231 cells and the same time course. Screening of UCL1684 against MDA-MB-
231 cells, negatively affected cell growth (ICs0= 5.9 nM) over 72 hours (Figure 5.35),
mimicking the siRNA result. To check for SK3 channel specificity, another generic
SK1-3 blocker, NS8593, was tested. This different blocker produced the same result
on cell viability with an 1Cso of 814 nM in MDA-MB-231 cells (Figure 5.36). Opening
of SK3 channels by CyPPA (10-30 uM) caused an increase (P<0.0001 versus
control) in cell numbers to 160% (Figure 5.37), further demonstration that the anti-

proliferative effect is indeed specific to the SK3 channel.
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Figure 5.35 The effect of SK1-3 channel blocker, UCL1684, on MDA-MB-231 cell

viability. From the line of best fit of the dose-response data, the ICso was 5.9 nM, n=
9.
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Figure 5.36 The effect of SK1-3 channel blocker, NS8593, on MDA-MB-231 cell
viability. From the line of best fit of the dose-response data, the ICso was 8.1 nM, n=
9.
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Figure 5.37 The effect of the SK2-3 activator, CyPPA, on MDA-MB-231 cell viability.
Data are shown as means + SEM. ****p-value < 0.0001 versus control, one-way
ANOVA followed by Dunnett’s post hoc test, n =9.

217



Chapter Five

5.5 Discussion

The main findings of this study are:

1.

Kcaz2 (SK2) and Kcas.1 (SK4) channels are expressed in four widely used
breast cancer cell lines, which include wild-type, MCF-7 and BT-474, and
endocrine resistant, TamR and FasR, cell types.

Kcaz.3 (SK3) and Kcas.1 (SK4) channels are expressed in another commonly
used, triple negative cell line, namely MDA-MB-231 cells.

Pharmacological inhibition of SK2 ion channels in MCF-7, BT-474, as well as
endocrine resistant cells, TamR and FasR, significantly blocked cell growth
with drugs in the low nanomolar range.

Pharmacological inhibition of SK3 ion channels in MDA-MB-231cells also
significantly blocked cell growth.

In contrast, activation of SK2 and SK3 channels in all wild-type lines used,
staves off cell loss and markedly enhanced cell growth.

Small interference RNA-mediated knockdown of SK2 ion channels in MCF-7
and BT-474 cells significantly arrested cell growth.

Small interference RNA-mediated knockdown of SK3 ion channels in MDA-
MB-231 cells also significantly arrested cell growth.

Intriguingly, siRNA-mediated knockdown of SK2 and SK3 channels in the cell
lines indicated produced a considerable downregulation of the anti-apoptotic
protein Bcl-2, and a corresponding upregulation of the activated form of
caspase-7 of effector caspases.

In addition, siRNA-mediated knockdown of SK2 and SK3 channels also

markedly increased caspase-9 protein expression, but not caspase-8,
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indicating that these SK channels cross-talk with an intrinsic pathway of

apoptosis.
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To begin this discussion and to give some SK channel background, this potassium
channel was first found in red blood cells, as well as excitable cells such as neurons,
where they are involved laterally in hyperpolarisation (Alger and Nicoll 1980; Gardos
1958). Since this work, similar studies raised the possibility that these molecules are
also involved in other cellular functions where they regulate ion flux, K* and Ca?*
(indirectly), at cellular levels, which can trigger intracellular signaling (Kaczmarek
2006). Thus it was extremely hard to limit their role to “one way pathway”. Returning
to the CNS system, SK1-4 channels are differentially distributed in the brain, SK1-3
subtypes being principally and largely expressed in central neurons (Sailer et al.
2004), but not the SK4 subtype (Adelman et al. 2012). In brain tissue, the SK2-long
isoform controls the excitatory postsynaptic potential, which is, of course, an
important component in synaptic signaling, plasticity, as well as learning (Allen et al.
2011a).

Intriguingly, in this study it was found that some neurons not only express SK1-3
channel subtypes, but also the SK4 subtype at the mRNA level, for instance in the
case of wild-type mouse striatal STHdh*Hdh* cells (See chapter three). This
investigation also showed that other CNS resident cells, namely astrocytic and
microglial cells, express in fact only SK4 channel (See chapters three and four).
Work in chapter three showed that SK1-4 channel subtype activation in cells of CNS
origin cells, namely neurons and astrocytes, had no effect on cell viability after 24
hours, but importantly reversed any reduction in the viability caused by neuronal
insults. Use of the relevant channel inhibitor abolished the protection afforded by SK
channel activation. Here, it is important to highlight that in contrast to cancer cells,
the relevant SK blockers and activators used had no effect on the “normal” viability

of the CNS cells (See chapter three).
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The cancer work here was carried out in four breast cancer cell lines, which include
wild-type, MCF-7and BT-474, and endocrine resistant, namely TamR and FasR
cells, and it was found that these cells have a consistent SK subtype expression
pattern, expressing SK2 and SK4 channel subtypes, while another widely used cell
line, MDA-MB-231, lacks SK2 channel subtype cell but also expresses the SK3
subtype alongside SK4. This cell line is triple negative (ER", PR, HERZ2"), while the
MCEF-7 line has (ER*, PR*, HER2") status, and BT-474 cell has triple positive status
(Neve et al. 2006). It is really intriguing that in non-tumorigenic cells, MCF 10A cells,
results here have found that these do not express SK1, SK2, and SK3 channels
(Appendix 3, Figures 7.19 and 7.20).

The hypothesis in the cancer work in this study was proposed to link the previous
findings mentioned above. In this regard it is interesting to note that SK2 channel
subtype activation significantly reduces neuronal cell death caused by ischemia, by
lowering Ca?* entry in mouse hippocampal CA1 pyramidal neurons (Allen et al.
2011b). It is clear that this element, in numerous pathological conditions, behaves
as “criminal ion” when fluctuations are deregulated, thus triggering numerous
cellular processes. Significantly, it is well documented that Ca?* drives cancerous
processes, especially proliferation, apoptosis, as well as cell cycle progression
(Farfariello et al. 2015; Prevarskaya et al. 2010).

The work presented here was limited to small (SK1-3) and intermediate (SK4)
conductance calcium activated K* channels. There were several reasons for
eliminating the big (BK) conductance calcium activated K* channels. First, these
channels are less sensitive to Ca?* than SK channels (Latorre and Brauchi 2006).
In this respect, it is accepted that SK1-4 channel subtypes are comparably sensitive

to Ca?* fluctuations (Latorre and Brauchi 2006), this being the sole activator (Xia et
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al. 1998). Importantly, it is curious that only few published works have questioned
the role of SK1-3 channels in breast cancer (Potier et al. 2006), rather than SK4 and
BK channels (Girault et al. 2012).

SK channel pharmacology to date is well advanced (Wulff and Kohler 2013). Here,
experiments examined the cytotoxic effect, if any, of SK1-4 channel modulation on
the cell lines indicated. Pharmacological experiments first approached the question
of the SK4 channel subtype in MCF-7 cells, using the up to date SK4 blocker,
NS6180 (5-100 nM), which seems more potent (ICso= 9 nM) on the SK4 channel
(Strobaek et al. 2013). The MTS viability assay showed that the SK4 blocker did not
significantly block MCF-7 cell growth (Figure 5.13). TRAM-34 a former SK4 channel
blocker at low micromolar concentrations actually enhances cell growth capacity in
MCEF-7 cells, by stimulating estrogen receptors, not through SK4 channel blockade
(Roy et al. 2010). Both TRAM-34 and NS6180, at concentrations more than 1 pM,
in fact cause off-target confusion, for example NS6180 blocks other ion channels
such as Kv1.3 (Strobaek et al. 2013).

The next candidate, the resident SK2 channel was then challenged. Knock down
experiments, using siRNA in MCF-7 and BT-474 cells showed that SK2 channel
loss produced a marked reduction in the viability of the indicated cells (Figures 5.8,
and 5.20), respectively. Similar outcomes were obtained in MDA-MB-231 cells, once
again reducing SK3 channels curtailed cell growth (Figure 5.30), despite only a
partial but significant lack of these channels at the protein level after siRNA
treatment (Figure 5.28).

This work here now attempted to bring to light the underlying mechanism by which
SK2-3 channels discourage cell growth. It should be noted that SK channels are

critically expressed at a mitochondrial level (Dolga et al. 2014), and are implicated
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as oncological targets (Leanza et al. 2014). Intriguingly, the protein analysis
conducted here showed that knockdown of SK2 and SK3 channel subtypes resulted
in a reduction of the anti-apoptotic Bcl-2 protein, and in contrast amplification of the
activated caspase-7 form. This is an exciting breakthrough for cancer biology
underlying that SK channels-related cell death can be achieved through apoptosis,
and as a corollary reduced apoptosis is important in the initiation of cancer, see for
example (Llambi and Green 2011). Bcl-2 regulates the mitochondrial outer
membrane permeability, which controls the liberation and localisation of pro-
apoptotic factors in the cytoplasm, thus committing cells to a death decision (Bender
and Martinou 2013): hence it plays a pivotal role in creating either death or life
decisions. Accordingly, results presented here clearly signify that SK2-3 channel
blockade is offering a pro-apoptotic signal in these breast cancer cells.

To recapitulate the siRNA-mediated effect using pharmacology, the relevant SK2
and SK3 channel modulators were screened against the viability of cell lines,
including resistant cells. Invariably, SK2 and SK3 channel inhibition markedly
abated cell growth, mimicking the siRNA results. Against the MCF-7 lineage, namely
MCF-7, TamR and FasR cells, the SK1-3 blocker, UCL1684, reduced cell number
in a dose-dependent manner with an ICs0 6.2, 5.6 and 3.5 nM respectively (Figures
5.13, 5.15, and 5.16). In this respect, it was found that UCL1684 blocks SK1-3
channels in the low nanomolar range (ICso 3-6 nM): for example in rat chromaffin
cells (Campos Rosa et al. 2000; Dunn 1999). Similarly, the blocker was active
against both BT-474 (Figure 5.25), and MDA-MB-231 (Figure 5.35) cell growth. In
the case of the latter cell line, experiments also used another generic SK1-3 blocker,

NS8593, which produced a similar response (Figure 5.36). The ICsoin MDA-MB-231
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cells was 814 nM compared with the Ky of 0.73 uM for the channel modulator in
hippocampal CA1 neurons (Strobaek et al. 2006).

Previous work has reported that the growth of MCF-7 cells is not responsive to
apamin, which is also a SK1-3 channel blocker. In this study apamin (100 nM) does
not modulate the viability of MDA-MB-435 cells after 24 hours (Potier et al. 2006)
This raises a question: why the sensitivity to small molecule inhibitors, namely
UCL1684 and NS8593, but not apamin? This can perhaps be explained by the
following: firstly, this study challenged cells over 72 hours, and this protocol is
currently accepted generally in cancer work. Secondly, apamin is a peptide with no
capacity to cross the cell membrane (Douda et al. 2015), so losing the prospect of
targeting subcellular SK channels in the mitochondrial membrane. Thirdly,
melanoma cells express higher level of SK2 channels under hypoxic than normoxic
conditions, and they only respond to apamin in the former condition. Thus, levels of
expression of SK2 channels dictates their response to pharmacological stimuli
(Tajima et al. 2006). The results described in this chapter provide a rationale for
effects observed. The conclusion is that cancer cells are ‘high-jacking’ SK2-3
channels to drive life decisions by resisting apoptosis, at least, through Bcl-2
regulation. This is further clarified by the finding that the relevant channel activator,
CyPPA, which modulates SK2-3 by increasing the responsiveness of these
channels to Ca?*increments, increased cell growth in wild-type cell lines used in this
cancer work after 72 hours. SK2 and SK3 channels respond to the modulator,
CyPPA, with an ECs0 14 uM and 5.6 uM respectively in HEK293 cells (Hougaard et
al. 2007). The concentrations used here bracketed these values. The findings of this
work perfectly fit our hypothesis that these SK proteins are responsible for cellular

life and death decisions.
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5.6 Conclusions

The central big question in tumorigenesis is: Can we discover the biological
processes and targets that deregulate cell growth and encourage tumorigenesis?

The work presented in this chapter identified two SK potassium channels that can
effectively modulate cell growth through apoptosis. Knockdown of these targets was
potently cytotoxic, and was relevant to cell lines used, their being little difference in
responsiveness. These results were confirmed in pharmacological experiments
employing MTS cell viability, where it was shown that small molecule inhibitors of
SK2 and SK3 channels can mirror siRNA results. The experiments here generated
(ICs0)s identical to published values for these SK blockers on their channel targets.
Consolidating the pharmacological approach, activation of SK2 and SK3 channels,
in contrast, further increased cell numbers. Results also showed that reductions of
SK2 and SK3 channels in these breast cancer cell lines trigger apoptotic signals,
through “off switch” of Bcl-2 and “on switch” of caspase-7 and caspase-9, including
the activated form of the caspase. This study updates therefore the catalogue of
oncological targets, to include the SK potassium channel family. These results
provides healthy and robust evidence that these channels represent an attractive
target controlling cell growth through a specific mechanism, thereby deregulating
the balance in apoptosis. Thus, this study clearly highlights an SK role as players in

the concept of tumorigenesis and in the hallmarks of cancer.
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5.7 Recommendations and future work

This work used primary and resistant breast cancer cells in an in vitro study,
although, it would be interesting to screen for an SK2-3 role against cell growth in in
vivo. The argument can be strengthened if SK channel contributions are
interrogated by the aid of clinicians. Further, it would be advantageous if an SK role
can be pathologically mapped during the stages of cell cycle and tumour
progression, not only in breast cancer but also in other cancer types. If researchers
would examine an SK channel contribution in cancer stem cells, this may also help.
But for these developments, tools, such as immunohistochemical tests, for
examining SK channel expression in normal and cancer tissues need to be
improved.

In this study several questions remained to be addressed. For example, examining
Bcl-2 and caspase-7 expression after pharmacological treatment of these cells. This
outcome needs to be measured using others techniques such as a Tunnel assay. It
would be interesting if both proliferation and the journey through the cell cycle could

also be investigated with an SK channel role in mind.
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6 Chapter Six General Discussion

6.1 The major findings of this study:

+ In normal and diseased CNS cell types (Chapter three), SK class of K*
channels are broadly present.

+ In Huntington’s affected neurons, SK1-4 channels are differentially
expressed among dominant phenotypes and wild-type cells.

+ |t is alluring that severely affected neurons, STHdhQ"""HdhQ"? cells, lacked
SK1-3 channel activities.

+ SK channel activation improves CNS cell survival experiencing oxidative
stress induced cell injury.

+ Such channel activation also restores Bcl-2 proteins which were

downregulated throughout oxidative stress.

+ In breast cancer cells (Chapter five), SK channels are also variably present
in cells with various phenotypes.

+ SK1-3 channels are in fact absent in breast non-tumorigenic MCF 10A cells.

+ SK2-3 channel blocking or downregulation is potently cytotoxic against
breast cancer “constitutive” cell growth.

+ Inhibition of these channels strongly reduces survival through Bcl-2,

caspase-7, and caspase-9 factors.

+ In brain astrocytes and Huntington’s affected neurons (Chapter four), the

TRPM7 channel member of TRP channels is present.

227



Chapter Six

+ TRPM7 channel blocking or downregulation improved cell survival against

oxidative stress, hypoxia, as well as apoptosis in these cells.
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6.2 SK channel role in cell survival

Membrane molecules which facilitate ion translocation, particularly ion channels that
when opened, drive the membrane potential of the cell, result in the respective
equilibrium potential of the permeant ion being achieved, which is crucial for normal
cell wellbeing. It is previously accepted that these proteins are implicated in various
diseases, controlling key ionic movements (Dolga and Culmsee 2012; Huber 2013).
Indeed, such ion channels are implicated in abnormal cell growth and degeneration,
which are mechanisms inducing cancers and neurodegenerative illness. Amongst
ion channels, K* channels comprise nearly 50% (Wulff et al. 2009): ion channels in
the human genome comprise ~ 1.5% (Huang and Jan 2014). In cellular physiology,
though K* channel opening, cell membranes hyperpolarise, and gating Na* or Ca?*
channels shifts the membrane potential, in a depolarising direction. In excitable
cells, it is well-known that their role (e.g. in nerve or muscle cells) is to modulate the
excitable state, namely action potential firing patterns (Yuan and Chen 2006). In
non-excitable cells, there are burgeoning data to support the view that, K* ion
channels have emerging non-conducting roles, i.e. modifying other cellular features,
relating to cancer progression, such as proliferation (Pardo and Stuhmer 2014).
Because of the role that the Ca?* activated K* channel family of K* channels has in
regulating cytosolic Ca?*, it is to be expected that these molecules are necessary in
taking cell death or life decisions. This thesis concentrated on SK channel
characterisation in normal CNS cells, also diseased CNS and breast cells since their
role there was not previously well-studied. Therefore, the central question here was:
Are the subtypes of the SK class of K* ion channels likely to be impressive targets
for blocking neurodegeneration and cancer cell growth? Such an important question

was addressed using thirteen diverse cell types.
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This study used in vitro systems, cells being grown in optimum conditions. RT-PCR
and Western blotting tools were deployed for examining the channel targets,
assessing their mMRNA and protein expression. This was followed by further asking
whether these proteins are functionally occurring, this question being addressed
with the aid of pharmacological and small interference RNA experiments, in concert
with survival experiments in MTS assays. Experiments also used Western blotting
checks to decipher underling mechanisms in crosstalk with these ion channels. In
certain cases, microarray Affymetrix analysed the quantitative expression of target
genes.

This study first identified that SK1-4 channels are ubiquitous in several CNS resident
cells, and excitingly, are differentially expressed between Huntington’s mutant cells
and wild-type cells. These channels have been shown to generate
afterhyperpolarisations (Sah and Faber 2002) with medium duration, and are very
responsive to cytosolic Ca?* alterations (Park 1994). In this context it is not
surprising that Ca?* dysregulation is really a major player in Alzheimer’s
pathogenesis (LaFerla 2002). Pharmacological screening has shown that these
channels contribute in oxidative stress, where SK channel activation rescued brain
astrocytes and neurones from oxidative stress induced through toxic doses of H20x2.
However, mouse homozygous mutant STHdhQ"""Hdh?'?? cells lacked functional
SK1-3 channels, but expressed SK2 channels in heterozygous STHdh®Q'""Hdh*
which are functional, and activation markedly challenged oxidative stress. SK
molecules are resident channels in different zones of the brain: for example SK1
and SK2 channels are densely present in hippocampus and neocortex (Sailer et al.
2002). Broadly speaking, it is accepted that these channels are implicated in

neuronal physiology regulating various functions, but in a feedback mode shaping
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neuronal activity, including synaptic transmission (Fiorillo and Williams 1998) and
dendritic integration (Sailer et al. 2002). Intriguingly, recent studies have discovered
K* channels at a subcellular level (Trimmer 2015): for example human dopaminergic
neurons possess mitochondrial SK2 channels, and this channel showed a
neuroprotective outcome, its activation restoring mitochondrial wellbeing (Dolga et
al. 2014).

The study presented here showed H202-induced oxidative stress crosstalk with Bcl-
2, which has a fundamental role in the intrinsic route of apoptosis, indeed the H202
stressor caused a vast reduction in Bcl-2 protein expression in both neurons and
astrocytes (See chapter three). This effect was reversed by SK channel opening in
pharmacological experiments in these cells. Previous work was shown that Bcl-2
expression has a negative impact on the reactive oxygen species balance in cells,
this treatment rescuing GT1-7 neurons from ROS injury effect (Kane et al. 1993). Of
course, apoptosis thinking is also of big interest in the cancer field, since cancer
progression through lack of apoptosis is a leading factor in oncogenesis (Llambi and
Green 2011). Nowadays, researchers have also highlighted an emerging target
“mitochondrial ion channels” for cancer cure (Leanza et al. 2014). In this thesis, RT-
PCR and Western blotting showed that SK1-4 channels are not only expressed in
CNS cells, but also that breast cancer cells favoured these molecules. SK2 and SK3
channel subtypes being found at both the mRNA and protein levels, although
unfortunately Western blotting did not show SK4 protein expression. Thus, the work
here focused on SK2 and SK3 channel subtypes and whether they are functional
proteins. It is additionally interesting that the work here discovered that in non-
tumorigenic breast cells, MCF 10A, there are no SK1, SK2, and SK3 channel types.

As highlighted above, these ion channels contribute in Ca?*-related features of
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“pathophysiology”, numerous studies showing that tumours in fact require more
Ca?* ions for their progress (Panner et al. 2005). This was the reason that SK
channels were targeted in pharmacological and gene modulation experiments. In all
the cell types used, SK2 or SK3 channel blocking significantly reduced breast
cancer cell numbers. In contrast, opening of these channels markedly increased cell
numbers in MTS viability assays. Not only SK2-3 channel activity dampening, but
also SK2 or SK3 channel downregulation similarly produced a notable decrease in
the cell viability. Linking this effect to life/death gates, experiments found that SK2
or SK3 channel inhibition in fact profoundly dampened Bcl-2 expression, whereas
greatly upregulated caspase-7 and caspase-9 protein expression (See chapter five).
This is a non-canonical role for these channels. A corollary of this is that the target
domains which trigger intracellular machinery (e.g. Bcl-2) need not reside in the
transmembrane region, but may form part of intracellular domains. This is
compelling finding and is the first study to show that SK2 and SK3 channels control
this avenue in cell viability, thereby potently triggering cancer cell growth. More
recently, it has been highlighted that the Bcl-2 protein is really an emerging target in
both neurodegeneration and cancer pathogenesis (Czabotar et al. 2014). In this
sense, SK channels act as a promising target in both fields, and this study confirmed

this window of opportunity.
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6.3 TRPM7 channel role in CNS cell survival

In chapter four, the second channel candidate considered was TRPM7 of the TRPM
channel family. Challenges for current neurodegeneration treatment are that other
channelopathies (rather than SK dysfunction) such as TRPM7 deregulation occur.
Therefore, the proposed study also aimed at identifying a TRPM family member,
namely TRPM7, a potentially new target which may sidestep such a problem. The
proposal is that modulation of one type of membrane protein, the so called TRPM7
channel is a potential strategy in developing a new generation of anti-degenerative
effects against oxidative stress, hypoxia, as well as apoptosis. The work addressed
therefore the key question “Is this particular channel a good target for blocking
neuronal death?”

In physiology, TRPM7 has expanding cellular functions, from embryonic
development to cell proliferation, and this extends to cell survival aspects (Yee et al.
2014), these roles being observed in different cell types, both excitable and non-
excitable versions. It is clear that this channel allows various ions to cross the
membrane, for instance Ca?* and Mg?* (Schmitz et al. 2003). Presumably, this
channel is involved in pathologies where these ions play a decisive role in underlying
mechanisms causing neuronal loss. The work here used mouse homozygous
mutant STHdhQ"""HdhQ?"" and MOG-G-UVW cells to test whether targeting this
channel can improve cell survival against oxidative stress, hypoxia and apoptosis.
TRPM7 presence was first determined through RT-PCR and Western blotting
methods. These tools indicated that the TRPM7 channel is expressed at both the
mMRNA and protein levels. It was hypothesised here that either TRPM7 blocking or
TRPM7 channel expression reduction through siRNA would rescue these cells from

the toxic action of these insults above. MTS viability experiments showed that
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indeed TRPM7 channel blocking significantly saved these cells from oxidative
stress, hypoxia and apoptosis. Similar results were achieved via siRNA-mediated
experiments. The channel knock-out afforded significant protection then against
mechanisms which of course activate cell death. It is very interesting that one
molecule challenges three different cell demise mechanisms, namely oxidative
stress, hypoxia and apoptosis, and the underlying mechanism(s) behind this
powerful role of TRPM7 needs to be elucidated. It has been reported that the
TRPMY7 channel can improve neuronal cell survival not only against oxidative stress,

but also by eliminating excitotoxicity (Aarts and Tymianski 2005).
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lon channels such as the SK or TRP family are differentially expressed in tissues
and even within tissues (Pardo and Stuhmer 2014). For example, in the cancer work
presented here some cell lines expressed SK2 and SK4 (MCF-7) and others SK3
and SK4 (MDA-MB-231) channels, and “normal” non-tumorigenic breast epithelial
cells did not express SK1, SK2 and SK3 channels. Perhaps the differences in SK
channel expression are in part responsible for the different growth rates i.e.
cancerous versus non-tumorigenic cells. This could be investigated systematically
in future work. The work with neuronal cells showed similarly that differences exist.
Hence human SH-SY5Y cells express SK1 and SK3 channels and mouse
Huntington’s cells, which express mutant Huntington protein (Trettel et al. 2000),
express either SK1, SK3, SK4 (Wild-type, Hdh*'Hdh*), SK1 and SK2 (Heterozygous,
STHdhQ""""Hdh*) or SK1 and SK4 (Homozygous, STHdhQ"""'HdhQ?77), Further, SK1
channels are not functional in the mouse (Benton et al. 2003), but are in the human
(Shah and Haylett 2000). In this regard future work could use a human Huntington’s
model in order that such differences do not impact on interpretations. In astrocytes
(MOG-G-UVW) and microglia (BV-2) only SK4 channels are expressed at an RNA
level, although whether the SK4 channel is expressed at the protein level or not
remains to be established. To begin to answer this question the antibody used here
needs to be checked against a positive SK4 control to determine the effectiveness,
or otherwise. Also single channel electrophysiology, along with pharmacology, could
be deployed to determine the existence of SK4 channel. In addition, SK channels
are also expressed in non-excitable cells, such as T-lymphocytes (Strobaek et al.
2013). This presents both opportunities and challenges for therapeutic strategies.

Since most SK channel modulators were not water soluble penetration into the brain
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across the blood-brain barrier, i.e. delivery to a CNS target, should in principle be
less of a problem. Based on tissue expression described here the preferred targets
in cancer cells would be SK2, SK4 (MCF-7) and SK3, SK4 (MDA-MB-231), in human
neurons SK1, SK3 (SH-SY5Y), and in mouse neurons SK2 (STHdhQ"""Hdh*) and
SK4 (STHdhQ111/HdhQ177). Consistent with this is that CyPPA (25 uM), an SK2-3
activator, markedly improved in vitro rat hippocampal cell viability against glutamate-
induced mitochondrial dysfunction (Dolga et al. 2013) through SK2 channel
modulation (See also in vivo work below). Three other important points are worth
making. Firstly, the cancer work shows that knocking out one of the SK targets, and
only one, is adequate to blunt growth indicating that in this case at least
“compensation” by the remaining SK channel (SK4) is not suffice. Secondly, SK
channel activation in CNS cell lines does not impact on constitutive growth, whereas
that is not the case in cancer cells. This offers the prospect of selective targeting of
activity against cancer cells when CNS cells are not “stressed” and also poses a
question. What renders the SK channel susceptible to modulation only in the face
of a stress such as hypoxia etc? How does that insult bring about that change?
Thirdly, attention needs to be paid to concentrations since in all instances the effects
of the modulators were biphasic, protecting at low, and affording less protection at
a higher concentration (See e.g. Fig 3.18).

All of the work presented here was carried out on in vitro cell systems and it remains
to be seen how any of the effects reported here translate to the in vivo situation.
There are precedents for this proposed strategy however in other clinical settings.
An in vivo rat study showed that CyPPA (5 mg/kg) prevents psychiatric symptoms
occurring through amygdala hyperactivity (Atchley et al. 2012). In addition, the SK4

channel opener, NS309, seems to modulate hippocampal pyramidal firing
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properties, which are related to neuronal hyperexcitability (Pedarzani et al. 2005),
for example ataxia. In inflammatory bowel disease, in vivo rat studies showed that
the IK (SK4) blocker, NS6180 (10 mg/kg), significantly improved inflammatory bowel
disease outcome. Furthermore, SK channels are also implicated in heart disorders,
and it has been reported that in vivo SK2 channel subtype inhibition by NS8593 (5
mg/kg) in the horse demonstrated a clear antiarrhythmic property (Haugaard et al.
2015). In the context of cancer work, future experiments should examine the
prospective activity of the SK modulators we have tested against tumours in one of
the many transgenic or knockout mouse models of breast cancer available, taking
the argument one step closer to a drug design strategy.

In the case of the TRP channel work described in chapter four, TRPM7 was
expressed in both cell lines (STHdhQ"""HdhQ?"" and MOG-G-UVW) tested. For the
pharmacology, selective modulators were unfortunately not available, hence the
reason that this study used SK channel modulators to probe TRPM7 channel
(Chubanov et al. 2012). TRPM7 ion channel modulators have been previously
tested in different disease models of cancer and neurodegeneration. For example,
in the brain, In vivo studies with mice showed that carvacrol (10 mg/kg) markedly
reversed neuronal injury and behavioural abnormalities in a neonatal hypoxia-
ischemia model (Chen et al. 2015a). Also it has been found that TRPM7 channel
inhibition in vitro by carvacrol (500 uM) actually dampened human glioblastoma cell
properties, namely proliferation, migration and invasion (Chen et al. 2015b). Here
we described that TRPM7 channel blocking (Over a narrow concentration range)
also produced cells more resistant to cellular stressors, namely neuronal insults,
making it an attractive target to focus on therapeutically. Perhaps future work should

confirm that these blockers showed better protection against oxidative stress c.f.
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hypoxia and apoptosis. Once again more importantly, and intriguingly, the blockers
did not affect the constitutive growth of the cells tested, raising the same question
about how the insult or the consequences of it modulate TRPM7 properties.

A final consideration for future work is what is happening to intracellular Ca?* in
response to SK channel or TRPM7 blockade or SK channel activation? Any changes
which must surely be important for cell growth or survival could be measured using

cell imaging with either fluorescent (e.g. FURA-2) or bioluminescent indicators.

In conclusion, these molecules regulate ionic homeostasis, and when dysregulated
alter life and death decisions that cells make. It is worth espousing that SK and
TRPM?7 channels act as channels of life or death. The wider implications are that
the results here add weight to an emerging view that these channels have
fundamental unsuspected non-canonical roles in the cancers, roles which are also

highly relevant to degenerative diseases in the brain.
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7 Appendix

1. Charcoal stripped foetal bovine serum protocol

This serum was used in endocrine resistant cell cultures. To treat 100 ml of foetal
bovine serum the following protocol was used. First, the pH in normal foetal bovine
serum was adjusted to 4.2 using HCI (5 M), and then allowed to equilibrate at 4 °C.
A solution of: 18 ml distilled water, 2 gram activated charcoal, and 0.01 gram dextran
T70 was mixed, this being stirred for one hour. From this solution, 5 ml was added
into each 100 ml of foetal bovine serum (pH= 4.2), and gently agitated overnight at
4 °C in the dark, using a stirrer for at least 16 hours. The following day, the charcoal
was removed after centrifugation at 12,000 g for 40 minutes, and the supernatant
filtered in Whatman filter paper, at least 4 times. Finally, the resultant pH was

readjusted to 7.2 using NaOH (5 M) before being filtered through a syringe filter (0.2

pm).

2. Protocols for running and stacking gels in Western blotting

Ingredients Running gel Stacking gel

Double distilled water 10.4 ml 6.4 ml
ProtoGel (30%) 6 ml 1.7 ml
Trisaminomethane (1.5 M) 5.7 ml -

Trisaminomethane (1 M) - 1.25 ml
Sodium dodecyl sulphate (10%) 0.23 ml 0.1 ml
Ammonium persulfate (10%) 0.23 ml 0.1 ml
Tetramethylethylenediamine 0.014 ml 0.01 ml

239



3. Results

Relative cell viability

T T T T
Control 0.001 0.003 0.005

DMSO %

7.1 The effect of the drug vehicle, DMSO, on undifferentiated SH-SY5Y cell viability.
Data are shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc

test, n=6.

Relative cell viability

T T T T
Control 0.001 0.003 0.005

DMSO %
7.2 The effect of the drug vehicle, DMSO, on wild-type Hdh*'Hdh* cell viability. Data
are shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc test,

n=6.
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Relative cell viability

T T T
Control 0.001 0.003 0.005

DMSO %

7.3 The effect of the drug vehicle, DMSO, on MOG-G-UVW cell viability. Data are

shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc test, n=6.

Relative cell viability

0.0"°

H,0, (450 uM)
CyPPA (uM) - - 10 20 30 40
UCL1684 (3 nM)

7.4 The effect of CyPPA, an SK2-3 channel activator, in the presence of the SK1-3
channel blocker, UCL1684, on the survival of undifferentiated SH-SY5Y cells
exposed to H202-induced oxidative stress. Data are shown as means + SEM. ****p-
value < 0.0001 versus insult, one-way ANOVA followed by Dunnett’s post hoc test,

n =9.
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Relative cell viability

Control 30 nM 50 nM 100 nM

NS309

7.5 The effect of the SK4 channel activator, NS309, on MOG-G-UVW cell viability.
Data are shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc

test, n=6.

Relative cell viability

Control 50 nM 100 nM 300 nM

TRAM-34

7.6 The effect of the SK4 channel blocker, TRAM-34, on MOG-G-UVW cell viability.
Data are shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc

test, n=6.
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Relative cell viability

H,0, (1 mM)

NS309 (nM) - - 10 20 30 40

7.7 The effect of NS309, SK4 channel activation, on the survival of MOG-G-UVW
cells exposed to H202-induced oxidative stress. Data are shown as means + SEM.

p-value < 0.0001 versus insult, one-way ANOVA followed by Dunnett’s post hoc

test, n =9.

Relative cell viability

H,0, (1 mM)

NS309 (nM) - - 10 20 30 40
TRAM-34 (100 nM)

7.8 The effect of NS309, an SK4 channel activator, in the presence of the SK4
channel blocker, TRAM-34, on the survival of MOG-G-UVW cells exposed to H202-
induced oxidative stress. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n =9.
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Relative cell viability

Staur. (30 nM)

CyPPA (uM) - - 10 20 30 40

7.9 The effect of CyPPA, SK3 channel activation, on the survival of wild-type
Hdh*'Hdh* cells exposed to staurosporine-induced apoptosis. Data are shown as
means * SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n=9.

Relative cell viability

Staur. (30 nM)

CyPPA (uM) - - 10 20 30 40

7.10 The effect of CyPPA, SK2 channel activation, on the survival of heterozygous
Hdh?"'Hdh* cells exposed to staurosporine-induced apoptosis. Data are shown
as means + SEM. ****p-value < 0.0001 versus insult, one-way ANOVA followed by

Dunnett’s post hoc test, n= 9.
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Control 3 uM 5 uM 10 yM
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7.11 The effect of SK1-3 ion channel blocker, UCL1684, on homozygous mutant
HdhQ111HdhQ'17 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.

Relative cell viability

T
Control 3 uM 5 uM 10 yM

NS8593

7.12 The effect of SK1-3 ion channel blocker, NS8593, on homozygous mutant
HdhQ11HJhQ117 cell viability. Data are shown as means + SEM. One-way ANOVA

followed by Dunnett’s post hoc test, n=6.
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Relative cell viability

Control 3 uM 5 uM 10 yM

ucL1684

7.13 The effect of SK1-3 ion channel blocker, UCL1684, on MOG-G-UVW cell
viability. Data are shown as means £+ SEM. One-way ANOVA followed by Dunnett’s

post hoc test, n=6.

Relative cell viability

Control 3 uM 5 uM 10 yM

NS8593

7.14 The effect of SK1-3 ion channel blocker, NS8593, on MOG-G-UVW cell
viability. Data are shown as means £+ SEM. One-way ANOVA followed by Dunnett’s

post hoc test, n=6.
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7.15 Representative immunoblot of TRPM7 channel in

BV-2 cells. TRPM7 protein

expression is distinctly upregulated after treatment with lipopolysaccharides (20

ng/ml) after 24 hours. GAPDH serves as the normalising control.

Relative cell viability
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T
0.005
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7.16 The effect of the drug vehicle, DMSO, on MCF-7 cell viability. Data are shown

as means + SEM. One-way ANOVA followed by Dunnett’s post hoc test, n=6.
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7.17 The effect of the drug vehicle, DMSO, on BT-474 cell viability. Data are shown

as means + SEM. One-way ANOVA followed by Dunnett’s post hoc test, n=6.

Relative cell viability

T T T T
Control 0.001 0.003 0.005

DMSO %

7.18 The effect of the drug vehicle, DMSO, on MDA-MB-231 cell viability. Data are

shown as means + SEM. One-way ANOVA followed by Dunnett’s post hoc test, n=6.
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300 bp

No RT B-actin SK1 SK2 SK3 SK4

7.19 SKion channel mRNA investigation in MCF 10A cells. Only the amplicons for
SK4 channel is present and the PCR products are of the predicted size. B-actin

serves as the normalising control.
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7.20 Representative immunoblot of SK1-3 ion channel expression. SK1, SK2-L and
SK3 ion channels are not expressed at the protein level in MCF 10A cells. GAPDH

serves as the normalising control.
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7.21 Representative immunoblot of cleaved caspase-8 and -9 protein in wild-type
breast cancer cells transfected with specific SK2 (MCF-7 and BT-474) or SK3

(MDA-MB-231) siRNA. GAPDH serves as the normalising control.
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