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Abstract

Chronic elevation of circulating glucose and free fatty acids leads to the dysfunction and
death of pancreatic B-cells. These effects, often termed as ‘glucolipotoxicity’, are a
characteristic feature of diabetes mellitus. In addition to affecting B-cells, glucolipotoxicity
impacts a number of other cellular processes, including cell migration, by increasing the
production of reactive oxygen species (ROS). Recent studies have reported that diabetic
patients are at an increasing risk of cancer. The aim of this study was to investigate the role
of the ROS sensitive transient receptor potential melastatin 2 (TRPM2) channels in

pancreatic B-cell death and cancer cell migration.

TRPM2 channel is capable of elevating the intracellular levels of two cytotoxic ions, Ca®* and
Zn**. Chapter 3 of the thesis investigated the role of TRPM2 channels in palmitate induced
pancreatic B-cell death using the INS1 B-cell line and islets isolated from wild-type and
TRPM2 knock-out mice. Palmitate caused an increase in the intracellular levels of ROS
(required for TRPM2 activation) by activating NADPH oxidase-2 (NOX-2), and induced
breakdown of the mitochondrial network. Chemical or siRNA inhibition of TRPM2 channels
prevented mitochondrial fragmentation by preventing the distribution of free Zn?* into
mitochondria. Palmitate induced, TRPM2 mediated rise in mitochondrial Zn** caused loss of
mitochondrial membrane potential and recruitment of cytoplasmic Drp-1 (a dynamin related
GTPase that catalyses mitochondrial fission) to mitochondria. Palmitate induced B-cell death
could be prevented by TRPM2 inhibition and by Zn** chelation alone. Taken together,
Chapter 3 provides evidence for a novel mechanism for palmitate induced -cell death: it
involves TRPM2 dependent mobilisation of Zn** to mitochondria and the consequent

increase in mitochondrial fragmentation and -cell death.

Chapters 4 and 5 tested the hypothesis that TRPM2 channels mediate H,O, induced
migration of HeLa and PC (prostate cancer)-3 cancer cells by regulating the actin and focal
adhesion dynamics. H,O, caused loss of actin stress fibres, and induced formation of stress
fibres and disassembly of focal adhesions; these changes contribute to H,O, induced cell
migration. These effects could be prevented by the inhibition of TRPM2 channels and
chelation of Zn**. Elevation of intracellular Zn** with a zinc ionophore reproduced the effects
of H,0,, whereas elevation of Ca** showed the opposite effects. The results thus revealed
reciprocal roles for Ca®* and Zn** on the actin and focal adhesion dynamics.

In summary, this thesis reveals two new roles for TRPM2 channels, firstly in mitochondrial
fragmentation in pancreatic B-cells, and secondly in actin cytoskeleton remodelling in

migrating cancer cells.
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Chapter 1 Introduction

Diabetes and cancer are the two major diseases that cause high mortality worldwide.
Diabetes is a group of metabolic diseases characterized by high blood glucose levels. Loss
of insulin-producing pancreatic B-cells due to immune destruction is the main cause of type 1
diabetes. Type 2 diabetes, on the other hand, is caused by insulin resistance, but as the
disease progresses, B-cell death also occurs due to prolonged exposure to high blood
glucose, free fatty acids and cytokines (Cnop et al., 2005). Thus, B-cell death plays an
essential role in both forms of diabetes. Cancer is characterized by the decreased rate of cell
death, uncontrolled proliferation and metastasis. Among these, metastasis, whereby tumour
cells migrate and invade other tissues from original site of tumour is the main reason for
cancer mortality (Mehlen and Puisieux, 2006). Significant progress has been made in our
understanding of how B-cells die and cancer cells migrate, but the roles of ion channels in
these processes are not fully understood. There is some evidence that diabetes can
increase the risk of cancer, but the underlying molecular mechanisms are unclear (Legros et
al., 2002). A common feature of both these diseases is disruption of the homeostasis of
reactive oxygen species (ROS) (Houstis et al., 2006; Liou and Storz, 2010). The aim of this
study is to investigate how ROS can affect the ROS sensitive TRPM2 channels and how the
resultant changes in ion homeostasis influence pancreatic p-cell death and cancer cell
migration. This section of the thesis will review the literatures on ROS homeostasis, TRPM2
channels, mitochondrial dynamics, and mechanisms of (-cell death and cancer cell

migration.

1. 1 ROS in human diseases

ROS are oxygen-derived small molecules, that include oxygen radicals [superoxide anion
(O5-), hydroxyl radical (*HO), peroxyl radical (RO,¢), and alkoxyl (ROe¢)] and non-radicals,
such as hydrogen peroxide (H,O,). ROS generation generally starts with the production of
superoxide, and superoxide then rapidly undergoes dismutation to H,O, by the action
of superoxide dismutases (SODs). Excess ROS is harmful to most proteins, lipids and
nucleic acids, but can be detoxified by scavenging enzymes, such as glutathione peroxidase.
For example, following the conversion of superoxide to H,O, by SOD, glutathione
peroxidase can reduce H,O, to water, thereby normalizing the intracellular ROS level
(D'Autréaux and Toledano, 2007). However, when the cytosolic ROS levels exceed the
capacity of antioxidant systems to detoxify ROS, cells and tissues undergo pathological
changes leading to ROS-related diseases. Human diseases induced by excessive ROS

production have been extensively studied in the last few decades. These include diabetes,
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cardiovascular diseases and neurodegenerative diseases which include Alzheimer’s disease
(AD) (Multhaup et al., 1997) and Parkinson’s disease (PD) (Tieu et al., 2003).

1.1.1 ROS in diabetes

The development of insulin resistance and consequent type 2 diabetes mellitus (T2DM) is
one area where ROS have been consistently implicated in disease pathogenesis. T2DM is a
metabolic disease characterized by the elevation of blood glucose levels (hyperglycaemia),
lipid abnormalities and vascular complications (Kaneto et al., 2010). Studies have shown
that insulin resistance occurs prior to the development of hyperglycaemia and is a major
feature in the progression of T2DM (Houstis et al., 2006; Martin et al., 1992) (Figure 1.1).
Insulin resistance means that pancreatic B-cells are able to secrete sufficient insulin but this
insulin fails to act on the insulin-sensitive cells to exert normal functions, such as removal of
excess glucose from blood stream and maintenance of sufficient fatty acid metabolism
(Saltiel and Kahn, 2001). The causal role of ROS in multiple forms of insulin resistance has
been observed both in animal models and cell lines (Houstis et al., 2006). The link between
ROS and insulin resistance has been ascribed to alterations in several intracellular signalling
pathways. There is direct evidence showing that H,O, can inhibit insulin-stimulated tyrosine
phosphorylation of insulin receptor to induce insulin resistance (Hansen et al., 1999).
Moreover, it has been demonstrated that ROS can regulate the activity of nuclear factor-
kappa B (NF-kB) transcription factors (Kamata et al., 2002; Morgan and Liu, 2011). The
contribution of NF-kB signalling to insulin resistance has been demonstrated in many studies
(Arkan et al., 2005; Cai et al., 2005). Furthermore, these transcription factors are essential
for the transcription of pro-inflammatory molecules, such as cytokines, thereby contributing

to the pathogenesis of diabetes (Patel and Santani, 2009).

Although these data suggest that ROS contributes to insulin resistance, it has been
suggested that insulin resistance can conversely induce excessive ROS production
(Kroemer and Reed, 2000). With the progression of insulin resistance, the levels of glucose
and fatty acids in blood stream increase beyond normal levels, leading to the
glucolipotoxicity. A large amount of experimental evidence indicates that endogenous ROS
level is largely increased by glucolipotoxicity both in cell lines and in pancreatic islets. For
example, in cultured vascular cells, high glucose and free fatty acids (FFAs) stimulate ROS
generation (Inoguchi et al., 2000). In isolated rat pancreatic islets, ROS is largely induced by
the combination of glucose and FFA (Morgan et al., 2007). It has been demonstrated that
the increased ROS level is a key trigger for apoptosis in many types of cells, including

endothelial cells, podocytes and B-cells (Piconi et al., 2006; Robertson et al., 2004; Susztak
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et al., 2006). Thus, elevated ROS level contributes to the pathogenesis of diabetes and other

abnormalities by impairing cellular function.

Compared to other cell types, pancreatic B-cell are more vulnerable to oxidative damage
with increased susceptibility for apoptosis. This high risk is likely due to the relatively low
levels of free radical detoxifying and redox-regulating enzymes, such as SOD, catalase and
glutathione peroxidase (Lenzen et al., 1996; Tiedge et al., 1997). Therefore, ROS
homeostasis of pancreatic 3-cells is easily to be disrupted under nutrient overload conditions.
The source of this dys-regulated ROS is mainly mitochondria (Robertson, 2004; Robertson
et al, 2004). Studies have shown that pharmacological strategies that increase
mitochondrial antioxidant levels could partially reverse the cellular dysfunctions caused by
ROS (Green et al., 2004). In addition to mitochondrial source, plasma membrane NADPH
oxidase (NOX) generates ROS (Newsholme et al., 2009) and inhibition of NOX activity
markedly improves the survival of 3-cells exposed to high concentrations of palmitate (C16
fatty acid) (Yuan et al., 2010). These findings suggest that multiple ROS generation systems

could contribute to the pathogenesis of diabetes.
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AS160: GTPase activating protein (GAP) Inactive

Insulin resistance

Figure 1. 1 Schematic showing insulin-stimulated GLUT4 translocation and insulin
resistance (A) Binding of insulin (green circle) to its tetrameric receptor (2 a- and 2 B-
subunits) leads to tyrosine phosphorylation of insulin receptor substrate (IRS) proteins and
the recruitment of phosphatidylinositol 3 kinase (P13-kinase), which catalyzes the conversion
of PI(4,5)P2 to PI(3,4,5)P3. PI(3,4,5)P3 generation results in the phosphorylation of AKT.
AKT phosphorylates AS160 suppressing its GAP activity and resulting in active GTP-bound
Rab proteins that promote glucose transporter 4 (GLUT4) vesicle translocation. (B) Serine
phosphorylation of IRS by cytokines or saturated fatty acid inhibits Akt phosphorylation,

thereby preventing GLUT4 translocation which leads to insulin resistance.
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1.1. 2 ROS in neurodegenerative diseases

Neurodegenerative diseases represent another area where ROS play a key role (Barnham
et al.,, 2004). In AD, ROS has been shown to induce cell death by inducing mitochondrial
DNA (mtDNA) mutations and impairing the energy production (Eckert et al., 2003). AD is
characterized clinically by the progressive cognitive decline and pathologically by the
accumulation of senile brain plagues composed mainly of amyloid-B peptide (AB) and dys-
regulated microtubules made up of hyper-phosphorylated tau. AR can be produced from
amyloid precursor protein (APP) by B- and y-secretases within cells. There are extensive
studies demonstrating a role for ROS in the pathogenesis of AD. For instance, ROS can
activate p38 mitogen-activated protein kinase (MAPK) to induce neuronal cell death
(Hashimoto et al., 2003; Zhu et al., 2002) or increase the expression of 3- secretase, thereby
producing AB (Tamagno et al., 2005) to accelerate the progression of AD. ROS can increase
aberrant tau phosphorylation by activation of glycogen synthase kinase 3 (Lovell et al., 2004).
The ability of antioxidant treatment to improve the median survival time in an AD trial further

supports a role for ROS in AD progression (Sano et al., 1997).

The essential role of ROS in triggering PD progression was also supported by a large body
of evidence. PD is characterized clinically by progressive bradykinesia and tremor, and
pathologically by the loss of pigmented neurons of the substantia nigra (Lin and Beal, 2006).
It has been reported that deficiency of complex | of the respiratory chain accounts for neural
apoptosis in PD (Zuo and Motherwell, 2013). Deficiency of complex | in mitochondria results
in insufficient ATP production and increased ROS generation, thereby inhibiting synapses
from receiving adequate amount of energy; these changes eventually lead to neuron cell
death in PD (Braun, 2012; Correia et al., 2012). It is now widely accepted that mitochondria-
derived ROS production plays a primary role in neurodegenerative diseases (Beal, 2004;
Onyango, 2008) and more and more clinical trials are being carried out to explore the

protective effects of antioxidant drugs (Dumont and Beal, 2011; Uttara et al., 2009).

1. 1. 3 Linking diabetes to cancer via ROS

It is known for a long time that type 2 diabetic patients have higher risk of developing cancer
compared to the non-diabetic people (Marble, 1934). However, the incidence of prostate
cancer appears to be reduced in men with diabetes (Orrenius et al., 2003). The relative risks
imparted by diabetes are greatest (approximately 2-fold or higher) for cancers of the liver,
pancreas, and endometrium, and less (approximately 1.2-fold to 1.5- fold) for cancers of the
colon/rectum, breast, and bladder (Legros et al., 2002). The molecular association between

diabetes and cancer, however, is unclear. Due to the dependence of many cancers on
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glycolysis for energy (Vander Heiden et al., 2009), cancers might favour the environment
with high glucose, such as hyperglycaemia in T2D. Consistent with this, many cancers have
highly effective up-regulated glucose uptake mechanisms (Vander Heiden et al., 2009). A
recent study reported that high glucose promotes migration of breast cancer cells (Takatani-
Nakase et al., 2014); this finding that supports the link between diabetes and cancer. Apart
from hyperglycaemia, in T2D, inflammatory cytokines (Pickup et al., 2000) and free fatty
acids released from adipose tissues may also play a role in cancer progression. Previous
studies have shown that cytokines, such as interleukin-6, can enhance cancer growth (Lou
et al., 2000) and invasion (Obata et al., 1996). Moreover, the saturated fatty acid, palmitate,
is reported to induce breast cancer cell migration (Nomura et al., 2010). All these findings
implicate that there is a crosstalk between diabetes and cancer although the underlying
mechanisms are far from clear. One common effect of hyperglycaemia, inflammatory
cytokines and fatty acids is elevation of intracellular ROS level (Inoguchi et al., 2000; Yang
et al., 2007; Yu et al., 2006). The damaging effect of ROS has already been described
above. However, ‘non-damaging’ levels of ROS promote signal transduction to mediate
multiple physiological processes, such as actin remodelling and cell migration (see later),
rather than causing a deleterious effect. Actin remodelling and cell migration are essential for
cancer metastasis (Gupta and Massagué, 2006; Rao and Li, 2004). Therefore, ROS may

represent the key factor linking diabetes to cancer.

1. 1. 4 ROS and cancer metastasis

Cancer is a leading cause of death worldwide. Uncontrolled proliferation, reduced apoptosis
and metastasis are hallmarks of cancer (Hanahan and Weinberg, 2011). Mutation of genes
that control cell proliferation leads to abnormal proliferation of tumour cells (Evan and
Vousden, 2001). Dys-regulated apoptotic pathways result in the suppression of apoptosis of
tumour cells. Cancer metastasis is responsible for approximately 90% of all cancer mortality
(Gupta and Massagué, 2006). Thus, metastasis is a key target for anti-cancer strategies.
Metastasis consists of a series of sequential steps: epithelial-mesenchymal transition (EMT),
dissociation and intravasation of cells from a primary tumour into the circulation, survival of
the cells in the circulation, arrest in small vessels in the down-stream organs, adhesion to
endothelial cells, extravasation into surrounding tissues, mesenchymal-epithelial transition
(MET), proliferation, and vascularization of tumour tissues (Mehlen and Puisieux, 2006)
(Figure 1. 2).

ROS are implicated in cancer metastasis (Nishikawa, 2008). Although high levels of ROS
can Kill cancer cells (Lépez-Lazaro, 2007), at sub-lethal concentrations, ROS works as a

second messenger to mediate signal transduction, up-regulating the expression of various
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molecules (Liou and Storz, 2010). It has been demonstrated that expression of the
antioxidant enzyme SOD is reduced in many types of cancer, such as pancreatic cancer
(Lewis et al., 2005) and breast cancer (Hitchler et al., 2008). Moreover, direct H,O, treatment
enhances metastasis in mice (Kundu et al.,, 1995). These studies indicate that the
intracellular redox state governs crucial steps in the metastatic process. To undergo
intravasation into the circulation, cancer cells need to migrate close to blood or lymphatic
vessels (Reymond et al., 2013). To enable this, primary tumour cells undergo EMT. Studies
have shown that ROS generation induced by growth factors plays an important role in
triggering EMT (Fukawa et al., 2012; Hiraga et al., 2013; Kim and Cho, 2014). Following
EMT, cells disseminated from the primary tumours undergo migration which is facilitated by
the activation of matrix metallo-proteinases (MMPSs) to degrade the extracellular matrix (ECM)
(Nabeshima et al., 2002; Xu et al., 2005). It has been demonstrated that H,O, causes
increased expression of MMPs in gastric cancer cells (Gencer et al., 2013). In addition to the
effect on intravasation, ROS can also affect proliferation. Various signalling pathways are
activated by ROS, including MAPK and Akt/protein kinase B signalling pathways (Liou and
Storz, 2010). Both MAPK and Akt are involved in cancer proliferation (Kumar et al., 2008;
Park et al., 2009b; Reddy and Glaros, 2007). Abnormal proliferation increases the demand
for oxygen and nutrients. This requirement can be met by the expansion of the vascular
network, whereby new blood vessels are formed by a process known as angiogenesis
(Folkman, 1995). It has been shown that ROS can trigger angiogenesis either by regulating
transcriptional factors, such as NF-kB (Ushio-Fukai and Nakamura, 2008) or by inducing
expression of the genes such as vascular endothelial growth factor (VEGF) closely

associated with angiogenesis (Xia et al., 2007).
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Figure 1. 2 Schematic representation of cancer metastasis When tumour cells are
growing, a small population of tumour cells (fuchsia cells) can undergo EMT. EMT enables
tumour cells to assume a mesenchymal cell phenotype which includes enhanced migratory
capacity and invasiveness. These cells form protrusions and undergo migration, entering
into circulation by a process known as intravasation. When the cells reach their destination,
extravasation occurs. The tumour cells undergo MET and proliferation until a secondary
tumour is formed at the distant site. With the development of secondary tumour, more
nutrient and oxygen supply is required. To enable this, new blood vessels are formed to
supply nutrient and oxygen to the growing tumour. This process is termed angiogenesis.
Figure reproduced from Buddihini Samarasinghe (Hallmarks of cancer 6: Tissue invasion

and metastasis. 2013).
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1. 2 ROS production in cells

1. 2. 1 NADPH oxidases (NOXs)

1. 2. 1. 1 Structure and activation of NOXs

NOXs are initially reported in phagocytic cells of the immune system, including granulocytes
(Segal and JONES, 1978) and neutrophils (Dinauer et al., 1987). NOXs are a family of
plasma membrane-bound enzymes (NOX1, NOX2, NOX3, NOX4, NOX5, DUOX1 and
DUOX2 in phagocyte), which share the capability to transfer electrons across the plasma
membrane to generate superoxide and other downstream ROS. During phagocytosis, NOXs
are required to elevate intracellular ROS level to damage or kill pathogenic organisms
(Lambeth, 2004). NOXs are not restricted to the immune system but are expressed in other
cell types, such as endothelial cells (Lassegue and Clempus, 2003) and pancreatic 3-cells
(Newsholme et al., 2009). Thus, NOXs may represent an essential component of redox
signalling mechanisms in these cells (see below for details). NOX is a protein complex,
composed of six subunits: a Rho GTPase (generally Racl and Rac2), NOX2, p22°"*
p67°"* p40P"™ and p47°"* In the inactive state, NOX2 and p22°"* |ocated in the plasma
membrane constitute the catalytic core of the “classical’ enzyme, while the other subunits
are located in the cytosol. Upon activation, such as when stimulated by protein kinase C, the
cytosolic subunits are trans-located to the plasma membrane to initiate the enzyme
activation (Abramov et al., 2005) (Figure 1.3). Thus, activation of NADPH oxidase is

spatiotemporally regulated by the assembly of spatially separated subunits.

1. 2. 1. 2 Regulation of NOX

A number of factors have been implicated in the activation of NOX, including glucose,
saturated fatty acids and inflammatory cytokines. In cardiomyocytes, high glucose stimulates
ROS production through NOX2 by activating Racl and mediating p47°" translocation to the
plasma membrane. The resultant increase in ROS subsequently induces cell death (Balteau
et al., 2011). In addition to glucose, high levels of palmitate have been demonstrated to
activate NOX2 and mediate ROS production both in pancreatic islets and pancreatic p-cells
(Morgan et al., 2007). In diabetic conditions, apart from high glucose and fatty acids,
inflammatory responses also occur; activation of NOX by cytokines has also been reported
previously. In human retinal epithelial cells, it was found that both IL-138 and IFN-y are able
to induce ROS production through NOX (Yang et al., 2007). The authors of this study found
that IFN-y induced ROS production is partially derived from mitochondria as

thenoyltrifluoroacetone (TTFA), one of the mitochondrial respiratory chain inhibitors, partially
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blocked this ROS generation (Yang et al.,, 2007). Thus, cytokines can induce ROS

production via two mechanisms: that is via NOX and via mitochondria.

It has been demonstrated in cultured cortical neurons and astrocytes that Zn?* overload
induces translocation of NOX subunits (p47°" and p67°"™) to plasma membrane to activate
NOX (Noh and Koh, 2000). Although the impact of such translocation on cytosolic ROS
levels has not been investigated, the inhibitory effect of ROS scavengers on zinc overload-
induced cell death was observed (Noh and Koh, 2000). This observation indicates a close
relationship between Zn** and NOX-derived ROS. Other studies have shown that direct Zn**
exposure induces ROS production in cortical neurons (Kim et al., 1999; Sensi et al., 2000).
In non-neuronal cells, such as adipocytes, Zn*" has been shown to induce formation of
superoxide and H,0, (May and Contoreggi, 1982). As for the underlying mechanism for Zn**
induced ROS generation, little information is available. Mize and Langdon suggest that Zn**
induces ROS generation via inhibition of glutathione reductase and peroxidase, the major
enzymes for cellular antioxidant defence system (Mize and Langdon, 1962). As cytosolic
free Zn* functions as a second messenger (Yamasaki et al., 2007), the mechanism of Zn?*

induced ROS generation might be more complex and needs further investigation.
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Figure 1. 3 Schematic showing the activation mechanism of NADPH oxidase (NOX)

GEF: Guanine-nucleotide exchange factor

Activation of NOX is dependent on the assembly of cytosolic regulatory proteins (p40°",
p67°"* and p47°"™) with the plasma membrane-anchored p22°"* and NOX2. p47°" binds
to p67°"* and p40°"™ in the cytosol. Protein kinases, such as PKC, induce phosphorylation
of p47°"* allowing p47™"* to bind to p22°"™. Rac-GDP is maintained in the cytosol by the
inhibitory protein RhoGDP-dissociation inhibitor (RhoGDI). Activation of GEF triggers GTP
binding, resulting in conformation changes in Rac that promote dissociation from RhoGDI.
The conformation change also promotes Rac binding to p67°", leading to the assembly of

the active complex. Figure adapted from (Lambeth, 2004)
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1. 2. 2 Mitochondrial ROS (mROS)

Mitochondria generate ATP by transferring electrons from the donors (e.g., NADH and
FADH2) to acceptors (O,) via the electron transport chain (ETC). During this process,
electrons can leak out and generate ROS (Murphy, 2009). Under normal conditions, in the
inner mitochondrial membrane, electron transfer through complexes |, lll, and IV extrudes
protons outward into the intermembrane space, generating a proton gradient that drives ATP
synthesis by ATP synthase (complex V) as protons pass back through the inner membrane
into the matrix. However, under pathological conditions, such as diabetic conditions, supply
of substrates to the TCA cycle increases; these include glucose-derived pyruvate and fatty
acid-derived acetyl-CoA (Sivitz and Yorek, 2010). The increased substrates increase the
production of electron donors (NADH and FADH2), which is leaked to molecular oxygen,

thereby generating superoxide.

1. 2. 2. 1 Production of mROS in diabetes

Superoxide is the initial oxygen free radical formed by the mitochondria, which is then
converted to other more reactive species that can damage cells in numerous ways (Zorov et
al., 2014). Excessive mROS can be triggered by many factors, such as high glucose (Piconi
et al., 2006), high fatty acid level (Newsholme et al., 2007) as well as increased cytokine
release. There are extensive studies indicating that high glucose induces MmROS
overproduction. For instance, in primary arterial endothelial cells in vitro, high glucose
increases the voltage across the mitochondrial membrane above the critical threshold to
increase superoxide formation (Korshunov et al., 1997). However, there are some studies
indicating that the induction of mROS generation by glucose is not a direct effect, but
through glucose-induced cytokine release in endothelial cells. For example, in cultured
human retinal endothelial cells (HRECs), high glucose failed to induce mROS generation,
but increased the IL-1B release which induces marked increase in mROS production (Busik
et al.,, 2008). Thus, whether the effect of glucose on ROS production is direct, or indirect
through cytokines, remains to be established. Alternatively, different cells may use different
mechanisms. In isolated pancreatic islets from a rat model of T2D, direct measurement of
mitochondrial superoxide revealed ROS generation is coupled with perturbed mitochondrial
function (Bindokas et al., 2003). In addition to hyperglycaemia, in type 2 diabetic state, the
pancreatic B-cells are also confronted with increased plasma levels of triacylglycerols and
non-esterified fatty acids, specifically, palmitate. Studies have shown that excessive levels of
palmitate induce apoptosis of pancreatic islets and [B-cells by producing excessive
mitochondrial ROS (Carlsson et al., 1999; Piro et al., 2002; Shimabukuro et al., 1998).

1. 2. 2. 2 mROS production in Diabetes
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The central role for mROS production in the development of diabetic complications has been
suggested by a number of studies. However, the detailed molecular mechanism about how
high glucose and saturated fatty acids elevate mROS production is less well understood.
Besides, apart from the inter-conversion between different ROS types, multiple lines of
evidence indicate that there is a functional connectivity between different sources of ROS.
This view is termed ROS-induced ROS release (RIRR). It was suggested that excessive
mMROS production can activate mitochondrial permeability transition pore (mPTP) and inner
membrane anion channels (IMAC) which can result in mROS release to cytosol (Zorov et al.,
2014). Although this ROS release might cause destruction of nearby mitochondria, it can
also function as signalling molecules to activate ROS-sensitive proteins, such as protein
kinase C (PKC) that has been demonstrated to increase NOX activity (Inoguchi et al., 2000).
Therefore, the mROS signal can be amplified by NOX-derived ROS generation.

1. 2. 2. 3 Relationship between NOX-derived ROS and mROS

NOX-derived ROS generation and mROS production play an important role in redox
signalling in cells and the cross-talk between the two has been reported previously (Lee et
al., 2006; Pinton et al., 2008). In human 293T cells, serum withdrawal can induce mROS
generation that in turn leads to NOX1 activation. NOX1 activation in turn leads to cell death,
indicating a role for NOX in amplifying the deleterious effect of mROS (Lee et al., 2006). In
another study, it has been reported that hypoxia-induced mROS generation subsequently
induces NOX activation through PKCe in mouse pulmonary arteries (Rathore et al., 2008).
Conversely, it has been reported that NOX-derived superoxide can induce mROS release by
acting on ATP-sensitive K channels in the inner mitochondrial membrane in rat myocardium:
opening of mitochondrial Karp channels results in mitochondrial depolarization and release of
mMmROS to cytosol (Kimura et al., 2005). These findings indicate an intriguing interplay
between NOX-derived ROS and mitochondria-generated ROS.

1. 3 ROS mediated signalling pathways

ROS plays an important part both in physiological conditions and pathological processes.
Under physiological conditions such as wound healing (Kanta, 2011) and angiogenesis
(Ushio-Fukai and Alexander, 2004), ROS mediate essential signal transduction. However,
when ROS are accumulated beyond the threshold, they can lead to pathological conditions
such as diabetes. Although there is ample evidence demonstrating the role of ROS in
regulating cellular signalling pathways, the question of how ROS mediates various signalling
pathways is less well understood. It is believed that ROS alters protein functions mainly
through the redox regulation of redox-reactive cysteine (Cys) residues on proteins (Ray et al.,
2012). These oxidative modifications result in changes in structures or functions of proteins.
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Due to the reversible nature of these modifications by ROS scavengers (Denu and Tanner,
1998; Roos and Messens, 2011), ROS are thought to play a signalling role in a range of

cellular functions.

1. 3. 1 Inhibition of phosphatases

Protein tyrosine phosphatases (PTPs) control the phosphorylation state of numerous signal-
transducing proteins and are therefore involved in the regulation of multiple cellular functions,
such as cell survival (Santin et al., 2011), metabolism (Gurzov et al., 2015) and migration (Li
et al., 2014; Zheng and Lu, 2013). The catalytic region of PTPs includes cysteines (Salmeen
and Barford, 2005), which are susceptible to oxidative inactivation (Denu and Tanner, 1998).
Thus ROS can decrease phosphatase activity and thereby enhance protein tyrosine
phosphorylation leading to activation of multiple signalling pathways, such as MAPK (Lee
and Esselman, 2002) and PI3-Ks (Nakanishi et al., 2014).

1. 3. 2 Activation of kinases

MAPKSs regulate diverse cellular programmes including embryogenesis (Corson et al., 2003),
proliferation (Zhang and Liu, 2002) and apoptosis (Wada and Penninger, 2004) based on
the different cues from the environment of the cells. The MAPK cascades consist of four
major MAPKSs: the extracellular signal-related kinases (Erk1/2), the c-Jun N-terminal kinases
(JNK), the p38 kinase (p38), and the big MAP kinase 1 (BMK1/Erk5). There is abundant
evidence for regulation of MAPKs by ROS. For example, treatment of endothelial cells with
H,O, leads to phosphorylation and activation of p38 MAP kinase (Djordjevic et al., 2005). It
was suggested that regulation of MAP kinase by ROS is dependent on the activation of
signalling pathways upstream of Erk1/2. On the other hand, activation of MAPK pathways
might be due to the direct inhibition of MAPK phosphatases by ROS (Robinson et al., 1999).
The authors of this study demonstrated that ROS induced p38 activation occurs concurrently
with inhibition of protein phosphatases in cultured astrocytes (Robinson et al., 1999). In
addition to the MAPK cascades, PKC is an important target of ROS. PKCs are a family of
more than 11 isoforms that are widely distributed in mammalian cells. The activity of PKCs is
greatly enhanced by diacylglycerol (DAG) (Geraldes and King, 2010). Activation of PKC
isoforms by ROS under diabetic conditions can mediate tissue injury. Elevated ROS is able
to inhibit the activity of glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (Hwang et al., 2009), thereby raising the intracellular DAG precursor triose
phosphate and DAG, which in turn enhances PKC activity (Du et al., 2003). Another
signalling pathway that can be regulated by ROS is the PI3-K pathway. The PI3-K is tightly

coupled with receptor tyrosine kinases (RTKSs) activated by various growth factors, such as
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epidermal growth factor (EGF) (Shah et al., 2006) and insulin (Niswender et al., 2003). PI3-K
catalyses the synthesis of the second messenger phosphatidylinositol 3,4,5 triphosphate
(PIP3) from phosphatidylinositol 4,5 bisphosphate (PIP2), wherein the membrane bound
PIP3 serves as a signalling molecule to recruit proteins and mediate further downstream
signalling events, such as proliferation (Hemmings and Restuccia, 2012). The synthesis of
PIP3 is negatively regulated primarily by the phosphatase and tensin homologue (PTEN),
which dephosphorylates PIP3 back to PIP2 (Stambolic et al., 1998). H,O, has been
demonstrated to oxidise and inactivate PTEN (Lee et al., 2002; Leslie et al., 2003), thereby

affecting P13-K-related cellular functions.

1. 3. 3 Regulation of ion channels

Ca’" ions are essential second messengers involved in many cellular functions, such as
apoptosis (Pinton et al., 2008) and cell migration (Minton, 2014). Therefore, Ca®*
homeostasis is essential for cells and is tightly regulated by distinct Ca** channels (Bose et
al., 2015) and pumps (Marin et al., 1998). It has been demonstrated that ROS can regulate
many intracellular and plasma membrane Ca*" channels, including Ca* -release-activated
channels (CRAC), voltage-gated Ca*" channels (Ca,) as well as the transient receptor
potential (TRP) channels (Bogeski et al.,, 2011). CRAC channels are composed of two
components: plasma membrane protein Orai (Orail and Orai2) forms the pore of the CRAC
channel (DeHaven et al., 2007; Prakriya et al., 2006) and stromal interaction molecule (STIM)
functions as the regulatory subunit (Park et al., 2009a). Upon depletion of intracellular Ca®*-
store (primarily ER), as a sensor for Ca?* level in ER, STIM is activated and translocated to
sites near plasma membrane where STIM interacts with and activates store-operated Ca?*
channels (SOCE) to cause Ca?" influx (Smyth et al., 2010). Oxidizing agents such as H,O,
have been reported to induce activation of CRAC channels by depleting the ER Ca*" stores
(Grupe et al., 2010). However, the effects of ROS on CRAC channels are debatable
because several other studies have shown that higher level of H,O, (>1 mM) can inhibit
CRAC channel (Florea and Blatter, 2008; Tintinger et al., 2007). Apart from Ca**-store
depletion, ROS has been demonstrated to directly modify STIM to regulate the activity of
CRAC channels. It has been shown that ROS can activate CRAC channels by oxidizing
cysteine residues in STIM1 (Hawkins et al., 2010). Thus, by modifying the different
components of CRAC activation pathways, ROS can regulate the Ca®* homeostasis either
leading to deleterious effects or supporting essential cellular functions. Cay channels are one
of the first Ca** channels to be identified as ROS sensitive (Todorovic and Jevtovic-
Todorovic, 2014). They consist of five major subgroups including L-Type (L for “long-lasting”),

N-Type (N for “Neural”), P/Q-Type, R-Type and T-Type (T for “Transient”). These channels
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are formed as a complex of several subunits, of which the a1 forms the ion conducting pore
(Lacinova, 2005). The reactive cysteine in a1 is the main molecular target of ROS (Hudasek
et al., 2004). A number of studies have reported regulation of Cay channel activity by ROS
(Bogeski et al., 2011). TRP channels are also tightly regulated by ROS. Mammalian TRP
channels include six subgroups (TRPC, TRPM, TRPV, TRPA, TRPP and TRPML) according
to amino acid sequence homologies and protein domains (Venkatachalam and Montell,
2007). Previous studies have indicated that ROS can activate TRPC5, TRPM2, TRPM4 and
TRPA1 in different cell types (Bessac et al., 2008; Cao et al.,, 2010; Simon et al., 2010;
Yamamoto et al., 2010). However, H,O, has been shown to inhibit TRPM6 channel activity
(Cao et al., 2010). As TRP channels are involved in cell death (Miller, 2006), inflammation
responses (Schumacher, 2010), cell migration (Pla and Gkika, 2013) and many other
functions (Clapham, 2003), the role of ROS in these cellular functions might be through
regulation of TRP channels and Ca®" signals. Apart from mediating Ca®* entry or release,
some TRP channels are also permeable to other ions, such as Zn®* (Bouron et al., 2014).
Although Zn** normally exists in a protein-bound form, it has been reported that cytosolic
free Zn?* in certain situations can function as a second messenger to mediate signal

transduction (Yamasaki et al., 2007). More details will follow below.

1. 4 TRP channels

TRP proteins are the products of trp genes, the first of which was discovered in Drosophila
melanogaster (Montell and Rubin, 1989). All TRP channels are suggested to form tetramers
(homo or hetero). The subunits of these channels share common structural features: six
transmembrane segments; a pore-forming region between fifth and sixth transmembrane
segments; cytoplasmic N- and C-terminal regions (Clapham, 2003). Mammalian TRPs can
be divided into six subfamilies: TRPC (1-7), TRPV (1-6), TRPA (1), TRPP (1-3), TRPML (1-3)
and TRPM (1-8). The TRP-melastatin subfamily (TRPM) contains eight mammalian
members: TRPM1-TRPMS, which are divided into 4 pairs by the degree of homology of their
protein sequences. They are TRPM1/TRPM3, TRPM2/TRPM8, TRPM4/TRPM5 and TRPM6
ITRPM7 (Figure 1. 4) (Fleig and Penner, 2004). Similar to the other TRP channels, TRPM
proteins comprise a TRP domain within their C-termini. Additionally, the N-terminus of the
TRPM subfamily member is characterized by four stretches of residues, termed as the
TRPM homology domain or MHD (Perraud et al., 2001).

Even within the major subfamilies, TRP channels exhibit a remarkable diversity in their
mechanisms of activation. TRPC channels are receptor-activated ion channels while TRPV1
and TRPMS8 channels are responsive to heat (> 48 °C) (Caterina et al., 1997) and cold (<
30°C) respectively (Peier et al.,, 2002). TRPM4 channels have been shown to be activated
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by increased Ca®* (Launay et al., 2002). As mentioned above, some members of TRP
channel family are regulated by ROS and control various cellular processes. For example,
ROS can activate TRPM2 channels in brain neuronal cells which cause Ca®* overload to
induce cell death (Kaneko et al., 2006); ROS can also modulate TRPC5 channels
(Yamamoto et al., 2010) which play important roles in growth cone filopodia formation
(Greka et al., 2003) and endothelial cell migration (Chaudhuri et al., 2008). Activation of TRP
channels in plasma membrane mediates flux of Ca®* or Na" into the cells, thereby raising
intracellular concentrations of these ions and depolarizing the cells to affect cellular functions
(Nilius, 2006; Venkatachalam and Montell, 2007). In addition to the plasma membrane,
many TRP channels are expressed in intracellular organelles, such as TRPM8 and TRPV1
channels in ER (Thebault et al., 2005; Turner et al., 2003), and TRPML3 and TRPM2
channels in lysosomes (Dong et al., 2010b; Kim et al., 2009a). Therefore, intracellular TRP
channels may function as Ca®" release channels and regulate the intracellular Ca?®*
homeostasis (Lange et al., 2009). However, the functions and regulation of these
intracellular membrane TRP channels are poorly defined. Due to the essential role of Ca*
and intracellular organelles in diverse cellular functions, such as waste clearance (Kalwat
and Thurmond, 2013) and trafficking (Tsai et al., 2015), it is speculated that intracellular-
membrane-residing TRP channels play essential roles in these functions (Samie et al., 2013).
TRP channels are widely expressed in different tissues and cell types, including excitable
cells and non-excitable cells (Perraud et al., 2003a). The wide expression profile indicates

the diversity of the biological roles that TRP channels play (Dong et al., 2010b).

TRPM2
TRPMS8
TRPM4

TRPM TRPM5
ion channel

TRPM1
TRPM3
TRPM6
TRPM7

Figure 1. 4 Phylogenetic analysis of TRPM channels Based on homology, TRPM ion
channels are divided into 4 pairs: TRPM1/TRPM3; TRPM2/TRPM8; TRPM4/TRPMS5;
TRPM6/TRPM7.
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1. 5 TRPM2 channel

TRPM2 is the first identified ROS-sensitive TRP channel that is activated by H,O, (Hara et
al., 2002). Accumulating evidence has demonstrated that TRPM2 channels and TRPM2-
mediated Ca?* signalling play essential roles in cell death (Kaneko et al., 2006; Zhang et al.,
2006) and the production of pro-inflammatory cytokines (Wehrhahn et al., 2010). Recently,
the role of lysosomal TRPM2 channels and TRPM2-mediated Ca®" release in dendritic cell
maturation and chemotaxis has been demonstrated (Sumoza-Toledo et al., 2011). This
finding indicates that TRPM2 channels can mediate other cellular functions in addition to cell
death and immune responses. As the molecular and biophysical properties are closely
related to functions, the structure and modulation of TRPM2 channel activity will be

introduced below.
1. 5.1 TRPM2 structure

Like other TRPM channels, TRPM2 protein also has six trans-membrane segments (S1-S6)
with N- and C-termini oriented toward the cytoplasm and the pore-forming loop domain is
located between S5 and S6 (Figure 1. 5A). Four TRPM2 subunits assemble together to form
a functional ion channel. The N-terminal contains four homologous regions (MHR) (Figure 1.
5B) (Tong et al., 2006). The C-terminal contains a TRP box and a coil-coil domain, which
has been shown to be critical for the homo-tetrameric assembly of TRPM2 (Jiang, 2007).
Additionally, the C-terminus of TRPM2 channels contains a unique C-terminal adenosine
diphosphate ribose (ADPR) pyro-phosphatase domain (NUDT9-H domain) (Perraud et al.,
2003b) (Figure 1.5B). For this reason, like TRPM6/7, TRPM2 is known as a “chanzyme”
because of the protein’s dual function as an ion channel and an enzyme. The NUDT9-H
domain was suggested to be responsible for ADPR gating for TRPM2 activation (Kihn and
Lickhoff, 2004). In addition to this function, the other functions of this enzymatic domain are
poorly understood. Recently, the structure of TRPV1 and TRPAL channels has been
identified by electron cryo-microscopy (Liao et al., 2013; Paulsen et al., 2015). Like TRPM2
channels, both TRPV1 and TRPA1l channels are homo-tetramers assembled by four
subunits. Each subunit consists of six transmembrane segments (S1-S6) with pore-forming
loop located between S5 and S6. Besides, the authors demonstrate that the C-terminal
coiled-coil domain of TRPA1 subunit mediates extensive subunit interactions (Paulsen et al.,
2015). And this interaction may facility concerted conformational changes of channels.
Similar to this, the C-terminal coiled-coil domain of TRPM2 channels has also been
demonstrated to engage in subunit interaction and assembly of mature channels (Mei et al.,
2006). Therefore, these studies may provide hints to study high-resolution structure of
TRPM2 channels.
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protein subunit comprises six transmembrane segments (S1-S6), flanked by the intracellular

N- and C-termini with the pore-forming loop domain being located between S5 and S6.
ADPR is considered the primary gating molecule of TRPM2. It binds to the Nudix-like
domain (NUDT9-H) in the C-terminus and then causes the channel to open and allow
permeation of sodium and calcium ions into the cell. H,O,, cADPR and Ca®" also activate
TRPM2 channels (see text). (B) The TRPM2 N-terminus has four homologous regions (MHR)
followed by six TM segments. The C-terminus contains a NUDT9-H domain, a TRP box and
a coiled-coil domain (CC), which has been suggested to be critical for the homo-tetrameric

assembly of TRPM2. Figure redrawn from (Sumoza - Toledo and Penner, 2011).
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1. 5. 2 TRPM2 activation

TRPM2 is a Ca**-permeable nonselective channel that can be activated by diverse signals.
Notably, TRPM2 channel is activated by H,O, in many types of cells, including pancreatic 3-
cells (Cooper et al., 2013; Manna et al., 2015), microglial (Kraft et al., 2004) and endothelial
cells (Hecquet et al., 2008). In TRPM2-expressing cells, application of H,O, induces TRPM2
current and an increase in cytosolic Ca?* (Hara et al., 2002). Many studies so far have
indicated that TRPM2 channels can also be specifically gated by ADPR which can bind to
NUDT9-H region. This gating can be facilitated by cyclic adenosine diphosphate-ribose
(cADPR) and Ca** (Figure 1.5A). Upon binding of ADPR, TRPM2 channels open and allow
the permeation of extracellular Na*, K* and Ca* into the cell (Perraud et al., 2001; Sano et
al., 2001; Venkatachalam and Montell, 2007). The source of ADPR can be nucleus or
mitochondria. Mitochondria, as an important site for ADPR formation, contain 75% of cellular
NAD" (Di Lisa and Ziegler, 2001). In the mitochondria, ADPR is generated from NAD" by the
action of NAD" nucleosidase (NADase). Within the nucleus, ADPR is generated from NAD"
through the combined actions of Poly (ADP-ribose) Polymerase 1 (PARP1)/ Poly (ADP-
ribose) glycohydrolase (PARG) pathway (Fauzee et al., 2010) (Figure 1. 6).

As a PARRP inhibitor, PJ34 can indirectly inhibit TRPM2 channels by blocking the generation
of ADPR (Fonfria et al., 2004). 2-aminoethoxydiphenyl borate (2-APB) is a non-selective
cation channel blocker which can inhibit the current of TRPM2 channels (Togashi et al.,
2008). N-(p-amylcinnamoyl) anthranilic acid (ACA) is also used as an inhibitor for TRPM2
channels. Kraft et al have reported that ACA inhibits TRPM2 activity by modulating channel
gating. ACA, however, is also nonspecific as it can also inhibit TRPM8 and TRPM6 channels
(Kraft et al., 2006). Flufenamic acid (FFA) has been described as an efficient inhibitor for
TRPM2 channel. Hill et al reported that FFA could inhibit ADPR-induced current of TRPM2
channels (Hill et al., 2004). However, none of these inhibitors is fully specific for TRPM2
channels. Thus, to examine the role of TRPM2 channels, other methods such as knockdown

by siRNA should be combined with pharmacological inhibitors.

More recently, Yu et al reported that TRPM2 can also conduct Zn** ions in HEK293 and
Jurkat cells (Yu et al., 2012). Manna et al found activation of TRPM2 channels by H,O, can
increase cytosolic Zn** level in pancreatic B-cells (Manna et al., 2015). Therefore, both Ca*

and Zn®" should be taken into account when examining the functions of TRPM2 channels.
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generation in the nucleus involves activation of PARP/PARG pathway during oxidative DNA
damage. PARP-1 binds to the damaged DNA and catalyzes the cleavage of NAD"to ADPR.
ADPR is then polymerized onto various nuclear proteins, activating DNA repair mechanisms.
Free ADPR is generated following the degradation of ADPR polymers by PARG. Then these
free ADPR molecules enter the cytosol and activate plasma membrane or lysosomal TRPM2

channels to mediate Ca** entry and Ca®" release respectively. Figure redrawn from

(Sumoza - Toledo and Penner, 2011).
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1. 5. 3 Tissue distribution and subcellular localization

TRPM2 channels are highly expressed in brain (Jang et al., 2014); it is also expressed in
other tissues such as bone marrow, spleen and liver (Sumoza - Toledo and Penner, 2011).
Besides, they are found in different cell types, such as pancreatic 3-cells (Lange et al., 2009)
and endothelial cells (Hecquet et al., 2008). This widespread expression pattern implies a
significant role for TRPM2 channels in physiological and pathological functions. TRPM2
channels are generally located in the plasma membrane and mediate influx of Ca* upon
activation. However, recent studies have shown that TRPM2 channels are also localized to
intracellular organelles (Lange et al., 2009; Sumoza-Toledo et al., 2011). For example,
Lange et al reported localization of TRPM2 channels in the membrane of lysosome of
pancreatic B-cells (Lange et al., 2009). The authors demonstrated that lysosomal TRPM2
channels induce cell death by mediating Ca®* release from lysosomes in response to cADPR.
As TRPM2 channels can be activated by Ca** (Csanady and Térécsik, 2009), Ca*" influx
though the plasma membrane might activate lysosomal TRPM2 channels, thereby inducing
Ca’* release. However, this interplay between plasma membrane and lysosomal TRPM2

channels is poorly understood.

1. 5.4 TRPM2 channels in cell death

A major function of TRPM2 channels is to mediate death of many cell types, such as
pancreatic 3-cells, neuronal cells and endothelial cells. Due to the involvement of TRPM2 in
cell death, TRPM2 channels play essential roles in many human diseases like diabetes
(Uchida and Tominaga, 2014), neurodegenerative diseases (Naziroglu, 2011) and
cardiovascular diseases (Inoue et al., 2006). For example, it has been reported that lack of
TRPM2 channels impairs the insulin secretion and glucose metabolism in mice (Uchida et al.,
2011). Besides, it has been reported that H,O,-activated TRPM2 channels mediates
endothelial injury (Hecquet and Malik, 2009). All these studies implicated the intracellular
Ca?" overload as the mechanism triggering pathological outcomes. The role of Zn%, on the
other hand, in cell death is less well understood. A recent study has shown a role for Zn?in
H,O,-induced death in pancreatic B-cells (Manna et al., 2015). The authors reported that
upon activation, TPRM2 channels mediate Zn** release from the lysosomal stores and the
following rise in cytosolic Zn®* triggers the cell death. However, the authors also
demonstrated that the Zn** release mediated by TRPM2 is dependent on Ca®*. Thus,
interplay between Ca”** and Zn** appears to contribute to B-cell death. Interestingly, this
study has shown that chelation of Zn** alone is sufficient to prevent B-cell death, indicating

that Zn** plays a major role in H,0, induced B-cell death.
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Consistent with the role of TRPM2 channels in cell death, TRPM2 channels have been
shown to regulate caspase signalling. For example, activation of TRPM2 channels induces
activation of caspase-8, caspase-9 and caspase-3 in endothelial cells (Sun et al., 2012) and
hematopoietic cells (Zhang et al., 2006). These findings indicate the involvement of caspase
activation in TRPM2-mediated cell death. Mitochondria play an important role in cell death
induced by ROS (Orrenius, 2007). In diabetes, both glucose and fatty acid levels are
increased which have been demonstrated to elevate ROS levels, thereby leading to cell
death. However, as a ROS-sensitive ion channel, whether TRPM2 channels mediate
glucose and fatty acid-induced ROS-dependent cell death is still unknown. Besides, the role

of mitochondrial morphology and functions in this process needs to be examined.

1. 6 Mitochondria

1. 6. 1 Mitochondrial structure and dynamics

Mitochondria are at the centre of cellular energy metabolism. They also play essential roles
in regulating cell survival and death. They are double membrane, filamentous, tubular
organelles that provide energy to cells by mediating oxidation phosphorylation. Besides, they
are highly dynamic, constantly changing location and shape in cells (Chen and Chan, 2009).
Normally, mitochondria are located in the perinuclear region, however, under some
circumstances, mitochondria can translocate to a specific site, such as to the leading edge of
migrating cancer cells (Zhao et al., 2013). In addition to location change, mitochondria

undergo continuous fusion and fission to sustain a healthy network (Figure 1.7).

The fission of the outer membrane is mediated by dynamin-related protein 1 (Drpl) and its
receptors: fission protein 1 (Fis1), mitochondrial fission factor (Mff), mitochondrial dynamics
proteins of 49 and 51 kDa (MiD49 and MiD51) (Figure 1.7). Drpl is a member of the
dynamin family of proteins that can constrict cellular membranes that requires the GTPase
function of these proteins. Drpl assembles into a ring-like structure (Smirnova et al., 2001),
around mitochondria at a site pre-constricted by the ER tubules (Friedman et al., 2011; Yoon
et al., 2011). Drpl is primarily located in the cytosol with a small proportion being located on
mitochondria (Shin et al., 1997). When Drpl accumulates on the surface of mitochondria, it
mediates scission of the mitochondria, resulting in fission of the mitochondrial network via its
GTPase activity. However, increasing the levels of Drpl alone fails to cause mitochondrial
fission (Pitts et al., 1999), which suggests the existence of limiting factors or regulatory
mechanisms underlying Drpl induced mitochondrial fission. Fisl can bind to Drpl to
promote mitochondrial fission. Overexpression of Fisl could induce mitochondrial

fragmentation but requires intact Drpl function, indicating that Drpl and Fisl work
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cooperatively to mediate mitochondrial fragmentation (Yoon et al., 2003). Mff, MiD49 and
MiD51 promote Drpl recruitment and form rings surrounding mitochondria (Palmer et al.,
2011), which can facilitate mitochondrial membrane constriction. The mechanism by which
the inner membrane undergoes fission is less well understood. Whether Drpl mediated
constriction of outer membrane alone is sufficient to drive inner membrane scission remains

unclear.

As mitochondria are double membrane organelles, fusion occurs sequentially: fusion of the
outer membrane is followed by that of the inner membrane. Mitochondrial fusion is controlled
by mitofusins (Mfnl and Mfn2) and optic atrophyl (OPA1) (Figure 1.7). The Mfnl and Mfn2
orchestrate fusion of the outer membrane and are required for the maintenance of a tubular
mitochondrial network in cells (Mishra and Chan, 2014). OPA1, anchored in inner membrane,
mediates inner membrane fusion. Knockdown of OPA1 could prevent mitochondrial fusion
even with intact Mfn protein in the outer membrane (Cipolat et al., 2004). Thus, complete

mitochondrial fusion requires both outer and inner membrane fusion.

Mitochondrial morphology is dynamic and sensitive to metabolic alterations (Benard et al.,
2007). The balance of fusion and fission can be tipped in either direction by changes in
nutrient availability, causing mitochondria to become fragmented or hyper-fused. For
example, excess of glucose causes mitochondrial fragmentation and increased ROS
production in a Drpl-dependent fashion (Yu et al., 2006), while in response to glucose
withdrawal, Mfnl deacetylation promotes mitochondrial fusion to prevent excess ROS
production (Lee et al., 2014). Besides, in patients with T2D, Mfn2 transcript levels are
lowered, indicating that nutrient status can regulate mitochondrial dynamics in vivo (Bach et
al., 2005). Mitochondrial dynamics can regulate metabolism. For example, ablation of OPA1
causes mitochondrial fragmentation and death of pancreatic 3-cells, which impairs insulin
secretion and systemic glucose homeostasis (Zhang et al., 2011b). Deletion of Mfn2 in pro-

opiomelanocortin (POMC) neurons causes severe obesity (Schneeberger et al., 2013).
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Figure 1. 7 Mitochondrial fusion and fission machinery (A) Fission machinery. Fisl
(light purple block arc), Mff (red oval) and MiD49/51 (orange and dark purple oval) are
localized uniformly to the mitochondrial membrane, whereas Drpl (red oval) is localized to
the cytosol as well as mitochondria. In response to a stimulus such as stress, Drpl is
recruited to constriction sites pre-constricted by ER (purple curve) that leads to
mitochondrial fission. (B) Fusion mechanism. Mfn is a mitochondrial outer membrane protein
with a cytosolic GTPase domain (purple oval) and two coiled coil regions (light blue
magnetic disk). The C-terminal coiled coil mediates oligomerization (homo- and heterotypic)
between Mfn molecules on adjacent mitochondria. OPALl (blue oval) is a GTPase in the
intermembrane space. Mfns and OPA1 coordinate mitochondrial fusion. Figure redrawn from
(Mandemakers et al., 2007).
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1. 6. 2 Regulation of mitochondrial morphology by Ca®" and Zn?*

As an essential intracellular second messenger, Ca** homeostasis is closely related to
mitochondria dynamics. Extensive studies have demonstrated that disrupted Ca?
homeostasis leads to mitochondrial fragmentation (Jeyaraju et al., 2009; Kaddour-Djebbar et
al., 2010; Rintoul et al., 2003). Though a role for cytosolic Ca?* elevation in triggering
mitochondrial fission has been observed (Duncan et al., 1980), recent studies have indicated
that excessive mitochondrial Ca*" uptake is more important for mitochondrial fragmentation
compared to the global Ca*" increase (Hajnoczky et al., 2006; Rapizzi et al., 2002). For
example, when endothelial cells are exposed hyperglycaemic conditions, mitochondrial Ca**
overload and mitochondrial fragmentation occurs (Paltauf-Doburzynska et al., 2004). Further
studies indicated that Ca** induced mitochondrial fragmentation is dependent on Ca®*
induced mPTP opening (Vander Heiden et al., 1997) as inhibition of mPTP by cyclosporine
A, an agent that desensitizes the PTP opening, could prevent Ca*" induced mitochondrial
fragmentation (Cereghetti et al., 2010). Activation of mPTP can result in swelling of
mitochondrial matrix and release of the apoptogenic proteins from the intermembrane space
(Kokoszka et al., 2004). Mitochondrial protein, 18kDa (MTP18) is an intermembrane space
protein anchored to the IMM. Overexpression of MTP18 has been shown to induce
mitochondrial fragmentation, suggesting a role for MTP18 in maintaining the integrity of
mitochondrial structure (Tondera et al., 2005). MTP18 is also a downstream effector of Ca?*-
mediated signalling pathways, such as PI-3K (Danciu et al., 2003; Tondera et al., 2004).
Thus, MTP18 could regulate mitochondrial dynamics in response to changes in

mitochondrial Ca?* uptake.

There are two sources of Ca? for mitochondrial uptake: cytosolic Ca** and intracellular
organelle Ca®*. Crosstalk between ER and mitochondria during Ca**-mediated mitochondrial
fission has been reported (Breckenridge et al., 2003; Rizzuto et al., 2009; Romagnoli et al.,
2007). As the most important intracellular Ca?* store, ER plays a crucial role in regulating
mitochondrial Ca** level, thereby affecting mitochondrial morphology (Breckenridge et al.,
2003). The authors of this study showed that Ca®* release from ER is accompanied by the
uptake of Ca®" into mitochondria, recruitment of Drpl and mitochondrial fragmentation in
epithelial and lung carcinoma cancer cells. However, so far, the crosstalk between other
organelles and mitochondria has not been reported. Apart from the ER, some acidic
organelles, such as lysosomes, have been suggested to serve as intracellular Ca** stores
(Haller et al., 1996; McGuinness et al., 2007). Lysosomes are generally responsible for
degradation and recycling of cellular waste (Settembre et al., 2013), however, under certain

conditions, lysosomes can contribute to cellular Ca?" signals. For example, it has been
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shown that neutralisation of lysosomes can induce Ca?* release from lysosomes to cytosol,
thereby increasing intracellular Ca?* level (Christensen et al., 2002). Besides, the crosstalk
between ER and lysosomes in regulating intracellular Ca?* signal has been demonstrated
(L6pez-Sanijurjo et al., 2013). However, mitochondrial Ca?* uptake from lysosomes has not
been demonstrated so far. In mammalian cells, very little Zn®* exists in free form in the
cytosol. It is stored in at least three pools. First, Zn®" binds tightly to metalloproteins as a
structural component. Second, Zn?" is bound to metallothioneins. Third, Zn** can accumulate
in the lumen of cytoplasmic vesicles, secretory granules and intracellular organelles (Kambe
et al., 2004). Lysosome is one of these organelles that accumulate Zn*" (Kukic et al., 2014).
Cytosolic Zn* homeostasis is regulated by Zn?* transporters, including two families: ZnT and
IRT-like protein (ZIP) (Kambe et al., 2004). It has been demonstrated that Zn®* can be
transported from cytosol to lysosomes by ZnT2 and ZnT4, thereby leading to accumulation
of Zn?" in lysosomes (Falcon-Pérez and Dell'Angelica, 2007; McCormick and Kelleher, 2012).
Zn** dys-homeostasis has been demonstrated to induce mitochondrial fragmentation (Park
et al., 2014). The authors of this study reported that a Parkinson’s disease-associated
human ATPase (ATP13A2) mutant located in the lysosomal membrane results in Zn?* dys-
homeostasis, thereby leading to mitochondrial dysfunction. 3-isobutyl-1-methylxanthine
(IBMX), which can prevent Drpl accumulation in mitochondria, rescued the Zn®" induced
mitochondrial fragmentation, implying the role of Drpl in Zn?' induced mitochondrial

fragmentation. However, the relationship between Zn?* and Drp1 is unclear.

1. 6. 3 Mitochondrial membrane potential (A¥Ym)

The reducing equivalents (NADH and FADH2) that are produced from the TCA cycle are re-
oxidized via a process that involves transfer of electrons through the electron transport chain
(ETC) and translocation of protons across the mitochondrial inner membrane, creating an
electrochemical gradient termed AWm. AWm is critical for maintaining the physiological
function of the respiratory chain, that is to generate ATP. The AWYm value needs to be
maintained in an appropriate range. Low AWm impairs the ATP production while high AWm
could generate significant amount of ROS (Finkel, 2012). Therefore, both reduction of AWYm
or increase of AWm can result in mitochondrial dysfunction, release of apoptogenic factors,
and cell death (Ly et al., 2003). The involvement of AWm in cytochrome c release has been
demonstrated in a number of apoptotic systems (De Giorgi et al., 2002), including in
palmitate induced B cell apoptosis (Peng et al., 2012).Dissipation of AWm also precedes
cytokine-induced apoptosis (Barbu et al., 2002).

A relationship between mitochondrial morphology and AWm has been reported.

Mitochondrial fission generally produces two uneven daughter organelles, one with higher
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AWm and another with lower AWm. It has been shown that the daughter mitochondria with
low AWm have reduced level of OPA1 and re-fusion activity (Westermann, 2012), indicating
the essential role of AWm in mitochondrial dynamics. There is evidence that mitochondrial
fusion is strongly inhibited by dissipation of AWm (Ishihara et al., 2003; Legros et al., 2002)
and the reduced mitochondrial fusion could lead to cell death (Westermann, 2010).

Therefore, A¥Ym and mitochondrial dynamics, play an important role in cell death.

1. 6. 4 Regulation of AWm by Ca** and Zn**

It has been reported that elevated mitochondrial Ca?* uptake could induce loss of AWm
which is accompanied by ROS production in mitochondria (Baumgartner et al., 2009).
Sudden Ca?** increase induces a transient decrease in AWm in isolated mitochondria
(Brustovetsky and Dubinsky, 2000). Further studies indicated that dissipation of AWm is
dependent on Ca*-induced mPTP opening (Basso et al., 2005; Starkov et al., 2004).
However, there are other studies that suggest that Ca®* signalling does not affect AWm
(Chalmers and McCarron, 2008; Collins et al., 2001). For example, in muscle cells, Ca*
oscillations failed to induce AWm change (Chalmers and McCarron, 2008). Therefore, the
impact of Ca** signals on AWYm could depend on the cell type and the characteristics of the

Ca** signal.

A role for Zn? in mPTP opening (Jiang et al., 2001) and loss of AWm (Sensi et al., 2003) has

also been reported. However, the underlying molecular mechanism is unclear.

1. 6. 5 Mitochondria and intrinsic apoptosis pathway

Multicellular organisms have evolved a self-demise mechanism to remove damaged,
infected and unwanted cells. This programmed cell death is called apoptosis. It is
characterized by shrinkage of the cell, chromatin condensation and nuclear fragmentation
(Ly et al., 2003). A critical part of apoptosis is the activation of caspases that cleave many
cellular substrates to result in cell suicide (Earnshaw et al., 1999). Caspases exists as
inactive proenzymes and are divided into two groups: initiator caspases and effector
caspases (Salvesen and Riedl, 2008). The initiator caspases include caspases 2, 8, 9 and
10 that can activate effector caspases. The effector caspases, such as caspase 3, 6 and 7
can cleave other protein substrates to elicit apoptosis (Lakhani et al., 2006; Mcllwain et al.,
2013). There are two major apoptotic pathways: intrinsic and extrinsic pathways (Figure 1. 8).
Both pathways converge on the activation of effector caspase cascade (Elmore, 2007).The
intrinsic pathway is also called the mitochondria pathway in which mitochondria are the
central decision makers. Mitochondria are not only the site where the anti-apoptotic and pro-
apoptotic proteins interact and determine the cell fate, but also the site where signals
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initiating the caspases activation, such as cytochrome c, are generated (Wang and Youle,
2009). Cytochrome c is an essential component of the ETC, but also plays essential roles in
apoptosis (Hiuttemann et al., 2012). Under apoptotic stimuli, such as excessive ROS (Atlante
et al., 2000), cytochrome c is released from IMM and then forms a complex with Apoptotic
Peptidase Activating Factor 1 (Apaf-1) which then binds pro-caspase 9 to form a protein
complex known as apoptosome. The apoptosome then cleaves pro-caspase 9 to active form,
caspase 9, that in turn activates caspase 3 to induce apoptosis (Bao and Shi, 2007). Intact
mitochondrial structure and function is essential for cells to survive while disruption of
mitochondrial network by excessive mitochondrial fission or impaired fusion is a common
feature of apoptosis (Arnoult, 2007; Karbowski and Youle, 2003; Knott et al., 2008). For
example, alteration of mitochondrial structure caused by depletion of OPA1 is associated
with the release of cytochrome c into the cytosol and subsequent induction of apoptotic cell
death (Olichon et al., 2003). Inhibition of mitochondrial fragmentation by dominant-negative
Drpl mutant could prevent stimuli-induced nuclear DNA fragmentation as well as the
decrease of AWm, suggesting a close relationship between mitochondrial structure and
AWm (Landes et al., 2010). Bax is an important pro-apoptotic protein in apoptotic pathway
(Wei et al., 2001). Studies have revealed that Bax can translocate to the OMM from cytosol
upon induction of apoptosis (Rahman et al., 2000; Wolter et al., 1997) and concentrate to the
sub-mitochondrial punctate foci (Nechushtan et al., 2001) associated with mitochondrial
fragmentation (Capano and Crompton, 2002; Karbowski et al., 2002). Besides,

overexpression of Bax induces mitochondrial fragmentation (Ashktorab et al., 2004).

The loss of AWm is also an essential marker for apoptosis. Apoptosis-inducing factor (AIF) is
a pro-apoptotic protease located in the mitochondrial intermembrane space. Upon induction
of apoptosis, AIF is released to the cytosol and translocate to the nucleus to induce
chromatin condensation (Susin et al., 1999). A number of studies have correlated AIF
translocation with AWm alteration (Jeong et al., 2011; Pardo et al., 2001). For example, in
SH-SY5Y cells, oxygen and glucose deprivation (OGD) induced loss of AWm is
accompanied with AIF translocation and subsequent apoptosis (Zhang et al.,, 2011a).
However, the molecular mechanism by which dissipation of AWYm causes AIF release is less

clear.

1. 6. 6 Role of Ca?* and Zn*" in intrinsic apoptosis

Studies have shown that Ca** plays a pivotal role in mitochondrial apoptosis pathway. It has
been demonstrated that Ca®* release from the ER can induce a marked release of
cytochrome c from IMM and thereby increase apoptosis (Szalai et al., 1999). Furthermore,

remodelling of mitochondrial cristae has been implicated in apoptosis which is dependent on
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Ca?*-induced mPTP opening (Webster, 2012). Calpain is a Ca?'-dependent cysteine
protease. It has two isoforms: p-calpain and m-calpain, which differ in terms of their Ca?*
requirements. Calpain has been shown to activate tBid (Mandic et al., 2002), a pro-apoptotic
protein which induces cytochrome c release (Korsmeyer et al., 2000). In addition to calpain,
overexpression of calcineurin, a Ca?’-dependent protein phosphatase, has been

demonstrated to potentiate procaspase-3 activation in HEK293 cells (Saeki et al., 2007).

Zn** overload can lead to irreversible inactivation of matrix enzymes in mitochondrial
respiration (Gazaryan et al., 2007). Moreover, Zn** can induce mPTP opening and
subsequent cytochrome c release (Bossy-Wetzel et al., 2004; Jiang et al., 2001). A recent
study has demonstrated that cytosolic Zn** level is progressively increased in hippocampal
slices during oxygen glucose deprivation (OGD). Rise in cytosolic Zn* was rapidly followed
by the uptake of Zn** into mitochondria, which then led to depolarization of mitochondrial
membrane and cell death. Removal of Zn** with chelators facilitated the recovery of AWm
and tolerance to OGD (Medvedeva et al., 2009).

1. 6. 7 Extrinsic apoptosis pathway

The extrinsic apoptosis pathway is activated from the outside of the cell by pro-apoptotic
ligands that interact with specialized cell surface death receptors (Elmore, 2007). Upon
activation by certain ligands, such as tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), receptors can form the death-inducing signalling complex (DISC) by recruiting the
adaptor Fas-associated death domain (FADD) and procaspases 8 and 10, leading to
activation of these initiator caspases. Activation of caspases 8 and 10 leads to activation of
executioner caspases 3, 6 and 7, which ultimately cause apoptosis (Figure 1. 8). Although
mitochondria are less important for extrinsic apoptosis compared to intrinsic pathway, a role
of mitochondria-mediated intrinsic pathway in amplifying extrinsic apoptosis has been
suggested (Degli Esposti et al., 2001; Kuwana et al., 1998). For example, in a cell with low
level of DISC formation, the intrinsic pathway can be recruited by caspase 8. Upon activation,
caspase 8 can activate tBid which then translocate to mitochondria and induce cytochrome ¢
release to amplify extrinsic apoptosis (Li et al., 1998). Moreover, it has been shown that
activation of cell surface death receptors can cause Ca** release from ER and lead to Drp1-
mediated mitochondrial fission, thereby leading to cytochrome c release and apoptosis
(Breckenridge et al., 2003). These studies provide evidence for the crosstalk between

intrinsic and extrinsic apoptotic pathway.
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1. 6. 8 Role of Ca®" in extrinsic apoptosis

Although Ca** plays a critical role in the intrinsic apoptosis, it has been demonstrated that
Ca?* could induce mitochondria-independent apoptosis through calpain (NakagawaT, 2000).
The authors of this study reported that activation of calpain by Ca?" activates caspase 12
and the subsequent caspase 3 activation. Caspase 12, predominantly localized to the ER,
has been shown to mediate an ER-specific apoptosis pathway independently of
mitochondria (Nakagawa et al., 2000). This pathway allows execution of apoptosis to

proceed without recruitment of mitochondria.
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Figure 1. 8 Schematic representation of the main molecular pathways leading to
apoptosis In the intrinsic pathway, in response to cellular stresses, such as nutrient
overload and DNA damage, cytochrome c (orange) is released from the mitochondria
leading to the formation of the apoptosome (dashed black oval) and activation of caspase 9.
In the extrinsic pathway, upon ligand binding to specific receptors, such as TNF receptor, the
DISC complex is formed and caspase 8 (blue rounded rectangle) is activated. Both
Caspase 9 and 8 then activate downstream caspases such as caspase 3 leading to

apoptosis. Figure redrawn from (Favaloro et al., 2012).
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1. 7 Cell migration

As mentioned above, cancer cell migration and invasion into adjacent tissues and
intravasation into circulation is a critical step in cancer metastasis (Friedl and Wolf, 2003;
Reymond et al., 2013). Previous in vitro and in vivo observations have shown that tumour
cells infiltrate neighbouring tissues via diverse mechanisms. They can disseminate from
primary tumours as individual cells, referred to as ‘single cell migration’ or spread as groups,
called ‘collective cell migration’ (Friedl and Wolf, 2003). In many tumours, both single cell
migration and collective migration are simultaneously present while epithelial tumours
commonly use collective migration mechanisms; examples include prostate cancer (Cui and
Yamada, 2013) and breast cancer (Friedl and Gilmour, 2009). In principle, the lower the
differentiation stage, the more likely the tumour is to disseminate via individual cells (Thiery,
2002). To migrate, the cell body must modify its shape to adjust with the surrounding
environment. Cell migration results from a continuous cycle of interdependent steps:
polarization of migrating cells, formation of leading edge and protrusions, assembly of new
focal adhesions, contraction of cell body and disassembly of focal adhesions at the rear of
migrating cells (Sheetz et al., 1998). Studies have shown that certain cytokines and growth
factors contribute to cancer migration by affecting distinct steps. For example, autocrine
motility factor (AMF) is a tumour-secreted cytokine that can induce melanoma cell migration
by regulating protrusion formation (Tsutsumi et al., 2002); insulin-like growth factor-1 (IGF1)
can induce breast cancer cell migration through regulation of focal complex dynamics
(Guvakova and Surmacz, 1999). Since regulation of cancer cell migration is complex and
involves a large number of molecules, a better understanding of how individual steps in cell

migration are regulated is required.

1.7. 1 ROS in cell migration

EGF is a chemo-attractant that mediate migration of breast cancer and cervical cancer
(Chen et al., 2011; Wang et al., 2004). Studies have reported that EGF induced cancer cell
migration is dependent on ROS production (Binker et al., 2009; Cho et al., 2014). ROS can
regulate MMP expression, thereby affecting cancer cell migration (Zhang et al., 2002).
Adhesions are dynamic structures that must be assembled at the leading edge and
disassembled at the cell rear for efficient migration. The effects of ROS on focal adhesion
dynamics have been described in numerous studies (Chiarugi and Fiaschi, 2007; Mahdi et
al., 2000). For instance, ROS can induce tyrosine phosphorylation of focal adhesion kinases
(FAK) (Mahdi et al., 2000) thereby inducing focal adhesion formation (Chiarugi et al., 2003).

In addition to focal adhesions, several reports have implicated ROS in cytoskeleton
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remodelling in carcinoma cells (Diaz et al., 2009; Kim et al., 2009b). For example, NOX-
mediated ROS generation has been shown to be necessary for the formation of invadopodia
that are required for cancer cell invasion (Diaz et al., 2009); Direct H,O, application induces
disruption of actin cytoskeleton in L929 fibrosacoma cells (Préville et al., 1998). In summary,
regulation of cell migration by ROS is attributed to the effects on different aspects, not a

single stage in moving cells.

1. 7. 2 Role of Ca?**, Zn®" and TRP channels in cell migration

Ca?* signalling is important for cell migration but the effects on cell migration are dependent
on microenvironments and physiology of different cells. For example, in breast cancer cells,
Ca®* elevation increases turnover of focal adhesions, thereby inducing cell migration (Yang
et al., 2009a), while in prostate cancer cells, Ca** elevation decreases cell migration by
inactivating FAK (Yang et al., 2009b). Besides, recent studies demonstrated that Ca**
gradient is more important for cell migration compared to global Ca** increase (Fabian et al.,
2008; Tsai et al., 2014). In renal epithelial cells, Ca®* gradient appears to mediate polarity
formation and cell migration as increase of global Ca®* by Ca®" ionophore failed to induce
cell migration (Fabian et al., 2008). Nevertheless, it is still unclear whether cancer cells

develop a Ca®* gradient to mediate cell migration.

Zn*" also plays an important role in cell migration (Jin et al., 2015; Kagara et al., 2007). For
example, it has been demonstrated that Zn?* and its transporter mediates breast cancer cell
invasion (Kagara et al., 2007). Consistent with a role for Zn? in cancer, elevated
concentrations of Zn?* have been observed in numerous cancers such as liver carcinomas
(Costello et al., 2004). However, the function of the elevated Zn®" in tumour progression is

poorly understood.

As TRP channels are important Ca®-entry pathways, the role of several TRP channels in
cell migration has been demonstrated. According to a recent study (Pla et al., 2011), TRPV4
expression is significantly up-regulated in human breast cancer endothelial cells compared
to that of normal endothelial cells. Activation of TRPV4 mediates Ca** entry and induces
carcinoma endothelial cell migration, but not normal endothelial cells. Besides, the authors of
the study observed that actin remodelling occurs upon TRPV4 activation. TRPM7 mediated
Ca®* flickers in migrating fibroblast cells have also been demonstrated (Wei et al., 2009).
TPRC5 and TRPC6 are also involved in cell migration (Tian et al., 2010). By mediating Ca**
entry into fibroblasts, TRPC5 induces Rac1l activation and TRPC6 induces RhoA activation.
Racl promotes cell migration whereas RhoA has an opposite effect. Thus, there is
antagonistic regulation of cell motility by TRPC5 and TRPC6 channels. In addition to Ca*",
some TRP channels associated with cell migration are also permeable to Zn*"; these include
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TRPM7, TRPC6 and TRPM2 (Nilius and Szallasi, 2014). Whether Zn?* plays a role in cell

migration mediated by these TRP channels is yet to be investigated.

1. 7. 3 Actin remodelling and focal adhesion dynamics in cell migration

Cell migration requires cyclical changes in actin cytoskeleton and focal adhesions. During
cell migration, actin protrusions are formed at the leading edge: filopodia are responsible for
sensing extracellular signals and lamellipodia allow the cells to migrate forward and form
new focal adhesions. At the rear of migrating cells, stress fibres mediate focal adhesion
disassembly and consequent rear release. Continuous remodelling of actin cytoskeleton and
focal adhesions is required for directional cells migration (Figure 1.9). The characteristics

and regulation of actin remodelling and focal adhesion dynamics will be discussed below.

<< ECM « Filopodia
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@® Nucleus v Lamellipodia
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v

Figure 1. 9 Schematic representation of cell migration Cell migration can be divided in 4
steps along the direction of migration. (i) filopodia and lamellipodia are formed at the leading
edge of migrating cells to sense the motile stimuli and induce cellular extension respectively;
(i) lamellipodia mediate new focal adhesion formation at the leading edge; (iii) stress fibres
mediate focal adhesion disassembly and rear release allowing forward progression; (iv)

recycling of the actin cytoskeleton and focal adhesion remodelling.
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1. 8 Actin remodelling

The cytoskeleton helps cells maintain cell shape and internal organization. It is composed of
three major filament systems: F-actin microfilaments, microtubules and intermediate
filaments. Of these three structures, the actin cytoskeleton has been well studied during the
last several decades. Actin cytoskeleton is a highly dynamic structure and undergoes
assembly and disassembly constantly by a process termed as actin remodelling. Actin
remodelling plays an important role in cell migration, macrophage phagocytosis, lipoprotein
degradation and protein trafficking (Ho6ltta-Vuori et al., 2012; Johnson et al., 2012; Sander et
al., 1999; Yokoyama et al., 2011). Thus, the regulation of actin remodelling is essential for

maintaining multiple cellular functions.

1. 8. 1 Actin polymerization and de-polymerization

Actin remodelling involves actin polymerisation and depolymerisation (Figure 1. 10). During
actin polymerisation, G-actin, which is an Mg”/ATP-bound subunit, is assembled into the
growing filaments at the positive (+) end. There are three main promoters contributing to this
process which comprise formin families, Ena/VASP and 54rofiling families. However, in
contrast to formin and 54rofiling which directly bind to G-actin and then push G-actin to the
extending filaments, the Ena/VASP exerts its function by keeping the positive end out of
inhibitory cap-proteins (Defilippi et al., 1999; Huber et al., 2003; Pollard and Borisy, 2003).
Proteins from the WASP-ARP2/3 family promote generation of F-actin branches. These
branches subsequently generate mesh works which are important for lamellipodia formation.
Actin de-polymerization involves shedding of G-actin from the existing fibres. Proteins of the
cofilin family could sever filaments and promote G-actin dissociation from the negative (-)
ends. It has been shown that calcium influx regulates functions of actin-regulating proteins,
such as 54rofiling and cofilin in conjunction with PI-3K and inositol phosphates (Rousseau et

al., 2000). PI-3K lies downstream of RhoA which is a main regulator of stress fibre formation.

1. 8. 2 Stress fibres, filopodia, lamellipodia and relevant Rho GTPases

By rapidly switching between actin polymerization and de-polymerization, actin cytoskeleton
could form three different structures: stress fibres, filopodia and lamellipodia (Figure 1. 9).
Formation of these three types of actin is regulated by RhoA, Cdc42 and Rac which belong
to the Rho GTPase family (Nobes and Hall, 1995). Stress fibres are long actin filaments
spanning across the whole cell. Formation of stress fibres is mediated by RhoA. Filopodia
are spike-like membrane projections arranged into tight bundles which are mainly regulated

by Cdc42. Lamellipodia are brush-like cytoplasmic protrusions in the proximity of the plasma

54



membrane which is regulated by Rac. Lamellipodia contributes to focal contact point
formation. All these three structures are crucial to the actin-based cell motility.

N < | <
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(<) Cofilin Profilin, (+)
< Formin,
ARP2/3 Ena/Vasp
) Wasp ,
Retraction through Elongation through
de-polymerization and polymerization

Branching of F-actin to

retrograde flow generate meshworks
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Figure 1. 10 Schematic representation of regulation of actin assembly and
disassembly F-actin fibres are elongated at their positive end by proteins of the 55rofiling,
Ena/VASP, and formin families, which promote polymerization of G-actin into long F-actin
strings. At the negative end of the actin-filament, cofilin depolymerizes and shortens the
actin string. Branching of F-actin filaments is mediated by ARP2/3 complex and WASP
family. Figure reproduced from (De Smet et al., 2009).
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1. 8. 3 Role of Ca** and TRP channels in actin remodelling

The regulation of actin filaments by Ca®" has been extensively studied. It has been shown
that Ca®" oscillation induces cortical actin oscillations that in turn efficiently regulate
exocytosis in mast cells (Wollman and Meyer, 2012). In this study, the authors demonstrated
that Ca®" induces cortical actin change by recruiting N-WASP. In primary neurons, Ca®*
influx could induce 56 rofiling targeting to dendritic spines thereby stabilizing the actin
structures (Ackermann and Matus, 2003). The authors of this study demonstrated that the
effect of 56rofiling on actin is dependent on the interaction with VASP/MENA family. It was
suggested that Ca®* can affect actin cytoskeleton through activating various actin regulatory
proteins (Oertner and Matus, 2005). TRP channels have been reported to regulate actin
remodelling by mediating Ca®* influx. For instance, Ca** influx through TRPC1 activates the
phosphatase calcineurin, which relays the signal to Slingshot (Wen et al., 2007). Slingshot
dephosphorylates cofilin, which thereby promotes actin filament severing (Huang et al.,
2006). TRPM7 has also been shown to promote cytoskeletal remodelling by inducing
phosphorylation of myosin Il heavy chains. However, the authors suggested that these
cytoskeletal effects were largely TRPM7 associated kinase dependent, as a catalytically
inactive mutant of TRPM7 maintained normal channel function but failed to induce actin
remodelling. Since the interaction between the kinase and its substrate is facilitated by Ca?*
influx (Clark et al., 2006), it remains unclear whether channel activity is completely
dispensable. A recent study indicated that TRPC5 and TRPC6 regulate different actin types
by mediating Ca?* influx. It was demonstrated that TRPC5-mediated Ca®" induces stress
fibre formation while TRPC6-mediated Ca?* has an opposite effect (Tian et al., 2010). The
authors suggested that different levels and durations of intracellular Ca** signals can

produce different impacts on actin cytoskeleton.

1. 8. 4 Role of filopodia in cellular function

Filopodia are finger-like protrusions generally protruding from the lamellipodial actin network
(Lewis and Bridgman, 1992). Filopodia are described as ‘antennae’ that are used to probe
the extracellular signals from the environment (Mattila and Lappalainen, 2008). In addition,
filopodia have been implicated in other cellular processes, such as cell-cell adhesions
(Arjonen et al., 2011) and neuron growth (Chien et al., 1993). However, the role of filopodia

in directional cell migration (Jones, 2000) is perhaps the best characterized.

1. 8. 4. 1 Probing the extracellular signal

Filopodia are closely linked to the directional cell migration because filopodia are responsible

to sense extracellular signals, such as chemo-attractants (Ridley et al., 2003). Filopodia
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contain receptors for diverse signalling pathways, therefore, they act as sites for signal
transduction. A number of studies have demonstrated that invasive cancer cells are enriched
in filopodia (Machesky, 2008; Vignjevic et al., 2007). In addition to the role in cell migration,
filopodia formation also plays an essential role in immune cell phagocytosis. Macrophages
form filopodia to bind to pathogen and then pull the bound pathogen towards the
macrophage cell body. Therefore, inhibition of filopodia formation reduces the rate of

phagocytosis (Niedergang and Chavrier, 2004; Vonna et al., 2007).

1. 8. 4. 2 Cell-cell adhesion

Filopodia are also central to the proper alignment and attachment of cells during embryonic
development. In a sheet of epithelial cells, filopodia, protruding from the opposing cells, help
the cells to align and adhere to each other (Jacinto et al., 2000). This function is also
essential in wound healing. During wound healing, studies have shown that filopodia operate
as “knitting” to help the epithelial cells form adhesion at the end of repair (Abreu-Blanco et al.,
2012; Redd et al., 2004).

1. 8. 4. 3 Filopodia in neuron

Filopodia in neurons help the growth cones to navigate their environments and sense cues
as to the direction of migration and destination (Gallo and Letourneau, 2004). Growth cone
filopodia orient toward a gradient of guidance cues, an event that precedes the extension
(Dent et al., 2007), turning, or branching of the growth cone—tipped neurite toward chemo-
attractants (Zheng et al., 1996). Furthermore, it has been shown that filopodia that protrude
from the lengths of the dendrites might be the initiating events in the formation of post-
synaptic structures, which specialize in conveying responsiveness to neurotransmitter
release (Cingolani and Goda, 2008; Jontes et al., 2000).

1. 8. 5 Role of small Rho GTPases in filopodia formation

Members of the Rho family of GTPases function as molecular switches by cycling between
an inactive (GDP-bound) and active (GTP-bound) state. Cycling is controlled by a large
group of guanine-nucleotide-exchange factors (GEFs), which catalyse the exchange of GDP
for GTP, and by GTPase-activating proteins (GAPSs), which promote the hydrolysis of GTP to
GDP (Bos et al., 2007). Rho GTPases regulate multiple cellular functions, such as cell
polarity (Iden and Collard, 2008), vesicle trafficking (Symons and Rusk, 2003) as well as cell
migration (Raftopoulou and Hall, 2004; Ridley, 2001), among which the regulation of actin
cytoskeleton is a prominent one (Ridley, 2006). There are two Rho GTPases that are

involved in filopodia formation: Cdc42 and Rif.
1.8.5.1Cdc42
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The Rho GTPase Cdc42 is a key mediator of filopodia formation. Cdc42 interacts with
multiple proteins to mediate filopodia formation. The two main pathways regulated by Cdc42
that contribute to filopodia formation are insulin-receptor substrate p53 (IRSp53) pathway
and WASP-ARP2/3 pathway. Cdc42 binds and activates IRSp53 to recruit its effector MENA
to the filopodia tip and protects filopodia from capping (Krugmann et al., 2001). In addition to
IRSp53 signalling pathway, Cdc42 regulates WASP-ARP2/3 pathway to trigger filopodia
formation. Because ARP2/3 complex binds to pre-existing actin filaments and nucleates
actin polymerization, it is essential for actin filament nucleation and branch formation. Cdc42
can activate WASP family, thereby inducing activation of ARP2/3 (Rohatgi et al., 1999).
Thus, by inducing ARP2/3 complex, Cdc42 regulates the formation of filopodia.

1.8.5. 2RIF

More recently, another small GTPase, termed Rho in filopodia (RIF), was reported to
mediate filopodia formation (Pellegrin and Mellor, 2005). Rif mediated filopodia formation
pathway does not require Cdc42 activation. Besides, filopodia produced by Rif are distinct
from those triggered by Cdc42. Cdc42 triggers short filopodia, generally arising from
lamellipodia at the periphery of the cells (Svitkina et al., 2003). On the contrary, Rif induced
filopodia are longer, generally associated with the apical surface of the cells and do not arise
from lamellipodia (Pellegrin and Mellor, 2005). Further work from the same group
demonstrated that Rif triggers filopodia formation through Diaphanous-related formin-2
(mDia2), which promotes nucleation and elongation of linear F-actin that are essential for

filopodia formation.

1. 8.6 Ca®" and Zn?" in regulation of filopodia dynamics

Ca®" in regulation of filopodia dynamics has been extensively investigated. However, most of
these studies focused on neurons. For example, increase in cytosolic Ca®* regulates
elongation of neuronal growth cone filopodia, thereby affecting the territory of growth cones
(Rehder and Kater, 1992). Another study showed that local Ca** transients affect dendritic
filopodia dynamics. The authors of this study found low levels of local Ca* transients
facilitate filopodia outgrowth while high levels inhibit the formation of filopodia (Lohmann et
al., 2005). In other cell types, Ca®" can affect multiple actin-related proteins to regulate
filopodia formation, such as cofilin and myosin (Taylor et al., 1989; Wang et al., 2005).
Cofilin is an F-actin severing protein (Huang et al., 2006) and myosin is a main regulator of
filopodia formation (Bohil et al., 2006). In prostate cancer cells, it has been shown that
inhibition of Ca?'/calmodulin dependent protein kinase (CaMKII) increases the frequency and
length of filopodia, indirectly supporting the inhibitory role of Ca?" on filopodia formation

(Wang et al., 2010). So far, the effect of Zn®>* on filopodia formation has not been
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demonstrated. As Zn** mediates diverse signalling pathways, it is possible that Zn* could
affect filopodia formation. Zn?*, however, has been shown to affect actin cytoskeleton. In
Madin-Darby canine kidney (MDCK) cells, application of Zn®" disrupts stress fibres (Mills et
al., 1992). Moreover, it has been demonstrated that Zn®* can induce PKC translocation from
cytosol to actin cytoskeleton (Zalewski et al., 1991). Since PKC can affect actin cytoskeleton
(Ren et al., 2009), Zn** might affect actin cytoskeleton through regulation of PKC activity.
Further studies are required to explore the role of Zn** in actin cytoskeleton dynamics.
TRPM2 channels are permeable to both Ca* and Zn*" which are important actin regulators.
Thus it is likely that TRPM2 channels might play a role in the dynamics of actin cytoskeleton

by affecting the homeostasis of Ca** and Zn?".

1. 9 Cell adhesions

During cell migration, in addition to generating filopodia, cells also establish new cell
adhesions to ECM at the leading edge. These cell adhesions are termed focal complex,
focal adhesions and 3-D matrix adhesions, depending on their size, cellular localization and
composition (Wozniak et al., 2004). Focal complexes are regulated by Rac and Cdc42 and
are generally found at the cell periphery of migrating cells (Nobes and Hall, 1995). Focal
adhesions are found both at periphery and centrally, and are associated with the end of
stress fibres (Zamir and Geiger, 2001), while 3-D matrix adhesions are formed in cells
adhering to 3-D fibronectin (Cukierman et al., 2001) or collagen gel (Tamariz and Grinnell,
2002; Wozniak et al., 2003). Cell adhesions not only provide a physical contact between
ECM and cells, but also mediate signal transduction to trigger different cell behaviours, such
as cell death, migration and cell proliferation (Caltagarone et al., 2007; Nagano et al., 2012;
Provenzano and Keely, 2011). Therefore, understanding the composition and dynamics of

focal adhesions will provide useful information for therapy development.

1. 9. 1 Composition of focal adhesions

Focal adhesions are composed of multiple proteins, such as scaffolding molecules, kinases
and phosphatases (Figure 1. 11). The scaffolding molecules include p130Cas, paxillin and
Crk. These scaffolding molecules are responsible for recruitment and activation of small
GTPases for focal adhesion turnover and actin remodelling. For example, Crk
phosphorylation is essential for Rac activation and subsequent enhanced cell migration
(Lamorte et al., 2003). Kinases are important components of focal adhesions which include
FAK and Src. These kinases can induce tyrosine phosphorylation of focal adhesion
components, thereby regulating focal adhesion dynamics and cell behaviour. For example,

Src activation can cause a reduction of focal adhesions by interacting with B integrin
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subunits (Frame et al., 2002). Tyrosine de-phosphorylation is as important as tyrosine
phosphorylation for focal adhesion dynamics, which is mediated by phosphatases. PTP-
PEST is the most important phosphatases in focal adhesions. It has been shown that
knockdown of PTP-PEST increases focal adhesions but decrease cell migration (Angers-
Loustau et al., 1999). Thus, diverse components determine the dynamics of focal adhesions

which is important for diverse cell behaviours.

1. 9. 2 Dynamics of focal adhesion in cell migration

Focal adhesion dynamics is critical for effective cell migration. Generally, in a migrating cell,
assembly of focal adhesion occurs at the leading edge and disassembly happens at the rear
(Webb et al., 2002). Focal adhesion formation is initiated upon the binding of adhesion
receptors to ECM. Among these receptors, integrin is a major one. Activation of integrin
allows functional connection between focal adhesions and actin cytoskeleton that is required
for cell migration (Geiger et al., 2001). In addition to this, integrin can activate migration-
related signalling molecules, such as Rac (Price et al., 1998). It has been shown that the
size of focal adhesions is inversely related to migration speed. In rapidly migrating cells, few
visible integrin and small adhesions are observed at the leading edge. On the other hand,
cells with large integrin clusters are tightly adherent and move slowly (Ridley et al., 2003).
Turnover of focal adhesions is regulated by Rho GTPases. Rac and Cdc42 are activated at
the leading edge of migrating cells where they trigger protrusion formation and induce small
adhesion formation, while Rho is generally activated at the rear and mediates disassembly
of focal adhesions (Lamalice et al., 2007). Since activation of Rac inhibits RhoA in the
lamellipodia (Hall, 1998), activated RhoA is confined to the rear of migrating cells where it
induces rear detachment (Lamalice et al., 2007). By spatiotemporally regulating focal

adhesion formation, cells can undergo rapid or slow migration under different conditions.

1. 9. 3 Paxillin

Paxillin is a multi-domain scaffold protein that localizes to focal adhesion complex. It is a 68-
70 kDa protein that contains a number of motifs mediating protein-protein interactions.
Phosphorylation of paxillin is dependent on FAK/Src complex and is essential for the
interaction with Crk, one of the other adaptor proteins in FA (Schaller and Parsons, 1995). It
has been shown that the interaction with Crk is necessary for the localization of paxillin to FA
and for effects on cell migration (Lamorte et al., 2003). Thus, paxillin serves as a platform for
the recruitment of numerous regulatory and structural proteins that together control the
dynamic changes of focal adhesions and cell migration. PTP-PEST (protein tyrosine

phosphatase non-receptor type 12), a phosphatase that plays an essential role in FA
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turnover and cell migration, can be recruited to FA by binding to paxillin (C6té et al., 1999).
Apart from the role in focal adhesions, paxillin has also been shown to interact with tubulin,

where it regulates the microtubule network (Herreros et al., 2000).

1. 9. 4 Ca** and Zn?*" in regulation of focal adhesions

Ca?" signalling is a prominent factor that regulates focal adhesions in different cell types.
However, the effect seems cell type dependent. In astrocytoma cells, local Ca?" increase
induces FA disassembly and enhances the localisation of FAK to FA (Giannone et al., 2004).
In breast cancer cells, it has been demonstrated that global Ca®* increase is required for FA
turnover (Yang et al., 2009a). Besides, the authors of this study demonstrated that inhibition
of global Ca** influx impairs both assembly and disassembly of FAs, thereby inhibiting cell
migration (Yang et al., 2009a). Other studies reported that the effect of Ca** on focal
adhesions is through calpain, which is an important protease for FA turnover (Cortesio et al.,
2011; Franco et al., 2004). As calpain can cleave several focal adhesion components, such

as FAK (Chan et al., 2010), it affects focal adhesion turnover.

To date, the role of Zn** in focal adhesion dynamics has not been reported. Since Zn** can
inhibit multiple PTPs, such as PTP-PEST, which is a major component of focal adhesions,

the possibility of regulation of focal adhesion turnover by Zn** needs to be investigated.
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Figure 1. 11 Schematic representation of focal adhesion components The ECM,
integrins (a- and B-transmembrane heterodimeric proteins) and the actin cytoskeleton
interact at sites called focal contacts. Focal contacts are made up by multiple focal contact
proteins. Adaptor protein paxillin recruits focal FAK and vinculin to focal contacts. A-actinin is
an actin cytoskeleton protein that binds to vinculin and links actin stress fibres with focal
contacts. Myosin is a component of stress fibres. Integrin clustering induces Src and adaptor
protein P130Cas recruitment to focal contacts. Depending on the cell behaviour, composition

of focal contacts constantly changes. Figure redrawn from (Mitra et al., 2005).
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1. 10 Hypothesis and aims of the current study

The effects of hyperlipidaemia on cell death are largely mediated through an increase in
oxidative stress. As a ROS-sensitive ion channel, the role of TRPM2 in FFA induced cell
death is unclear. As major targets of oxidative stress in almost all cells, including B-cells,
mitochondria are closely related to cell death. Besides, FFA has been demonstrated to
induce disruption of the mitochondrial network. Based on these previous findings, it was
hypothesised that TRPM2 channels mediate FFA-induced mitochondrial fragmentation,
thereby leading the death of pancreatic B-cells. To test this hypothesis, a combination of
immunofluorescence staining, flow cytometry and gene silencing techniques will be used.
The overall aim of this part of the thesis was to understand the role of the ROS-sensitive
TRPM2 channel, and the ions it conducts (viz. Ca** and Zn?*), on mitochondrial dynamics

and the death of pancreatic B-cells.

As an important mitogenic signal, H,O, has been demonstrated to induce cell migration;
however, the underlying mechanism is not fully understood. H,0, is known to affect Ca?*
signalling, which is associated with cell migration through spatial and temporal regulation of
the actin cytoskeleton and focal adhesions. Since TRPM2 channels are robustly activated by
H,0, and affect Ca** signalling, it was hypothesised that TRPM2 channels play a role in actin
and focal adhesion dynamics, and thus in cell migration. Thus, the second aim of this study
was to investigate the role of TRPM2 channels, and the relative roles of Ca* and Zn?', in

remodelling of actin cytoskeleton and focal adhesions in the context of cell migration.

The results are expected to have implications for our understanding of type 2 diabetes where
free fatty acid levels are elevated in the bloodstream and for cancer metastasis where cells

migrate to unwanted locations.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Chemicals and solutions

All chemicals were obtained from Sigma-Aldrich or Calbiochem unless stated otherwise.
Goat serum was bought from EMD Millipore. Stock solutions of compounds were prepared in
dimethylsupphoxide (DMSO) or water or ethanol. The stock chemicals were stored as

aliquots at -20°C.

2. 1.2 Antibodies

For immune-staining experiments, Rat monoclonal anti-HA (clone 3F10) antibodies (100 ng/
ml, Roche-applied-science, 11867423001), mouse monoclonal anti-paxillin antibodies (1:500,
BD Transduction Laboratories™, 610569), mouse monoclonal anti-CD63 antibodies (1:500,
abcam®), and mouse monoclonal anti-cMyc antibodies (1:500, Roche) were used as
primary antibodies. Alexa-Fluor*®®- conjugated anti-rat (1:500, Life technologies) and Cy3-
conjugated anti-mouse (1:500, Jackson Immunoresearch) were used as corresponding
secondary antibodies. For western blotting, Rat anti-HA-Peroxidase high affinity antibodies
(Roche life science, 12013819001), mouse anti-Lampl antibodies (1:5000, BD Transduction
Laboratories™, 611043) and rabbit anti-calnexin antibodies (1. 5000, abcam®, ab22595)
were used as primary antibodies. Goat anti-Mouse IgG (H+L)-HRP-conjugated antibody
(BIO-RAD, 1721011) and Goat anti-Rabbit IgG antibody, (H+L) HRP conjugate (Chemicon®,

AP307P) were used as corresponding secondary antibodies.

2. 1. 3 Molecular probes and reagents

Fluozin3™-AM, Fluo4-AM, LysoTracker® Red, MitoTracker® Red, ER-tracker™ Red,
Acridine Orange, MitoSOX™ Red and SuperScript® Il Reverse Transcriptase were
purchased from Life Technologie™. AlexFluor® 488 Phalloidin, AlexFluor® 633 Phalloidin,
Lipofectamine®2000 Transfection Reagent and Pluronic®F127 were obtained from
Invitrogen™. FUGENE®HD Transfection Reagent and Taq DNA polymerase was obtained
from Promega. DAPI-Fluoromount-G™ was purchased from SouthernBiotech. H2DCF-DA
was purchased from Biotium. JC-10 was from ATT Bioquest ®. Gp9lds-tat peptide was
purchased from AnaSpec, Inc (USA). In Situ Cell death Detection Kit (for TUNEL assay) was
purchased from Sigma-Aldrich. IL-1-f and IFN-y were purchased from PEPROTECH.
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2. 1.4 Oligonucleotides

SIRNA (5- CUGUCUAAGAUCAAUUACAACCU-3") against the Rat TRPM2 channel was
designed using siDirect (Naito et al., 2004) and custom made by Dharmacon™. Control
SIRNA was from Ambion. SIRNA-1 (ON-TARGETplus Human TRPM2 (7226)) was from
Thermo Scientific. SIRNA-2 (5- GAAAGAAUGCGUGUAUUUUGUAA-3’) against the human

TRPM2 channel was designed using siDirect and custom-made by Dharmacon.

2.1.5cDNA clones

EGFP-Cdc42-Q61L and Cdc42-T17N were provided by Dr. Sreenivasan Ponnambalam
(University of Leeds). Rif cDNA clones (myc-tagged Rif-Q61L and Rif-T17N) were provided
by Prof. Harry mellor (University of Bristol). pActin-tdTomato was kindly provided by Dr.
Wolfgang Wagner, University Medical Center, Hamburg, Germany. TRPM2-HA plasmid was
made in this lab. pLAMP1-GFP was kindly provided by Dr P.Boquet, Institut National de la
Sante et la Recherché Medicale, Nice. Drpl-GFP was a kind gift from Dr. Stefan Strack
(University of lowa, US). Annexin V-GFP is a kind gift from Prof. Christoph Borner (Institute

of Molecular Medicine and Cell Research, University of Freiburg, Germany).

2. 1. 6 Medium used for cDNA clone

LB medium (+agar) 1.6 g Bacto-tryptone; 1 g Bacto-yeast extract; 0.5g NaCl; water to 100

ml, 1.5 g Agar was added and then autoclaved.

LB medium (-agar) 1.6 g Bacto-tryptone; 1 g Bacto-yeast extract; 0.5 g NaCl; water to

100 ml and then autoclaved.

2. 1.7 Animals

C57BL/6 (wild-type) and TRPM2 knock-out mice (TRPM2™) were used in these studies.
Generation of TRPM2™ mice is as described previously (Palmer et al., 2011). These mice
express a non- functional TRPM2 channel lacking the transmembrane domains 3 and 4
(encoded by exons 17 and 18). Mice were bred, maintained and all procedures were

performed under UK Home Office licence and ethical procedure.

2. 1.8 Cell culture

HelLa cervical carcinoma cells were maintained in DMEM/F12 medium (Gibco®)

supplemented with 10% fetal calf serum and penicillin (100 U/ml) and streptomycin (100 pg/
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ml). A HEK293 cell line conditionally expressing TRPM2 under the control of tetracycline
was provided by Dr A.M. Scharenberg (University of Washington, Seattle, WA). This cell line
was maintained in DMEM F12 (Invitrogen) supplemented with 10% heat-inactivated fetal calf
serum, penicillin (100 U/ml), streptomycin (100 pg/ml), blasticidin (5 pug /ml; Invitrogen) and
zeocin (400 pg/ml; Invitrogen). Expression of TRPM2 was induced by overnight exposure to
tetracycline (1 pg/ml). The HEK293-MSRII cell line was provided by Glaxo-Smith Kline. PC-3
cells were provided by Michelle Peckham (University of Leeds) and cultured in RPMI 1640 +
GlutaMAX™ medium (Invitrogen) supplemented with 10% heat-inactivated fetal calf serum,
penicillin (100 U/ml), streptomycin (100 pg/ml), 1 mM sodium pyruvate, 50 pM 2-
mercaptoethanol, 10 mM HEPES). INS832/13 rat pancreatic p-cells were cultured as for the
PC-3 cell line. Cells cultured in growth media were replaced every 3 days and cells were
passaged at 80% confluence. Cells were grown in 25 or 75 cm? flasks (Sarstedt) at 37°C in
a humidified atmosphere containing 5% CO,. For passage, cells were first rinsed with
Dulbecco's phosphate buffered saline (DPBS) without Ca** and Mg**". Then the cells were
detached from culture flasks using 1 ml of 0.05% trypsin-EDTA solution (Sigma).
Subsequently, detached cells were re-suspended in 5 ml or 8 ml fresh culture media
depending on which flask was used. Finally, appropriate volume of suspended cells was
transferred to a new flask containing appropriate volume of pre warmed fresh medium. Cells

were typically passaged to 20% confluence.

Mouse islets isolated from 8-10 week old wild-type (C57BL/6) or TRPM2 knock-out mice
were used in the study. Mouse islets were maintained as for the INS832/13 cells medium.

The mouse islets were cultured in dishes at 37°C/5% CO..

2. 2 Methods

2. 2. 1 Transformation of competent cells

DH5a competent cells were used for amplification of plasmid DNA. 50 ul aliquots of
competent cells were thawed slowly on ice and DNA (~ 100 ng) in 1 pl was added. Cells
were subsequently incubated on ice for 30 minutes prior to heat shock at 42 °C for 60
seconds. Following 2 minute incubation on ice, 450 pl pre-warmed LB media was added and
cells were incubated at 37°C in a shaking incubator (200 rpm) for 1 hour. 200 pl of cultures
were then spread onto LB- Agar plate (media + 1% wi/v bacteriological agar) containing the
appropriate selection antibiotic (e. g, ampicillin 50 pg/ ml) using a sterile glass spreader.

Plates were incubated overnight at 37°C to allow formation of individual colonies.
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2. 2. 2 Isolation of plasmid DNA

After overnight incubation at 37°C, colonies were formed. A single bacterial colony
transformed with the appropriate desired plasmid DNA was selected and then inoculated into
5 ml LB medium (-agar) supplemented with the appropriate selection antibiotic. Inoculates
were then incubated overnight at 37°C and 200 rpm in a shaking incubator. For large scale
plasmid isolation, 200 ml LB medium containing the appropriate selection antibiotic was
inoculated with 5 ml overnight culture and incubated overnight at 37°C and 200 rpm in a
shaking incubator. Plasmid DNA was purified from 100 ml of culture using the plasmid Midi
Kit (Qiagen). The concentration of plasmid DNA was assessed using NanoDrop™2000

Spectrophotometer (Thermo Scientific).

2. 2. 3 Agarose gel electrophoresis

TAE Buffer: 40 mM Tris base, 1.14% v/v glacial acetic acid, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), pH 8.0

Agarose gel: 1% wi/v electrophoresis grade Agarose was prepared in
TAE buffer. The mixture was heated in a microwave until
well dissolved and allowed to cool to ~60°C. 0.5 pg/ml
ethidium bromide was then added and the gel poured

into an appropriate mould fitted with a gel comb

Analysis of DNA samples by size was carried out by agarose gel electrophoresis (Sambrook
and Russell, 2001). DNA samples were diluted as required in Milli-Q water and 6x loading
buffer added to a final concentration of 1x. A pre-cast agarose gel was placed in an
electrophoresis apparatus and submerged in TAE buffer. Sample DNA was loaded
alongside a size marker for comparison. Samples were electrophoresed at 100 V for 45
minutes or until adequately resolved. Gels were imaged using a Gel Doc trans-illuminator
(BioRad).

2.2. 4 RT-PCR

RNA was extracted from the HelLa, PC-3 and INS832/13 cells using TRI Reagent® (Sigma-
Aldrich®.). According to the protocol provided by the Wellcome Trust Sanger Institute,
before performing the RT reaction, 5 pg of total RNA was heated in a 10 pl volume at 65°C
for 10 minutes and then quenched on ice. To the heated denatured RNA, 3.0 pl of 10x PCR
buffer, 2.5 pl of 10 mM dNTPs, 6.0 pl of 25 mM MgCl,, 1.0 pl of random primers (1 pg), 0.5
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Ml SuperScript Il reverse transcriptase and 17 ul of water were added and incubated for 10
minutes at 25°C, and then at 42°C for 1 hour. A control without the reverse transcriptase (-
RT) was set up in parallel. Then the cDNA or RNA (-RT) were subjected to PCR. TRPM2
primers were used (forward: 5-ATGCTACCTCGGAAGCTGAA-3' and reverse: 5'-
TTCTGGAGGAGGGTCTTGTG-3'). For PCR, briefly, the cDNA product (6 pl) was mixed
with 1.5 pl of 10xPCR buffer, 0.2 pl of Tag polymerase, 0.5 pl of forward primer and 0.5 pl of
reverse primer (0.5 uM), and 11.3 pl of water to a total volume of 20 pl. The amplification
protocol for PCR was set as follows: 95°C for 5 minutes, followed by 30 cycles of
amplification steps (95°C for 30 seconds, 60°C for 45 seconds, 72°C for 30 seconds), and
the final extension at 72°C for 5 minutes. The PCR products were analysed using agarose

gel (1%) electrophoresis and visualized under UV light after staining with ethidium bromide

(1 pg/ml).

2. 2.5 Transient transfection

Transient transfection of mammalian cells was carried out using FUGENE® HD transfection
reagent as per manufacturers’ instructions. Briefly, cells were seeded onto glass coverslips
and grown to ~30% confluence. Prior to transfection, culture medium was replaced with
fresh medium and Opti-MEM® was pre-warmed to room temperature. For transfection in 24
well plates, the ratio of FUGENE® to DNA was 3:1 (ul: pg) For each well, 0.5 ug of plasmid
DNA was added to 20 ul Opti-MEM®, then 1.5 pl of FUGENE® was added and mixed
immediately. Subsequently, transfection mixtures were incubated at room temperature for 20
minutes before addition to cells. The cells were returned to the incubator, and incubated for

36-48 hours prior to experiment.

2. 2. 6 RNA interference

Cells were cultured in 24-well plates until the confluence reached 70%. Then 0.5 pul of 50 nM
small interfering RNA (siRNA) specific to TRPM2 or scrambled siRNA (Ambion) was mixed
with 50 pl of pre-warmed Opti-MEM® (mixture 1) and incubated for 5 minutes at room
temperature. Meanwhile, 0.5 pl of Lipofectamine™ 2000 was mixed with 50 ul of pre-
warmed Opti-MEM® (mixture 2) and incubate for 5 minutes at room temperature.
Subsequently, the two mixtures were combined and incubated for 25 minutes at room
temperature before adding to the cells. After 48-72 hours incubation, cells are ready for

experiment.
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2. 2.7 Treatments

INS832/13 cells were grown on 35 mm FluoroDishes (World Precision Instruments) for live
cell imaging and maintained in RPMI 1640 + GlutaMAX™. Palmitic acid (Sigma-Aldrich) was
dissolved in ethanol and then complexed with 10% fatty acid-free bovine serum albumin
(BSA, Sigma-Aldrich) at 65°C. The complex was stored at 4° C and warmed to 37 °C prior to
use. 1 M stock solution of mannitol and glucose were prepared in milli-Q water. Unless
otherwise specified, palmitate and all the compound diluted in Opti-MEM (5.5 mM Glucose)
were added to cells to the desired concentration and incubated for the desired length of time
prior to experimentation (see figure legends for details). HeLa and PC-3 cells grown on
coverslips to ~50% confluence were treated with different drugs at 37 °C for 2 hr in standard
buffered saline (SBS, 10 mM HEPES, 130 mM NacCl, 1.2 mM KCI, 8 mM glucose, 1.5 mM
CacCl,, 1.2 mM MgCl,, pH 7.4) with or without H,O, (see figure legends for details).

2. 2. 8 ROS measurement

2.2.8.1Whole cell ROS measurement

Cytosolic ROS production was measured by using cell-permeant 2, 7'-
dichlorodihydrofluorescein diacetate (H,DCF-DA) (Biotium). H,DCF-DA is an indicator for
ROS in cells. Upon cleavage of the acetate groups by intracellular esterases and oxidation,
the nonfluorescent H,DCF-DA is converted to the highly fluorescent DCF. Briefly, cells were
treated with various agents for the desired length of time and then incubated with HBSS
containing 10 pM H,DCF-DA for 30 minutes at 37°C/ 5% CO,. The cells were then washed
three times with HBSS (GIBCO®) prior to loading onto the inverted confocal microscopy
(LSM700, Carl Zeiss, Jena, Germany) using 40 x/1.4NA oil objective for imaging (excitation,
488 nm; emission, 515-540 nm).

2. 2. 8. 2 Mitochondrial ROS measurement

Cells were treated with various agents for the desired length of time and then incubated with
HBSS containing 10 uM MitoSOX ™ Red for 30 minutes at 37°C/ 5% CO.,. Cells were then
washed three times with HBSS (GIBCO®) prior to loading to the inverted confocal
microscopy (LSM700, Carl Zeiss, Jena, Germany) using 40 x/1.4NA oil objective for imaging

(excitation, 488 nm; emission, 515-540 nm).

2. 2.9 Flow Cytometry

2.2.9.1 Mitochondria membrane potential
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Mitochondrial membrane potential was measured using the fluorescent probe JC-10. In
normal cells, JC-10 concentrates in the mitochondrial matrix where it produces red
fluorescent aggregates. When mitochondrial membrane becomes depolarized, JC-10 exists
as monomers producing green fluorescence. Therefore, the green emission and red
emission can be analysed in fluorescence channel 1 (FL1) and channel 2 (FL2) respectively
in flow cytometer. One day before treatment, cells were plated in a 24-well plate to achieve
80% confluence on the following day. The next day, cells were treated with various agents
for 12 hours. After treatment, cells were dislodged with 300 pl of trypsin-EDTA followed by
centrifugation for 5 minutes at 500 g. Supernatant was discarded and the cell pellet was
washed once with HBSS (GIBCO®)followed by centrifugation for 5 minutes at 500 g.
Subsequently, cells were suspended in 500 pl of JC-10 solution (5 uM) and incubated for 30
minutes at 37°C/ 5% CO,. Cells were loaded into LSRFortessa™ flow cytometer (BD
Biosciences). Cytometer settings were optimized for green (FL-1) and red (FL-2)

fluorescence, and data were analysed with FACSDiva™ Software (BD Biosciences).

2.2.9. 2 Cell death assays

Cells were cultured in a 24-well plate for 24 to 48 hours until the confluence reached 80%.
Cells were then treated with various agents for 24 hours. Both floating and attached cells
were collected by adding 300 pl of trypsin-EDTA. Cells were centrifuged for 5 minutes at 500
g followed by washing once with 1x Annexin buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM
CacCl,, pH 7.4). Subsequently, cells were suspended in 500 pl Annexin buffer and incubated
with 5 pl 4 pg/ ml Annexin V-GFP and 5 pl 1 mg/ml PI for 30 minutes in the dark. Samples
were analysed in LSRFortessa™ flow cytometer (BD Biosciences). Cytometer settings were
optimized for green (FL-1) and red (FL-2) fluorescence, and data were analysed with
FACSDiva™ Software (BD Biosciences).

2.2. 9.3 Cytosolic Ca* and Zn* measurement

HeLa and PC-3 cells were split into 24-well plates and grown to approximately 60%
confluence. After desired treatments, cells were incubated with SBS containing 0.01%
Pluoronic-F127 and 1 pM Fluo4-AM or Fluozin3-AM at 37°C for 1 hour. After washing with
PBS three times, cells (> 5000) were detached by adding 300 pul of trypsin-EDTA into each
well followed by centrifugation for 5 minutes at 500 g. Cell pellets were washed once with
HBSS followed by centrifugation for 5 minutes at 500 g. After cells were re-suspended in
HBSS, the cells were loaded into LSRFortessa™ flow cytometer. Cytometer settings were
optimized for green (FL-1) fluorescence, and data were analysed with FACSDiva™ Software

(BD Biosciences).

70



2.2.10 Cell death in mouse islets

Islets were isolated from wild-type and TRPM2” mice as described previously (Zou et al.,
2013). Pancreata were dissected from mice, minced into pieces (~1 mm?®), and digested with
collagenase (Type IA; 1 mg/ml in HBSS) for 10 min with gentle agitation at 37°C. After
washing with medium, islets were hand-picked under a dissecting microscope and incubated
overnight in the medium prior to drug treatments. For toxicity assays, islets were incubated
with freshly prepared palmitate (500 pM) with or without drugs in Opti-MEM® as appropriate
for 5 days at 37°C in a humidified atmosphere containing 5% CO,/95% air. Islets were
stained with Acridine Orange and propidium iodide (Pl) before loading to Zeiss LSM700

confocal microscope. Images were taken using 63 x oil objective at 37 °C.
2.2.11 TUNEL assay and insulin staining in human islets

The use of human islets was approved by the local Ethics Committee (Ethics reference
number: BIOSCI 14-003). Human islets were purchased from Prodo Laboratories (Irvine,
United States). Islets were incubated without or with palmitate (500 uM) in combination with
IL-18 (5 ng / ml) and IFN-y (5 ng/ ml) for 7 days at 37°C in a humidified atmosphere
containing 5% CO,/95% air. The islets were then fixed with 4% paraformaldehyde overnight,
put in paraffin solution and frozen on dry ice. These islets were then sectioned (5 pm) using
Leica cryostat microtome 1900. Sections were placed onto slides, washed once with PBS
followed by 2 minutes permeabilization (0.1% TritonX-100/ 0.1% sodium citrate/ PBS) on ice.
Sections were then washed with PBS and incubated with TUNEL reaction buffer (50 pl
TUNEL reaction mix / 450 pl enzyme solution, see Figure 2.1 for mechanism) and anti-
insulin first antibody (1:500 in TUNEL reaction mix) for 1 hour at 37 °C followed by PBS
washing and 1 hour incubation with Alexa488-conjugated secondary antibody (1:1000 in
PBS). Sections were washed with PBS and placed on mounting medium overnight for DAPI
staining. Images were taken with LSM700 inverted confocal microscope using a 63x oll
objective with excitation (Alexa488, 494 nm; Cy-3, 548 nm) and emission (Alexa488, 519 nm;
Cy-3, 562 nm).
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Figure 2. 1 Schematic showing the principle of TUNEL assay Cells subjected to stress,
such as exposure to high glucose and fatty acids, undergo DNA fragmentation which results
in apoptosis. The 3' OH ends of the DNA fragments are then labelled with biotin tagged
deoxyudine triphosphate (dUTP) in a reaction catalysed by terminal deoxynucleotidyl
transferase (TdT) (contained in TdT reaction buffer). The biotin tagged DNA ends are
secondarily labelled with fluorescent avidin and detected by confocal microscope.
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2. 2.12 Phalloidin staining of the actin cytoskeleton

Cells were cultured on coverslips placed in 24-well plates for 1 day to allow for attachment.
The next day, following the desired treatments, cells were fixed with 2% paraformaldehyde
(PFA) for 15 minutes, followed by three washes with PBS. Cells were then permeabilised
and blocked with 0.2% TritonX-100/ 5% goat serum (Millipore)/PBS for 15 minutes, before
adding Alexa Fluor®488 or Alexa Fluor®633 conjugated Phalloidin (1:1000 in 0.2% TritonX-
100 and 5% goat serum-contained PBS). After incubation for 1 hour in the dark, cells were
washed with PBS three times. Coverslips were mounted with DAPI-Fluoromount-G™
(Southern Biotech) and imaged by confocal microscope (LSM510 Meta, Carl Zeiss, Jena,
Germany) using 63 x/1.4NA oil objective. Images were collected with excitation at 494 nm

and emission at 519 nm.

2. 2.13 Confocal microscopy and immunofluorescence

2. 2.13. 1 Immunostaining of paxillin

After the desired treatments, Cells were fixed, permeabilized, blocked and stained with
phalloidin as described above (phalloidin staining of the actin cytoskeleton). Cells were then
incubated with primary anti-paxillin (dilution is 1:500 in goat serum) for 2 hours in the dark
followed by three washes with PBS. Cells were then incubated with the anti-mouse Cy-3
(dilution is 1:500 in goat serum) for 1 hour in the dark. After three washes with PBS, cells
were mounted and imaged using upright LSM510 Meta confocal microscope (Carl Zeiss,
Jena, Germany). Images were collected using 63 x/1.4NA oil objectives with excitation
(Alexa488, 494 nm; Cy-3, 548 nm) and emission (Alexa488, 519 nm; Cy-3, 562 nm).

2. 2.13. 2 Double staining for TRPM2-HA and CD63

Cells were transfected with TRPM2-HA plasmid and incubated for 48 hours before staining.
Cells were fixed, permeabilized and blocked as described above (phalloidin staining of the
actin cytoskeleton). Subsequently, cells were treated with anti-CD63 primary antibody
(dilution: 1:500 in goat serum) for 2 hours in the dark followed by three PBS washes. Cells
were then incubated with anti-HA primary antibody for 2 hours and washed with PBS three
times. Cy3 anti-mouse IgG (dilution: 1:500 in goat serum) was used as the secondary
antibody for CD63 and incubated in the dark for 1 hour. After three washes with PBS, cells
were incubated with Alexa-Fluor 488 anti-rat secondary antibody (dilution: 1:500 in goat
serum) in the dark for 1 hour. After three washes with PBS, cells were mounted onto slides

as described above. Images were collected using inverted LSM880 Airy scan microscopy
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using 63 x/1.4NA oil objectives with excitation (Alexa488, 494 nm; Cy-3, 548 nm) and
emission (Alexa488, 519 nm; Cy-3, 562 nm).

2.2.13. 3 Live cell imaging of organelles and intracellular Zn**redistribution

To monitor intracellular free Zn**, cells were loaded with 1 M FluoZin3-AM in the presence
of 0.02% Pluoronic-F127 (1 hour, 37° C) and washed twice to remove excess dye. Cells
were loaded (30 min, 37° C) with 100 nM LysoTracker ® Red, or MitoTracker® Red or ER-
tracker™ Red to stain lysosomes, mitochondria and ER respectively. Images were captured
using Zeiss LSM 700 confocal microscope and 63x oil objective at 37°C with excitation
(Alexa488, 494 nm; Cy-3, 548 nm) and emission (Alexa488, 519 nm; Cy-3, 562 nm). Images

were then analysed for colocalization of Zn®* with organelle markers.

2.2.13. 4 Ca®" and Zn*" imaging

Cells were seeded onto 35 mm glass bottomed dishes and grown to approximately 60%
confluence. Loading of Fluo4-AM or Fluozin3-AM with or without H,O, (100 uM) was carried
out at a concentration of 500 nM in SBS + 0.01% pluronic acid at 37°C for 2 hour.
Subsequently cells were washed with PBS once followed by imaging with the inverted
confocal microscope (LSM700, Carl Zeiss, Jena, Germany) using 63 x/1.4NA oil objective.

Fluo4-AM and Fluozin3-AM were excited at 488 nm and emission was collected at 510 nm.

2. 2.14 Agarose spot assay

0.1 g of low-melting point Ultra-Pure agarose (Invitrogen) was placed into a 50-mL Falcon
tube and diluted into 20 ml PBS to get a 0.5% agarose suspension. This was heated by
microwave until boiling, swirled to facilitate complete dissolution. The solution was cooled to
40°C. 90 pL of agarose solution was pipetted into 1.5-ml Eppendorf tubes containing 10 pl
PBS with or without desired substances. Ten-microliter spots of agarose containing PBS
alone or PBS with desired substances were pipetted, as rapidly as possible onto 35-mm
glass-bottomed dishes (WORLD PRECISION INSTRUMENTS), and allowed to cool for 8
minutes at 4°C. Two spots per dish were pipetted and one containing PBS alone and one
containing desired substances. Cells were then plated into these dishes in a complete
medium containing 10% FCS and allowed to adhere for 4 h (Figure 2.2). Medium was
replaced with fresh medium containing 0.1% FCS, incubated overnight and analysed by
microscopy the next morning. Imaging was performed on a EVOS® FL Imaging System
inverted microscope with a 10x objective (Life technologies™). For each spot, fields that
contained the motile cells penetrating underneath the agarose spot were recorded. More
than three independent experiments were carried out. The number of migrating cells from

each independent experiment was counted for data quantification.

74



A 35-mm dish B  35-mm dish

siRNA-
transfected cells

Cancer cells

Agarose bead

Figure 2. 2 Schematic representation of agarose spot assay (A)Two agarose spots were
plated onto a 35-mm glass-bottomed dish. One spot contained PBS and the other contained
H,0O, with or without the desired compounds. Cells (green circles) were plated around the
agarose spots and incubated at 37°C. (B) For siRNA, cells were transfected with TRPM2-
siRNA for 48-60 hours before the migration assay. Transfected cells (blue circles) were
plated into the dish containing two agarose spots prepared as for (A). After the desired
length of incubation at 37°C, cell migration into agarose spots was recorded. Boxed regions

were presented as representative images.
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2. 2.15 Live cell imaging of actin dynamics and lysosome migration

To examine the actin dynamics and movement of lysosomes in a migrating cell, cells were
transfected with Actin-Tdtomato and LAMP1-GFP plasmids. Transfected cells were plated
around the agarose spots on a Fluorodish glass-bottomed dish as described above. After 16
hr incubation, cells at the interface of the agarose spot were imaged with an inverted
confocal microscope (LSM700, Carl Zeiss, Jena, Germany) using appropriate excitation
wavelength (548 nm for Actin-Tdtomato; 488 nm for LAMP1-GFP) and emission wavelength
(562 nm for Actin-Tdtomato; 519 nm for LAMP1-GFP) and a 63 x/1.4NA oil objective.

2.2.16 Intracellular Ca®*" and Zn** measurements by Flexstation

Intracellular Ca** and Zn** were monitored using Fura-2-AM and FluoZin3-AM respectively
and then fluorescence was examined using a Molecular Devices Flexstation (Price and
Lummis, 2005). Cells were plated at approximately 40,000 cells per well on clear-bottomed
96-well plates (Costar) and grown overnight. Cells were then incubated in Fura-2-AM (2 uM)
or FluoZin3-AM made up in SBS (pH 7.4) containing 0.01% Pluronic F-127 for 1 hr at 37°C.
After washing twice with SBS, 200 yl SBS were added. Then the Zn** fluorescence was
monitored directly at 530 nm (excitation wavelength of 490 nm) and the data are expressed
as change in F. For Ca®* measurement, the appropriate reagents were prepared and plated
onto a round-bottomed 96-well plate. Both plates were loaded onto Flexstation® 3 Multi-
Mode Microplate Reader (Molecular Devices, California, USA). Fluorescence was measured
for a total 7 min at 10 s intervals using excitation wavelengths of 340 and 380 nm and
emission wavelength of 510 nm. At taking control measurements for ~65s, 50 pl of the
reagents made up at fivefold the required final concentration were added to wells. The ratio
of fluorescence intensities following excitation at 340 and 380 nm was calculated for each
measurement point. For statistical comparisons, the mean of the ratios in the last time-point
minus baseline was calculated for each treatment and the statistical differences were

compared using one-way Anova.
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2.2.17 Protein chemistry

2.2.17. 1 Reagents

Lysis Buffer: 5% (v/v)Tris HCI, pH 7.4; 0.1 M NaCl; 2 mM EDTA; 2 mM
EGTA,; 1.2% (v/v) Triton x 100

10 xTransfer Buffer : 1.9 M Glycine; 0.25 M Tris-base

10 x PBS: 1.37 M NaCl; 0.03 M KCI; 0.1 M Na,HPO4,7H20; 0.02 M
KH2PO4

12 % Resolving gel: 12% (v/v) acrylamide mix; 0.375 M Tris (pH 8.8); 0.1% (w/v)
SDS; 0.1% (w/v) ammonium persulfate (APS); 0.04% (v/v)
TEMED

5% stacking gel: 5% (v/v) acrylamide mix; 0.125 M Tris (pH 6.8); 0.1% (w/v)

SDS; 0.1% (w/v) ammonium persulfate; 0.1% (v/v) TEMED

SDS buffer (4x) 0.2 M Tris HCI, pH6.8; 0.28 M SDS; 4.0 ml glycerol; 0.588 M
B-mercaptoethanol; 0.05M EDTA; 1.19 mM bromophenol Blue

Homogenization medium: 0.25 M sucrose; 1 mM EDTA; 0.01 M HEPES; pH 7.4

OptiPrep dilution buffer: 0.25 M sucrose; 2 mM EDTA; 0.08 M HEPES; pH to 7.4

OptiPrep™ (Axis-shield) 60% solution
2.2.17. 2 Homogenization

To determine the expression of TRPM2 channels in lysosomes of HelLa cells, lysosomes
were isolated using Thermo Scientific™ Lysosome Enrichment Kit. Briefly, HeLa cells
transfected with TRPM2-HA for 48 hours were collected from two 75 cm?flasks by scrapping
with ice-cold PBS. Cell suspension was then centrifuged at 500 g/4°C for 10 minutes to get
cell pellet. Cell pellet was re-suspended in 0.5 ml of Lysosome Enrichment Reagents A
containing 100 pl protease inhibitors (1x) (Roche), 2 ul Pepstatin (Img/ml) and 2 pl
phenylmethanesulfonyl fluoride or phenylmethylsulfonyl fluoride (PMSF) (100 mM). After the
cell suspension was incubated on ice for 2 minutes, 0.5 ml Lysosome Enrichment Reagents
B was added. Then the cell suspension were homogenized in a cell homogenizer (isobiotec)
for 10-15 times using a 16 micron clearance ball followed by centrifugation at 500 g/ 4 °C for
10 minutes to pellet cell debris, unbroken cells and nuclei. The supernatant was collected,
overlaid on the top of an OptiPrep™ density gradient and subjected to ultracentrifugation
(Schmidt et al., 2009).
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Table 2.1

OptiPrep gradient:

OptiPrep (ml) Dilution buffer (ml) OptiPrep final concentration
1.41 3.59 17%
1.67 3.33 20%
1.92 3.08 23%
2.25 2.75 27%
2.5 2.5 30%

2. 2.17. 3 OptiPrep Density gradient medium

Lysosomes were purified by Optiprep density gradient centrifugation as described previously
(Schmidt et al., 2009). The work was carried out at 4°C. Solutions of different OptiPrep
concentrations were made up as shown in table 2.1. Desired volume of each concentration
was added into a 5 ml clear ultracentrifugation tube carefully to avoid bubbles in the
following order: 0.5 ml of 30% at the bottom followed by 1 ml of 27%, 0.5 ml of 23%, 1 ml of
20% and 1ml of 17% at the top (Figure 2.3A). Then 1 ml of the cell homogenate was overlaid
on the top of the gradient (Figure 2. 3A). The tubes were centrifuged at 41, 000 rpm for 4
hours in SW Ti 55 rotor in a Beckman ultracentrifuge. After ultracentrifugation, starting from
the top, 0.5 ml fractions were collected into Eppendorf tubes. The top layer is enriched in
lysosomes (Figure 2.3B). To each fraction, 1 ml PBS was added and centrifuged at 20, 000
g for 1 hour. After centrifugation, the pellet (containing lysosomes) was saved for analysis by

western blotting.
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Figure 2. 3 Subcellular fractionation to isolate lysosomes from HelLa cells (A) Post-

nulear supernatant was loaded onto the top of OptiPrep™ density gradient for
ultracentrifugation. (B) After 4 hours of ultracentrifugation, lysosomes enriched in fraction 1

were collected, pelleted and used for subsequent analyses.

2.2.17. 4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

12% resolving gels were poured and topped with ~ 2 cm of 5% stacking gel. Gels were
mounted in the gel running apparatus according to the manufacturers’ instructions and
sufficient SDS-PAGE buffer was added to the gel running tank. Marker (5 pl) and samples
(~15 pl) were loaded into preformed wells. Prior to loading, the samples treated with SDS
sample buffer were heated at 50°C for 5 minutes and centrifuged at 13000g for 10 minutes.

Gels were run at 200 V until the required separation of marker bands was achieved.

2. 2.17. 5 Western blotting

Following separation of proteins by SDS-PAGE, gels were removed from the tank and
placed in ice-cold transfer buffer. Stacking gel was removed and the running gel was placed
on a nitrocellulose membrane pre-wetted with the transfer buffer. Blotting papers (pre-wetted
with transfer buffer) were then placed with gel on the top of membrane. Proteins were
transferred using a semi-dry transfer apparatus (BioRad) with gel on top of membrane at
0.06 A for 1.5 hours. The nitrocellulose membrane was then removed from the stack and
washed in chilled PBS (4°C) before blocking in 5% non-fat milk in PBS/Tween20 buffer
overnight on a rocking table at 4°C. Milk solution was removed and the membrane was
washed thoroughly in chilled 1xPBS/TWEEN20 solution (generally 1hour). Primary antibody
was then applied to the membrane overnight in PBS/TWEENZ20 containing 5% non-fat milk
at 4°C on a rocking platform. Unbound antibody was removed by washing for 1 hour in
PBS/TWEEN20 with exchange of the washing solution every 15 minutes. Secondary
antibody was then applied for 1 hour at room temperature in PBS/TWEEN20 containing 5%
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non-fat milk. Both primary and secondary antibody was used at 1:5000 dilutions. After
washing with PBS/TWEEN20, the membrane was treated with PS-ATTO (Lumigen) solution
to generate a chemi-luminescent signal visualized using a G:BOX Chemi XX6 imager

(Syngene).
2. 3 Quantification and data analysis

2. 3. 1 Analysis of mitochondrial morphology

Mitochondrial fragmentation was detected by staining the cells with MitoTracker Red. For
morphological analyses of mitochondria, acquired images were analysed using ImageJ
(National Institutes of Health). Briefly, individual cell from digital images was manually
selected by enclosing the cell with boundaries as accurately as possible. Then individual cell
was cropped. After thresholding, individual particles (mitochondria) were analysed for
average size. Mitochondria were considered fragmented when the average size of
mitochondria was less than 0.8 um. Cells with mitochondrial fragmentation were scored

when equal or more than 50% of total mitochondria were fragmented.

2. 3. 2 Quantification of filopodia and focal adhesions

Identification and quantification of filopodia was carried out as described previously (Bohil et
al., 2006). In present study, all the phalloidin-positive actin bundles that appeared at the
boundary of the cell body were counted as filopodia. Filopodia appeared on the dorsal
surface were observed but not included into quantification. Filopodium with branches was
counted as one. For the quantification of filopodia, filopodia from 5 cells of an individual
experiment were counted. Mean and s.e.m of filopodia (from 5 cells) from three individual
experiments were presented. For counting the filopodia, images were printed out, and each
cell was arbitrarily divided into 4 quadrants of approximately equal area, then each
filopodium in a given quadrant was marked with a pen and multiplied the number by 4 to get
the total filopodia of each cell. For focal adhesion size and number analysis, 10 cells were
chosen from each individual experiment. Focal adhesion numbers were analysed using

ImageJ, with size between 0.1~1.0 pm?.

2. 3. 3 Co-localisation quantification

The co-localisation of Zn**/Drp1-GFP (green) with mitochondria (red) was assessed using
the ImarisColoc module of IMARIS program (Bitplane AG). The co-localization channel

(merged of red and green channel) was displayed in yellow colour. The pixel intensities of
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yellow channel (Y) and red channel (R) were obtained respectively. §-100% was used to

show the co-localisation efficiency.

2. 3. 4 Data analysis

Image J was used for analysis of mitochondrial morphology and LAMP1-GFP-positive
puncta. Flow cytometry graphs were generated using FlowJo (Tree Star Inc.). All
experiments were performed at least 3 times (n) and the values are presented as mean *
SEM. Statistical significance was determined using OriginPro 8.6 (OriginLab®) by Student’s
t-test or one-way Anova, followed by Tukey post-hoc test. Both Student’s t-test and one-way
Anova are parametric methods for means comparison of several groups (N=2 for Student’s
t-test and N>2 for one-way Anova) (Kanji, 2006). Before performing statistics, the
Homogeneity of Variance Test in originPro 8.6 needs to be performed as parametric method
requires equal variance among different groups (Kanji, 2006). In current study, the different
groups are considered to have equal variance when the p-value is greater than 0.01. For
statistics, Probability (p) is indicated with *, ** *** which correspond to values of 0.05, 0.01

and 0.001 respectively.

81



Chapter 3 Nutrient stress induced cell death is mediated by TRPM2

stimulated mitochondrial ROS production and fragmentation

3. 1 Introduction

In T2D, it is believed that insulin resistance develops prior to the elevation of blood glucose
(Kahn et al., 2006). Obesity is closely associated with insulin resistance. Studies have
shown that in obesity, insulin sensitivity of skeletal muscle and adipose tissue is reduced
leading to decreased glucose uptake by these tissues (Kahn et al., 2006). Consequently,
insulin resistance leads to high blood glucose levels. High caloric intake gradually induces
inflammation of adipose tissue, and increases lipolysis (Guilherme et al., 2008). This leads to
elevation of free fatty acids in the blood stream. Thus, insulin resistance leads to rise in
blood levels of both glucose and fatty acids. To compensate for insulin resistance, B-cells of
pancreas start secreting more insulin. However, as the disease progresses, -cells begin to
fail secreting sufficient insulin. This leads to insulin insufficiency and frank diabetes (Cnop et

al., 2005). Thus, insulin resistance is the main trigger of type 2 diabetes.

Reactive oxygen species (ROS) have been shown to play important roles in T2D. Increased
pancreatic p-cell death has been demonstrated when ROS levels are elevated (Li et al.,
2008). Palmitate has been shown to cause B-cell destruction by increasing the cytosolic
ROS production (Sato et al.,, 2014). Previous studies have revealed two sources of
palmitate-stimulated ROS: ROS generation through NOX and ROS from the mitochondrial
respiratory chain (Mitochondrial ROS). Yuzefovych et al reported a key role for mitochondrial
ROS in palmitate induced B-cell death (Yuzefovych et al., 2010). Morgan et al demonstrated
that palmitate stimulated ROS production in pancreatic islets and B-cell lines is NOX-
dependent (Morgan et al., 2007). However, the mechanism by which palmitate induced ROS

production induces B-cell apoptosis is less clear.

Mitochondria play an important role in the death of many cell types including B-cells. They
normally exist as a highly branched tubular network. Under physiological conditions,
mitochondria undergo efficient fusion and fission (known as mitochondrial dynamics) to
eliminate damaged portions of the mitochondria. The fusion and fission events are rigorously
regulated by fusion proteins (Mfnl and 2 and OPA1) and fission proteins (Drpl and Fisl)
respectively (Yoon et al., 2011). Together, they enable the health of the mitochondria to be
maintained, which is important for cell function and survival (Maechler and Wollheim, 2001).
In T2D (Syed et al., 2011), increased cellular ROS levels affect mitochondrial form and
function, often leading to apoptosis (Lin and Beal, 2006). In mitochondria-mediated
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apoptosis pathway, loss of AWYm occurs and cytochrome c is released into cytosol, thereby
leading to apoptosis. In this process, prior to, or simultaneous to, cytochrome c release,
mitochondria fragment into multiple small units (Cereghetti et al., 2010). Some studies
suggest that inhibition of mitochondrial fragmentation prevents apoptosis (Brooks et al., 2007;
Sugioka et al., 2004). For example, Molina et al reported that palmitate exposure causes
mitochondrial fragmentation and apoptosis of B-cells, and when mitochondrial fragmentation
was inhibited, the apoptosis was also prevented (Molina et al., 2009). This observation
indicates that mitochondrial dynamics is involved in palmitate induced B-cell apoptosis but

how palmitate disrupts the balance between fusion and fission events remained unclear.

The TRPM2 channel, a ROS-sensitive Ca®" -permeable cation channel, has been shown to
be involved in ROS-dependent pancreatic B-cell death (Manna et al., 2015). However, the
signalling mechanism via which TRPM2 channels cause B-cell death is poorly understood.
Previous studies have shown that Ca** overload can mediate mitochondria-dependent
apoptosis in other cell types (Chen et al., 2005; Pinton et al., 2008). Since palmitate can
increase ROS generation (Nakamura et al., 2009) and Ca*" levels (Gwiazda et al., 2009)
and is capable of inducing mitochondrial fragmentation (Molina et al.,, 2009), it was
hypothesized that TRPM2 channels might play a role in palmitate induced pancreatic 3-cell

death by increasing mitochondrial fragmentation.

This chapter therefore aims to explore the role of TRPM2 channels in palmitate induced -
cell death. The results demonstrate that palmitate activates NOX and the consequent rise in
ROS activates TRPM2 channels. Activation of TRPM2 channels stimulates Zn** distribution
to mitochondria, mitochondrial membrane depolarization, mitochondrial ROS overproduction,
Drpl recruitment to mitochondria, mitochondrial fragmentation and apoptosis of INS1 cells.
Islets isolated from TRPM2 knockout mice and TRPM2 inhibitor-treated human islets are
resistant to palmitate induced apoptosis, which further confirms that TRPM2 deficiency
protects palmitate induced mitochondrial fragmentation and apoptosis. Thus, the evidence
presented in this chapter provides new insights into the role for TRPM2 channels in the

regulation of mitochondrial dynamics under hyperlipidaemic conditions.
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3. 2 Results

3. 2. 1 Palmitate induces cytosolic ROS production through NOX2 activation in
INS1 cells

A previous study reported that exposure of rat pancreatic islets and clonal beta cell lines to
palmitate results in increased ROS production through modulation of NOX activity (Morgan
et al., 2007). However, in that study, it was not clear which isoform of NOX mediates
palmitate induced ROS production. The effect of chronic palmitate treatment on cytosolic
ROS levels of INS1 cells was investigated by staining the cells with H2DCF-DA. The results
show that chronic exposure to palmitate causes significant increase in cytosolic ROS and
that the antioxidant N-acetyl cysteine (NAC) reverses such increase (Figure 3.1). In order to
assess the source of ROS generation, the effect of apocynin, a NOX inhibitor, on palmitate
induced ROS production was investigated. Apocynin has been shown to prevent the
activation of leukocyte NOX by blocking the assembly of the oxidase (Aldieri et al., 2008).
Apocynin completely abolished palmitate induced cytosolic ROS production in INS1 cells
(Figure 3. 1). These data suggest that NOX plays a key role in palmitate induced ROS

generation in INS1 cells.

The NOX family consists of 7 members (NOX1to NOX5, DUOX1 and 2) (Bedard and Krause,
2007). A previous study demonstrated that NOX2 mediates palmitate induced ROS
production in mouse derived NIT-1 cells (Yuan et al., 2010). To test whether NOX2 mediates
palmitate induced ROS generation, INS1 cells were treated with Gp91ds-tat, an inhibitory
peptide specifically targeted to NOX2 (Walker et al., 2014). By mimicking a sequence of
NOX2 that is important for the interaction with p47™*, Gp91lds-tat can specifically inhibit
NOX2 (Rey et al., 2001). Here, Gp91ds-tat significantly inhibited palmitate induced rise in
cytosolic ROS (Figure 3. 1).

These data indicate that NOX2 plays a major role in palmitate induced cytosolic ROS

production in B-cells.
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Figure 3. 1 Palmitate induces cytosolic ROS production through NOX2 activation in
INS1 cells. (A) Live cell fluorescent images of INS1 cells exposed to medium alone (CTRL),
medium containing palmitate (500 pM) with or without NAC (10 mM) or NOX inhibitors (20
UM apocynin; 5 pM Gp91ds-tat). Cells were stained for cytosolic ROS (H2DCF-DA). Images
show that palmitate exposure increases cytosolic ROS level through NOX2 activation. Scale
bars: 10 um. (B) Mean + SEM of data from (A) expressed as mean fluorescence per cell
from the three independent experiments (the number of cells analysed are shown within
each bar) following the indicated treatments; ** indicates p < 0.01; one-way Anova with post-
hoc Tukey test.
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3. 2. 2 Palmitate, but not glucose, causes mitochondrial fragmentation in INS1

cells

Previous studies have shown that the mitochondrial network is sensitive to cytosolic ROS in
many cell types (Jendrach et al., 2008; Pletjushkina et al., 2006). In Figure 3.1 of this study,
ROS staining was prominent in structures that resembled mitochondria. In control cells, ROS
staining was faint and was seen in tubular structures (Figure 3. 1A). Following exposure to
palmitate, however, the tubular network disappeared and staining was seen in round puncta:
ROS staining in these puncta is much stronger compared to the tubular structures. These
ROS enriched punctate structures could represent fragmented mitochondria because
previous studies have shown that palmitate induces mitochondrial fragmentation (Molina et
al., 2009; Wiederkehr and Wollheim, 2009).

Mitochondrial morphology in INS1 cells was next monitored by staining with MitoTracker, a
dye used for labelling mitochondria in live cells. Results revealed that cells exposed to
medium alone have long, tubular form of mitochondria, while palmitate (500 uM, 4 h)
treatment led to the appearance of numerous punctate mitochondria (Figure 3. 2).
Combination of high glucose (20 mM) with palmitate produced similar results as palmitate
alone. However, in the absence of palmitate, 20 mM glucose failed to affect the
mitochondrial architecture discernibly (Figure 3. 2). These data indicate that palmitate, but
not high glucose, plays a dominant role in mediating mitochondrial fragmentation in INS1
cells.

Since palmitate triggers marked increase in cytosolic ROS production (Figure 3. 1), the role
of cytosolic ROS in palmitate induced mitochondrial fragmentation was next examined. As
RPMI1640 medium contains 2-mecaptoethanol that can scavenge ROS to affect the results,
the following treatments were carried out in Opti-MEM. Quenching of ROS with the
antioxidants (NAC) and inhibition of NOX2 with apocynin and Gp91lds-tat both prevented

palmitate-induced mitochondria fragmentation (Figure 3. 3A-C).

Taken together, these results indicate that chronic exposure to palmitate causes

mitochondrial fragmentation by activating NOX2 and raising cytosolic ROS.
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Figure 3. 2 Palmitate, but not glucose, causes mitochondrial fragmentation in INS1
cells. (A) INS1 cells were stained for mitochondria (MitoTracker) after 4 hours of different
treatments (CTRL: RPMI1640 medium (11 mM Glucose) plus 9 mM mannitol; RPMI1640
medium plus 9 mM glucose (20 mM Glucose final concentration) or 500 uM palmitate; or
RPMI1640 medium containing 9 mM glucose and 500 uM palmitate). Live cell fluorescent
images show that high palmitate, not glucose causes mitochondrial fragmentation. Boxed
regions are magnified in the upper square. Scale bars: 10 um. (B-C) Mean + SEM of percent
of mitochondrial fragmentation (B) and average size of mitochondria (C) from three
independent experiments determined from data in (A); ** indicates p < 0.01; NS, not

significant; one-way Anova with post-hoc Tukey test.
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Figure 3. 3 Palmitate induced mitochondrial fragmentation is dependent on NOX2. (A)
Live cell fluorescent images of INS1 cells exposed to medium alone (CTRL), medium
containing palmitate (500 pM) with or without NAC (10 mM) or NOX inhibitors (20 uM
apocynin and 5 uM Gp91ds-tat). Cells were stained for mitochondria (MitoTracker). Images
show that Inhibition of NOX2 prevents palmitate-induced mitochondrial fragmentation. Scale
bars: 10 um. (B-C) Mean = SEM of percent of mitochondrial fragmentation (B) and average
size of mitochondria (C) from three independent experiments were determined from data in

(A). ** indicates p < 0.01; one-way Anova with post-hoc Tukey test.
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3. 2. 3 TRPM2 channels mediate palmitate induced mitochondrial

fragmentation

Above data showed that chronic exposure to palmitate elevates cytosolic ROS level that in
turn stimulates mitochondrial fragmentation. Since ROS is a potent activator of TRPM2
channels, it was surmised that TRPM2 channels may mediate the effect of palmitate on

mitochondrial fragmentation.

Firstly, whether TRPM2 channels are expressed in INS1 cells were examined. Previous
study has shown expression of TRPM2 channels in the rat-derived model pancreatic B-cell
line, INS1 (Manna et al., 2015). In accordance with the previous finding, RT-PCR results
showed TRPM2 messenger RNA expression in INS1 cells (Figure 3.4A). Furthermore, H,0,
application induced a rapid rise in cellular Ca®" level that was inhibited by 2-APB, a
nonspecific blocker of TRPM2 channels (Figure 3.4B-C). H,0O, induced rise in Ca?,
however, gradually declined reaching a plateau phase, indicating desensitization to H,O,
over time. In addition to activating TRPM2 channels, H,O, can also activate TRPM7 ion
channels. However, the expression of TRPM7 channels in pancreatic B-cells has not yet
been found (Uchida and Tominaga, 2011). Therefore, the H,O, induced Ca?" increase in

INS1 cells could be attributed partially to the activation of TRPM2 channels.

The role of TRPM2 channels in palmitate-induced mitochondrial fragmentation was next
investigated. Inhibition of TRPM2 channels with PJ34 significantly prevented palmitate
induced mitochondrial fragmentation (Figure 3. 4D-F). Furthermore, siRNA targeted to
TRPMZ2, also significantly prevented palmitate-induced mitochondrial fragmentation (Figure 3.
4G-l). Reverse transcription reaction (RT) and PCR of transfected cells showed that TRPM2-
SiRNA is effective in silencing TRPM2 messenger expression in INS1 cells (Figure 3.4J).

To further test the role of TRPM2 channels in palmitate induced mitochondrial fission, effect
of palmitate on HEK-293 cells were examined. These cells are known to lack TRPM2
channels (Fonfria et al., 2004) and are therefore expected to be resistant to palmitate
induced mitochondrial fragmentation. Consistent with this expectation, palmitate failed to
induce mitochondrial fragmentation in HEK-293 cells (labelled -TRPM2 in Figure 3.5). By
contrast, cells transfected with pPCDNA-3-TRPM2 (+TRPM2) displayed robust mitochondrial
fragmentation (Figure 3.5).

Collectively, these data suggest that TRPM2 channels play an important role in mediating

palmitate-induced mitochondrial fragmentation.
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Figure 3. 4 Inhibition of TRPM2 channels prevents palmitate induced mitochondrial
fragmentation. (A) RNA isolated from INS1 cells was subjected to RT and PCR. (B) INS1
cells were loaded with Fura-2-AM and then changes in cytosolic Ca** were measured using
Flexstationll Microplate Reader. Symbols represent mean F ratio (340 nm/380 nm),
representing Ca® levels, at various time points; black, no treatment; red, H,O, applied at the
time point shown with an arrow; green, cells were pretreated with 150 uM 2-APB (45 min)
prior to H,O, application. (C) Mean + SEM of peak fluorescence from (B); * indicates p <

0.05; one-way Anova with post-hoc Tukey test. The data in C are from three independent
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experiments. (D) Live cell fluorescent images of INS1 cells exposed to medium alone
(CTRL), medium containing palmitate (500 uM) with or without PJ34 (10 uM). Cells were
stained for mitochondria (MitoTracker). Images show that inhibition of TRPM2 channels with
PJ34 inhibits palmitate induced mitochondrial fragmentation. Scale bars: 10 um. (E-F) Mean
+ SEM of percent of mitochondrial fragmentation (E) and average size of mitochondria (F)
from three independent experiments performed as in (D). ** indicates p < 0.01; * indicates p
< 0.05; one-way Anova with post-hoc Tukey test. (G) INS1 cells were exposed to medium
alone (CTRL) or medium containing palmitate (500 pM) after transfection with scrambled
SiRNA or siRNA targeted to TRPM2 channels (siRNA-TRPM2) for 60 hours. Cells were
stained with MitoTracker. Images show that inhibition of TRPM2 channels by siRNA
prevents palmitate induced mitochondrial fragmentation. (H-1) Mean = SEM of percent of
mitochondrial fragmentation (H) and average size of mitochondria (I) from three independent
experiments performed as in (G); ** indicates p < 0.01; * indicates p < 0.05; one-way Anova
with post-hoc Tukey test. (J) Demonstration of silencing of TRPM2 mRNA expression by
RNAIi. Lane 1. DNA ladder (HypperLadder I; Bioline). Lane 2: blank. Lanes 3-6: PCR
products from TRPM2 plasmid (lane 3) or mRNA without reverse transcription (lane 4) or
INS1 cells transfected with scrambled siRNA (lane 5) or siRNA targeted to TRPM2 (lane
6).The results show absence of TRPM2 band (lane 6) in TRPM2 siRNA transfected samples,

but not scrambled siRNA control (lane 5).
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Figure 3. 5 TRPM2 deficient HEK-293 cells are resistant to palmitate induced
mitochondrial fragmentation. (A) HEK-293 cells (-TRPM2) and HEK-293 cells transfected
with pcDNA-3-TRPM2 (+TRPM2) were exposed to medium alone (CTRL) or medium with
palmitate (500 puM) for 12 hr at 37 °C. Cells were stained for mitochondria (MitoTracker).
Representative confocal data show that HEK-293 cells lacking TRPM2 channels are
resistant to palmitate induced mitochondrial fragmentation, but cells transfected with the
TRPM2 plasmid construct show extensive mitochondrial fragmentation; scale bars: 10 pm.
(B-C) Mean + SEM of percent of mitochondrial fragmentation (B) and average size of
mitochondria (C) from three independent experiments performed as in (A); *** indicates p <
0.001; ** indicates p < 0.01; * indicates p < 0.05; NS, not significant; one-way Anova with

post-hoc Tukey test.



3. 2. 4 Zn*, rather than Ca®', mediates palmitate induced mitochondrial

fragmentation

TRPM2 channels have been shown to mediate Ca®* entry from the extracellular medium. A
recent study has shown that activation of TRPM2 channels also induces a rise in cytosolic
Zn** (Manna et al., 2015). The role of these two ions in palmitate induced mitochondrial
fragmentation was therefore examined using the Ca?" chelator, BAPTA-AM, and the zZn*
chelator, TPEN. Chelation of Ca®" with BAPTA-AM failed to rescue mitochondrial
fragmentation while chelation of Zn?* with TPEN rescued palmitate induced mitochondrial
fragmentation (Figure 3. 6A-C). These data imply that Zn?* is the main mediator of palmitate

induced mitochondrial fragmentation, while Ca®* might play a less important role.

To confirm the role of Ca? and Zn*" in mitochondrial dynamics, intracellular concentration of
Ca?" and zZn** was individually raised using ionophores: A23187 for Ca?* and pyrithione
(PTO) for Zn**. The results (Figure 3. 6D-F) show that increasing the Ca?* entry via A23187
had no major effect on mitochondrial dynamics, but, interestingly, co-treatment with BAPTA-
AM led to mitochondrial fragmentation (Figure 3. 6D-F). Delivery of Zn?* through PTO (using
the Zn-PTO complex) caused extensive mitochondrial fragmentation and co-application of
TPEN was able to antagonise the effect of Zn-PTO. These results indicate that basal levels
of Ca®* are required for healthy mitochondrial dynamics while excess Zn®* promotes

mitochondrial fragmentation.

Taken together, these data indicate that Zn*, rather than Ca®*, plays a major role in

mitochondrial fragmentation during palmitate-induced stress on the pB-cells.
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Figure 3. 6 Zn?*, rather than Ca?", mediates palmitate induced mitochondrial
fragmentation. (A) Fluorescent images of INS1 cells exposed to medium alone (CTRL), or
medium containing palmitate (500 uM) with or without BAPTA-AM (0.8 puM) or TPEN (0.5 pM)
for 12 h. Cells were stained with MitoTracker. Representative images show that chelation of
Zn**, but not Ca**, prevents palmitate induced mitochondrial fragmentation. Scale bars: 10

um. (B-C) Mean + SEM of percent of mitochondrial fragmentation (B) and average size of
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mitochondria (C) from three independent experiments performed as in (A). *** indicates p <
0.001; ** indicates p < 0.01; NS, not significant; one-way Anova with post-hoc Tukey test. (D)
Cells were treated with medium alone (CTRL), or medium containing A23187 (2 uM) with or
without BAPTA-AM (3 uM); Zn-PTO (2 uM) with or without TPEN (3 uM) for 3 hr followed by
staining with MitoTracker. Fluorescent images indicate that the rise in cytosolic Ca?* has no
effect on mitochondrial structure while Zn*" induces mitochondrial fission. Scale bars: 10 pm.
(E-F) Mean + SEM of percent mitochondrial fragmentation (E) and average size of
mitochondria (F) from three independent experiments performed as in (D). *** indicates p <
0.001; NS, not significant; one-way Anova with post-hoc Tukey test. (G) INS1 cells were
labelled with Fura-2-AM and then cytosolic Ca** were measured by Flexstationll Microplate
Reader during the application of 2 uM A23187 (red) and under control condition (green). (H)
INS1 cells were treated with medium alone (CTRL), or medium containing Zn-PTO (2 uM)
with or without TPEN (3 pM) for 2 hours. Cells were labelled with FluoZin3-AM and then
cytosolic Zn** was measured by Flexstationll Microplate Reader. Mean * SEM of
fluorescence from at least three independent experiments were shown. *** indicates p <

0.001; one-way Anova with post-hoc Tukey test.

95



3. 2. 5 TRPM2 channels and Zn* mediate palmitate induced Drpl recruitment

to mitochondria

Mitochondria exist as a dynamic branched network that undergoes fast fusion and fission.
Under physiological conditions, the fusion and fission events are rigorously regulated by
fusion proteins (Mfnl and 2 and OPA1) and fission proteins (Drpl and Fisl) respectively.
However, in pathological states, such as T2DM, the balance between fusion and fission is
disrupted and more fission occurs due to the dys-regulated fission proteins, such as Drpl
(Jheng et al., 2012). Drpl is mostly present in the cytoplasm of a cell, but is recruited to
mitochondria in response to a fission inducing stimulus (Karbowski et al., 2002). To test
whether Drpl recruitment to mitochondria occurs during palmitate treatment, cells were
transfected with GFP-tagged Drpl and then exposed to palmitate. As expected, palmitate
treatment induced significant recruitment of Drpl to mitochondria (Figure 3.7A-B). This was
inhibited in cells treated with PJ34 and siRNA, indicating an essential role for TRPM2 in
mediating Drp1 recruitment (Figure 3.7A-D). Chelation of Zn®* with TPEN produced a similar
effect as TRPM2 inhibition (Figure 3.7A-B). This suggests that TRPM2 mediated changes in

Zn** dynamics influence Drp1l recruitment.

Collectively, these data indicate that inhibition of TRPM2 channels and chelation of Zn?
prevents palmitate induced Drpl recruitment to mitochondria and mitochondrial

fragmentation.
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Figure 3. 7 TRPM2 channels and Zn*" mediate palmitate induced Drp1 recruitment to
mitochondria. (A) INS1 cells were transfected with Drpl-GFP for 48 hours and then
exposed to medium alone (CTRL) or medium containing 500 uM palmitate minus or plus
PJ34 (10 puM) or TPEN (0.5 uM) for 12 hours. Cells were then stained for mitochondria
(MitoTracker). Scale bars: 10 um. Representative images show that inhibition of TRPM2
channels or chelation of Zn** blocks palmitate induced Drp1 recruitment to mitochondria and
the subsequent mitochondrial fragmentation. (B) Percentage co-localization of Drpl-GFP
with MitoTracker was calculated from data in (A). Data are presented as mean + SEM (n =
3); statistical analysis was performed by one-way Anova with post-hoc Tukey test; ***
indicates p <0.001; * indicates p <0.05. (C) INS1 cells were co-transfected with Drpl-GFP
and scrambled siRNA or siRNA targeted to TRPM2 channels (siRNA-TRPM2) for 60 hours
and cells were then treated with medium (CTRL) or medium containing palmitate (500 pM)
for 12 hours. Cells were stained for mitochondria (MitoTracker). The fluorescent images
show that silencing of TRPM2 channels with siRNA prevents palmitate induced Drpl
localisation to mitochondria and subsequent mitochondrial fragmentation. (D) Percentage
co-localization of Drpl-GFP with MitoTracker was calculated from data in (C). Data are from
three independent experiments (number of cells used for quantification are indicated within
each bar) as mean £ SEM (nh = 3); *** indicates p < 0.001; NS, not significant; one-way

Anova with post-hoc Tukey test.
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3. 2. 6 Both Ca*" and zZn*" are able to mediate Drp1 recruitment to mitochondria
in INS1 cells

The role of Zn?* in mediating Drpl recruitment to mitochondria has been demonstrated
above; however, the role of Ca?" is unclear although previous studies have reported that
disrupted Ca®* homeostasis is strongly associated with Drpl recruitment to mitochondria
(Cereghetti et al., 2008; Xu et al., 2013). By treating cells with Ca®" ionophore and Zn*
ionophore, the effects of rise in intracellular Ca* and Zn** on Drp1 distribution was tested. In
contrast to the lack of effect of A23187 on mitochondrial fragmentation (Figure 3. 6D),
A23187 caused an increase in Drpl recruitment to mitochondria (Figure 3. 8). Despite Drpl
recruitment, mitochondria of A23187 treated cells displayed tubular structures. This finding is
consistent with the data in Figure 3. 6D. Zn** ionophore induced a marked increase in Drpl
recruitment to mitochondria as well as mitochondrial fragmentation (Figure 3.8). Furthermore,

Zn-PTO caused significantly greater Drp1 recruitment compared with the Ca** ionophore.

These results suggest that both Ca®* and Zn?* can mediate Drp1 recruitment to mitochondria
but compared to Ca?, Zn?* plays a dominant role in promoting Drpl recruitment to
mitochondria. Furthermore, it is the rise in cytosolic Zn®*, rather than Ca*, that induces
mitochondrial fragmentation. The reason for why Ca?* induces Drpl recruitment, but fails to

induce mitochondrial fragmentation is unclear.
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Figure 3. 8 Both Ca*" and Zn?" increase Drp1 recruitment to mitochondria in INS1 cells.
(A) INS1 cells were transfected with Drpl-GFP for 48 hours and then exposed to the
medium alone (CTRL) or medium containing 2 uM A23187 or 2 uM Zn-PTO for 3 hours.

Cells were then stained for mitochondria (MitoTracker). Scale bars: 10 um. Representative

ZnPTO

images show that the effect of Zn?* on Drp1 recruitment to mitochondria is greater than that
of Ca**. (B) Percentage co-localization of Drpl-GFP with MitoTracker was calculated from
three independent experiments (number of cells used for quantification is indicated within
each bar) performed as in (A). Data are presented as mean + SEM; statistical analysis was

performed by one-way Anova with post-hoc Tukey test, *** indicates p <0.001; ** indicates p

<0.01.
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3. 2. 7 Palmitate causes arise in Zn?" levels of mitochondria

Effect of Zn?* on mitochondria has been demonstrated above. To investigate how Zn*
mediates mitochondrial fragmentation, effect of palmitate on mitochondrial Zn?* levels was
examined. INS1 cells were loaded with FluoZin3-AM and MitoTracker. In pancreatic 3-cells,
it has been demonstrated that two Zn?* ions coordinate six insulin monomers to form
hexameric-structure on which matured insulin crystals are based (Li, 2014). Therefore, Zn**
staining by FluoZin3-AM here could, in part, be due to insulin granules. In untreated cells,
there was little Zn*" in mitochondria. Following palmitate treatment, there was a significant
increase in Zn®* stain in fragmented mitochondria (Figure 3. 9). The effect was rapid and
occurred within 4 hours. Longer incubation (12 and 24 hrs) led to the appearance of
MitoTrakcer stain in the cytoplasm, presumably caused by the increased permeability of

mitochondria.

These results demonstrate that palmitate causes an increase in the levels of free Zn* in

mitochondria. However, the source of Zn?* is unclear.
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Figure 3. 9 Palmitate causes a rise in Zn*" levels of mitochondria. (A) Fluorescent
images of INS1 cells co-stained for Zn®* (FluoZin3-AM) and mitochondria (MitoTracker).
Images were taken from cells exposed to medium alone (CTRL) or medium containing 500
UM palmitate for 4 hours, 12 hours or 24 hours. Merged and expanded images show that
palmitate treatment causes Zn** accumulation (yellow) in the mitochondria. Scale bars: 10
um. Boxed regions in the merged images are magnified in the far right panels. (B) Data was

analysed as in Figure 3. 8.
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3. 2. 8 Inhibition of TRPM2 channels or chelation of Zn** prevents palmitate

induced Zn?* distribution to mitochondria

It is shown above that inhibition of TRPM2 channels rescues palmitate induced
mitochondrial fragmentation (Figure 3. 4D-1). In addition, there was Zn?* accumulation in the
mitochondrial fragments. One possible explanation for this is that TRPM2 channels mediate
Zn** accumulation in mitochondria thereby causing mitochondrial fragmentation. When PJ34
was co-applied with palmitate to INS1 cells, both mitochondrial fragmentation and Zn?* rise
in mitochondria were significantly prevented (Figure 3.10A-B). In addition, when TRPM2
expression was silenced with siRNA, palmitate failed to promote Zn?* accumulation in
mitochondria (Figure 3.10C-D). These findings indicate that TRPM2 channels might mediate

Zn?" accumulation in mitochondria.

When the Zn** chelator TPEN was co-applied with palmitate to INS1 cells, palmitate failed to
induce Zn* rise in mitochondria and mitochondrial fragmentation (Figure 3.10A-B).
Intriguingly, there was significant Zn?* staining in punctate structures. Given the affinity of
TPEN is very high for free Zn%, this finding is hard to explain. It is possible that TPEN was
unable to enter these structures or the conditions within these structures are unfavourable
for binding of Zn?" to TPEN. These structures, as shown above are likely lysosomes, where

the pH is low.

These experiments suggest that palmitate induced mitochondrial fragmentation may be

dependent on TRPM2 mediated Zn?* uptake by mitochondria.
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Figure 3. 10 Inhibition of TRPM2 channels or chelation of Zn?" prevents palmitate

induced Zn? distribution to mitochondria. (A) Fluorescent images of INS1 cells co-
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stained for Zn* (FluoZin3-AM) and mitochondria (MitoTracker). Images were taken from
cells exposed to medium alone (CTRL) or medium containing 500 uM palmitate minus or
plus a TRPM2 blocker (10 uM PJ34) or Zn?* chelator (0.5 pM TPEN) for 12 hours. Merged
and expanded images show that inhibition of TRPM2 channels by PJ34 or chelation of Zn?*
with TPEN prevents Zn** rise in mitochondria (yellow puncta). (B) Percentage co-localization
of FluoZin-3 with MitoTracker was calculated from data in (A). Data represent mean + SEM
(n = 3); statistical analysis was performed by one-way Anova with post-hoc Tukey test; ***
indicates p <0.001; * indicates p <0.05. (C) INS1 cells were transfected with scrambled
SiRNA or siRNA targeted to TRPM2 channels (siRNA-TRPM2) after 60 hours, cells were
treated with or without 500 uM palmitate for 12 hours; Representative fluorescent images of
cells co-stained for Zn®* (FluoZin3-AM) and mitochondria (MitoTracker) indicate that
silencing of TRPM2 channels prevents palmitate induced rise in mitochondrial Zn**. (D) Data
was analysed as in (B). In all the images, scale bars: 10 um. Boxed regions in the merged

images are magnified in the far right panels.
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3. 2. 9 Inhibition of TRPM2 channels or chelation of Zn*" rescues palmitate

induced dissipation of mitochondrial membrane potential (A%¥m)

Previous studies have demonstrated a link between the loss of mitochondrial membrane
potential (AWYm) and mitochondrial network alteration (Bach et al., 2003; Benard et al., 2007).
Since palmitate has been shown to cause loss of AWm in pancreatic B-cells, leading to
mitochondrial dysfunction (Koshkin et al., 2008), it is possible that palmitate induced
mitochondrial fragmentation (Figure 3. 2) is linked to loss of AWm of INS1 cells. Accordingly,

the effect of palmitate on AWm was investigated.

INS1 cells were labelled with JC-10, a mitochondrial membrane potential probe, and AWYm
was assessed by flow cytometry. CCCP, a chemical inhibitor of oxidative phosphorylation in
mitochondria, was used as a positive control. The results show that CCCP causes significant
loss of AWm (Figure 3. 11) as reported previously (Minamikawa et al., 1999). Exposure of
cells to palmitate also caused significant loss of AWm within 6 hours (data not shown), the
effect of which was exacerbated after 12 hours (Figure 3.11). Chelation of Zn* with TPEN
prevented AWm loss, indicating a role for Zn?* in palmitate induced AWm loss. Inhibition of
TRPM2 channels with PJ34 and TRPM2 siRNA attenuated palmitate induced dissipation of
AWm (Figure 3.11).

These findings indicate a key role for TRPM2 channels and Zn?* in palmitate induced AWm

loss.
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Figure 3. 11 Inhibition of TRPM2 channels or chelation of Zn?' rescues palmitate
induced dissipation of mitochondrial membrane potential (AWm). (A) INS1 cells were
exposed to medium alone (CTRL) or medium containing 0.5 pM protonophore CCCP or 500
MM palmitate minus or plus PJ34 (10 uM) or TPEN (0.5 puM) for 12 hours. Cells were then
trypsinised and stained with JC-10 at 37°C for 30 min before loading to LSRFortessa™ flow
cytometer (BD Biosciences). The green (FITC) and red (PE-A) fluorescence values from
5000 cells was collected by flow cytometer. The data show that inhibition of TRPM2
channels or chelation of Zn** prevents palmitate induced dissipation of mitochondrial
membrane potential. (B) INS1 cells were transfected with scrambled siRNA or siRNA
targeted to TRPM2 channels (siRNA-TRPM2) for 60 hours and cells were treated without
(CTRL) or with 500 uM palmitate for 12 hours. Cells were subjected to flow cytometry as in
(A). The green (FITC) and red (PE-A) fluorescence values from 8000 cells was collected by

flow cytometer. The results indicate that silencing TRPM2 channels with siRNA inhibits

+

palmitate induced loss of AWm. (C-D) Mean + SEM of percent of cells from region Q4
(representing loss of AWm) from data in (A) and (B) respectively following the indicated
treatments (n=3). *** indicates p < 0.001; ** indicates p < 0.01; NS, not significant; one-way

Anova with post-hoc Tukey test.
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3.2.10 Zn%*, but not Ca®, induces dissipation of AWm in INS1 cells

Studies have shown that rise in cytosolic Ca?* and Zn*" is accompanied by the uptake of
these ions by mitochondria (Collins et al., 2001; Sensi et al., 2000). Previous studies have
reported that Ca®* uptake by mitochondria can dissipate AWm (Lemasters and Nieminen,
1997; Lemasters et al., 1998): the role of Ca®* on AWm was therefore first assessed.
Contrary to the previous reports, raising intracellular Ca?* with A23187 failed to induce
mitochondrial membrane depolarization (Figure 3.12). This finding, however, is consistent
with the above data (Figure 3. 6D-F) where A23187 showed no effect on mitochondrial
dynamics (which is known to be dependent on the loss of AWm). In contrast to Ca®*, raising
cytosolic Zn**, with Zn-PTO, caused marked dissipation of AWm (Figure 3.12). Chelation of
Zn** with TPEN prevented palmitate induced AWm loss (Figure 3.12A-B). In addition,
inhibition of TRPM2 channels with pharmacological inhibitors (PJ34 and 2-APB) significantly

prevented Zn** induced loss of AWm in INS1 cells.

Taken together with the previous data, these results suggest that TRPM2 channels mediate
redistribution of cytosolic Zn** to mitochondria, and thereby induce AWm loss. The data also
suggest that rise in cytosolic Zn*, rather than Ca*, has a major impact on the mitochondrial

membrane potential of INS1 cells.
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Figure 3. 12 Zn**, but not Ca*, induces mitochondrial membrane depolarization in
INS1 cells. (A) INS1 cells were treated with the medium alone (CTRL), A23187 (2 uM),
ZnPTO (2 uM) without or with TRPM2 inhibitors (10 uM PJ34 and 50 uM 2-APB) and TPEN
(3 uM) for 3 hours. Cells were trypsinised and stained with JC-10 at 37°C for 30 min before
loading to LSRFortessa™ flow cytometer. The green (FITC) and red (PE-A) fluorescence
value from 5000 cells was collected by flow cytometer. (B) Data was analysed as in Figure
3.11
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3. 2. 11 Inhibition of TRPM2 channels or chelation of Zn*" prevents palmitate

induced mitochondrial ROS production

Mitochondria generate energy within the cells. Oxidative phosphorylation in the inner
mitochondrial membrane produces a large amount of ATP for the different intracellular
processes. However, during oxidative phosphorylation, superoxide can be generated due to
a small amount of electrons escaping from the ETC and leaking to oxygen directly
(Newsholme et al., 2007). In the physiological state, superoxide can be quickly degraded.
However, in pathological situations, this superoxide can accumulate within mitochondria to
impart ROS-related diseases. Previous data (Figure 3. 1) have shown that palmitate causes
an increase in cytosolic ROS through activation of NOX2. The data in Figure 3.1 also
revealed marked ROS stain in punctate structures that resembled mitochondria in terms of
morphology. Given that chronic exposure of palmitate disrupts mitochondrial network (Figure
3. 2), it was surmised that palmitate might stimulate mitochondrial ROS production, thereby
exerting adverse effects on mitochondria. The mitochondrial ROS level was therefore
assessed by staining with Mito-SOX, a dye specific for superoxide production in
mitochondria. As predicted, palmitate increased the mitochondrial ROS level as displayed by
the increased fluorescence both in mitochondria and the cytoplasm (Figure 3.13A-B).
Besides, the increase in mitochondrial ROS production was accompanied by the loss of
mitochondrial network and appearance of mitochondrial fragments. These results argue that
the mitochondrial fragmentation is linked to excess ROS production in mitochondria.
Therefore, it was predicted that inhibition of TRPM2 channels may rescue palmitate induced
excess mitochondrial ROS production as inhibition of TRPM2 channels significantly reversed
mitochondrial fission induced by palmitate. PJ34 treatment indeed prevented palmitate
induced mitochondrial ROS production (Figure 3.13A-B). Silencing of TRPM2 channels in
INS1 cells produced similar results as PJ34 (Figure 3.13C-D). Taken together, these data
indicate that TRPM2 channels mediate mitochondrial ROS production during chronic

exposure of INS1 cells to palmitate.

The effect of Zn** and Ca** on mitochondrial ROS production was next examined. As shown
in Figure 3.13A-B, chelation of Zn* with TPEN prevented palmitate induced increase in
mitochondrial ROS production. When the cytosolic Zn* level was elevated with Zn-PTO, a
marked increase in mitochondrial ROS was observed (Figure 3.13E-F). Raising cytosolic
Ca?" with A23187 also caused an increase in mitochondrial ROS production but the effect is
significantly less than that of Zn*" (Figure 3.13E-F).

Collectively, these results demonstrate that while both Ca? and zZn* contribute to

mitochondrial ROS production in INS1 cells, Zn** appears to play a dominant role.
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Figure 3. 13 Inhibition of TRPM2 channels or chelation of Zn?' prevents palmitate
induced mitochondrial ROS production. (A) Fluorescent images of INS1 cells stained for
mitochondrial superoxide using Mito-SOX. Images were taken from cells exposed to medium
(CTRL) or medium containing 500 uM palmitate minus or plus PJ34 (10 puM) or TPEN (0.5
uM) for 12 hours. The images show that inhibition of TRPM2 channels or chelation of Zn*
prevents palmitate induced mitochondrial ROS production. Scale bars: 20 um. (B) Mean *
SEM of data from (A) expressed as mean fluorescence per cell (humber of cells used for
guantification are within each bar) following the indicated treatments (n = 4); *** indicates p <
0.001; one-way Anova with post-hoc Tukey test. (C) INS1 cells were transfected with
scrambled siRNA or siRNA targeted to TRPM2 channels (siRNA-TRPM2) for 60 hours and
cells were then treated without (CTRL) or with 500 uM palmitate for 12 hours and stained
with Mito-SOX. The images show that silencing of TRPM2 channels inhibits palmitate
induced mitochondrial ROS production. Scale bars: 20 um. (D) Data was analysed as in (B);
** indicates p < 0.01. (E) INS1 cells were treated without (CTRL), or with A23187 (2 uM) or
ZnPTO (2 uM) for 3 hours and stained with Mito-SOX. Representative images show that
raising cytosolic Zn?* causes significant mitochondrial ROS production while raising cytosolic

Ca’* has less effect. Scale bars: 20 um. (F) Data was analysed as in (B); * indicates p < 0.05.
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3. 2. 12 TRPM2 channels and Zn?" mediate palmitate induced apoptosis of INS1

cells

Mitochondrial dysfunction has been linked to apoptosis in many cell types, including -cells
(Maestre et al., 2003). Above findings revealed that palmitate exposure causes
mitochondrial fragmentation as well as depolarization of mitochondrial membrane, and these
changes are known to be associated with apoptosis (Arnoult, 2007; Ly et al., 2003).
Therefore, viability of INS1 cells after palmitate treatment was tested by labelling the treated
cells with Annexin V-GFP and propidium iodide (PI) and measuring cell death by flow
cytometry. Annexin V-GFP was used to detect the apoptotic cells. Under normal conditions,
phosphatidylserine (PS) is located in the inner leaflet of the plasma membrane and is
unavailable to Annexin V-GFP. When apoptosis is induced, PS is exposed to the outer
leaflet of the membrane and can be labelled with Annexin V-GFP. Pl was used to detect
dead cells as PI is membrane impermeable and is excluded from live cells. The results show
that palmitate induces apoptosis of INS1 cells, as indicated by the increase in Annexin-V and
Pl-positive cells (Figure 3.14A and C). Furthermore, inhibition of TRPM2 channels with PJ34
and siRNA significantly prevented palmitate induced apoptosis (Figure 3.14A-D).

In addition, chelation of Zn?* significantly rescued palmitate stimulated apoptosis (Figure

3.14A and C), indicating the essential role of Zn* in palmitate induced apoptosis.

Taken together, these data suggest that TRPM2 channels and Zn?** mediate B-cell apoptosis

during palmitate induced oxidative stress.
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Figure 3. 14 TRPM2 channels and Zn? mediate palmitate induced apoptosis in INS1
cells. (A) INS1 cells were treated with the medium alone (CTRL) or medium containing 500
UM palmitate minus or plus PJ34 (10 uM) or TPEN (0.5 uM) for 12 hrs. Then cells were
stained with Annexin V-GFP and PI before loading to LSRFortessa™ flow cytometer. The
green (FITC) and red (PE-A) fluorescence value from 8000 cells was collected by flow
cytometer. Q1: Live cells undergoing apoptosis; Q2: dead apoptotic cells; Q3: live cells; Q4:
dead cells. Representative data show that inhibition of TRPM2 channels with PJ34 and
chelation of Zn?** with TPEN prevents palmitate induced apoptosis. (B) INS1 cells were
transfected with scrambled siRNA or siRNA-TRPM2 for 60 hrs followed by desired treatment.
Cells were stained and subjected to flow cytometry as in (A). Representative data from 5000
cells are presented and suggest that TRPM2 channels mediate palmitate induced apoptosis
in INS1 cells. (C-D) Mean + SEM of percent apoptotic cells (percentage of cells from Q1 and
Q2 regions) are shown from three or four independent experiments performed as in (A) and
(B) following the indicated treatments (n=3 for C and n= 4 for D). *** indicates p < 0.001; **
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3.2.13 Zn* and Ca**-induced apoptosis is dependent on TRPM2 channels and

calpain respectively

Since raising the cytosolic Zn®* level directly with zinc ionophore induces mitochondrial
fragmentation (Figure 3.6) and loss of AWm (Figure 3.12), it is reasonable to speculate that
the increased cytosolic Zn?* might lead to adverse effects on cell viability. To investigate the
role of Zn%* on cell viability, INS1 cells were treated with the Zn* ionophore, Zn-PTO. As
predicted, Zn-PTO elicited marked increase in apoptosis after 3 hrs of incubation and TPEN
significantly inhibited it (Figure 3. 15). Interestingly, Zn** simulated apoptosis was largely
dependent on TRPM2 activation as both PJ34 and 2-APB prevented Zn-PTO induced
apoptosis (Figure 3.15).

Above data demonstrated that raising cytosolic Ca** level had no effect on mitochondrial
dynamics (Figure 3.6) and AWm (Figure 3.12). These findings are inconsistent with the
previous studies showing that Ca** uptake by mitochondria causes mitochondrial dysfunction
and subsequent apoptosis of neural cells (Kruman and Mattson, 1999). To address the
controversy, effect of Ca®* on B-cell viability was examined. After 3 hrs of incubation, A23187
caused extensive apoptosis similar to that induced by Zn-PTO (compare data in Figure 3.16
with Figure 3.15). This finding is interesting because Ca?" induced apoptosis occurred in the
absence of mitochondrial fragmentation and loss of AWm (see above), implying that Ca?*

induced apoptosis is likely independent on mitochondria.

Previous studies have shown that Ca®" can activate the protease calpain thereby activating
caspase 12 to cause apoptosis (Martinez et al., 2010). Thus A23187 could cause apoptosis
via calpain-dependent pathway. Consistent with this idea, calpain inhibitor PD150606 almost
completely prevented A23187 induced apoptosis. By contrast, TRPM2 inhibitor PJ34 and
Zn** chelator TPEN partially prevented A23187 induced apoptosis (Figure 3.16). The TPEN
inhibition of A23187 induced apoptosis could be explained by the fact that elevated Ca** can
induce release of cytotoxic Zn®* either from cytosolic proteins (Sensi et al., 2003) or
lysosomes (Manna et al., 2015). The inhibitory effect of PJ34 can be explained by the fact

that Zn** entry into mitochondria is dependent on TRPM2 activation (see above).

Therefore, it is possible that A23187 induced apoptosis is partially mediated by Zn*". But this
explanation is not persuasive enough as A23187 treatment has no effect on mitochondrial
structure and AWm and Zn** induced apoptosis is dependent on mitochondrial fragmentation
and AWm loss. Collectively, these data indicate that Zn* induced apoptosis is mainly
dependent on TRPM2 activation, while Ca?* induced apoptosis appears to be largely

mitochondria independent and calpain dependent.
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Figure 3. 15 Zn*" induced apoptosis is dependent on TRPM2 channels. (A) Cells
exposed to medium alone (CTRL), ZnPTO (2 uM) or ZnPTO plus TPEN (3 uM) or TRPM2
inhibitors (10 uM PJ34 and 50 uM 2-APB) were stained with Annexin V-GFP and Pl at 37°C
for 30 min before loading to LSRFortessa™ flow cytometer. The green (FITC) and red (PE-A)
fluorescence values from 8000 cells were collected from the flow cytometer. Representative
data show that Zn?* induced apoptosis is dependent on TRPM2 channels. (B) Mean + SEM
of percent apoptotic cells (percentage of cells from region Q1 and Q2 region) from three
independent experiments performed as in (A). *** indicates p < 0.001; one-way Anova with

post-hoc Tukey test.
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Figure 3. 16 Ca®*-induced cell death is largely calpain dependent and partially
dependent on TRPM2 channels. (A) Cells exposed to the medium alone (CTRL), A23187
(2 pM), A23187 plus calpain inhibitor (10 uM PD150606) or A23187 plus PJ34 (10 puM) or
TPEN (3 pM) were stained with Annexin V-GFP and PI at 37°C for 30 min before loading to
LSRFortessa™ flow cytometer. The green (FITC) and red (PE-A) fluorescence values from
8000 cells was collected by flow cytometer. These data show that Ca®* induced apoptosis is
largely dependent on calpain activation and partially dependent on TRPM2 channels. (B)
Mean = SEM of percent apoptotic cells (percentage of cells from region Q1 and Q2 region)
from three independent experiments performed as in (A). ** indicates p < 0.001; * indicates

p < 0.05; one-way Anova with post-hoc Tukey test.
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3. 2. 14 TRPM2 inhibition protects mouse and human islets from palmitate

induced apoptosis

Since silencing of TRPM2 channels can prevent INS1 cell death induced by palmitate, the
role of TRPM2 channels in B-cell death in intact mouse islets was examined using
pancreatic islets isolated from TRPM2 deficient mice. Islets isolated from wild-type (WT)
mice and TRPM2 knockout (TRPM2") mice were stained with Acridine Orange and PI,
which stain live cells and dead cells respectively. Chronic exposure of islets to palmitate led
to the appearance of a large number of Pl stained cells in islets from WT mice (Figure 3.17),
while islets from TRPM2” mice displayed limited Pl-positive staining, indicating the

protective role of TRPM2 deficiency against fatty acid induced cell death (Figure 3.17).

In diabetes, in addition to the increase in glucose and fatty acid levels in the blood, cytokines
are also increased. It was suggested that cytokines are important factors for development of
diabetes (Cnop et al., 2005; Geraldes and King, 2010). Therefore, the effect of palmitate in
the absence and presence of cytokines (IL-1 and IFN-y) on human islets was investigated.
The TUNEL assay was used to detect apoptotic cells in islets. As shown in Figure 3.18, the
results revealed marked apoptosis when the islets were exposed to a mixture of palmitate

and cytokines. Palmitate alone, induced apoptosis, but the effect was modest.

Based on the mouse islets data, the role of TRPM2 channels in palmitate and cytokine
induced apoptosis in human islets was examined. Inhibition of TRPM2 channels with PJ34
significantly decreased apoptosis (Figure 3.18). However, PJ34 had no significant effect on

apoptosis induced by palmitate alone.

These data are consistent with the INS1 cell data and indicate that TRPM2 inhibition

protects mouse islets and human islets from palmitate and cytokines induced cell death.
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Figure 3. 17 TRPM2 deficiency protects mouse islets from palmitate induced
apoptosis. (A) Mouse islets isolated from wild type and TRPM2" mice were treated with
Opti-MEM alone (CTRL) or Opti-MEM containing 500uM palmitate for 5 days before staining
with Acridine Orange (green) and Pl (red). Representative images show that TRPM2
deficiency prevents palmitate induced cell death in mice. (B) Mean + SEM of percent cell
death is shown from three independent experiments performed as in (A); ** indicates p <

0.001; ** indicates p < 0.01; one-way Anova with post-hoc Tukey test.
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Palmitate Palmitate + IL-1B+IFN-y

Figure 3. 18 Inhibition of TRPM2 channels protects palmitate and cytokine induced
apoptosis in human islets. Human islets purchased from Prodo Labratories (Irvine, United
States) were treated with medium (CTRL) or medium containing 500uM palmitate with or
without cytokines (IFN-y, 5 ng/ ml plus IL-13, 5 ng/ ml) in the absence or presence of PJ34
(15 puM) for 7 days. The treated islets were fixed, frozen and sectioned for TUNEL assay and
insulin staining (see material and methods for details). Representative confocal images show
that inhibition of TRPM2 channels prevents palmitate and cytokines induced apoptosis and

insulin release in human islets.
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3. 3 Discussion

In this chapter, how palmitate can affect the structural integrity of mitochondria and cause [3-
cell death was investigated. The results demonstrate that palmitate activation of NOX2
increases ROS levels in INS1 cells leading to a cascade of events that ultimately results in
B-cell apoptosis. The results also demonstrate that by regulating mitochondrial morphology
(Figure 3. 4, 3. 5and 3. 7), AWm (Figure 3. 11) and mitochondrial ROS production (Figure 3.
13), TRPM2 channels mediate palmitate-induced apoptosis of (3-cells. Furthermore, the role
of Ca*" and Zn?* dynamics in above events was explored. The results provide novel insights
into how elevation of FFA could lead to pancreatic B-cell death and contribute to the

progression of T2D.

3. 3. 1 Palmitate induced mitochondrial fragmentation is mediated by NOX-
derived ROS and activation of TRPM2 channels

In obesity-linked T2D, the expanded adipose tissue releases FFAs, such as palmitate, into
the plasma (Guilherme et al., 2008). Studies have shown that rise in FFAs activates NOX2,
and NOX2 derived ROS contributes to $-cell dysfunction and apoptosis (Li et al., 2012; Yuan
et al., 2010). Molina et al demonstrated that exposure of B-cells to high levels of palmitate
causes extensive fragmentation of the mitochondrial network (Molina et al., 2009) which is
largely dependent on NOX mediated rise in cytosolic ROS levels (Sato et al., 2014).
Moreover, it is generally believed that uncontrolled mitochondrial fragmentation leads to
apoptosis (Liot et al., 2009; Yu et al., 2008). Despite the importance, how NOX2 induced
ROS production leads to mitochondrial fragmentation remained unclear. The data presented
in this chapter (Figure 3. 1, 3. 2, 3. 3 and 3. 4) suggest that NOX2 derived ROS cause
mitochondrial fragmentation by activating the TRPM2 channel. Previous studies have shown
that deletion of NOX2 (Xiang et al., 2010) and TRPM2 genes (Manna et al., 2015) in mice
prevents streptozotocin induced B-cell death and hyperglycaemia. Taken together, these
results suggest that NOX2 derived ROS causes B-cell death by promoting TRPM2 mediated

mitochondrial fragmentation.

Key evidence comes from the finding that palmitate failed to induce mitochondrial
fragmentation in HEK-293 cells, which lack TRPM2 channels; however, ectopic expression
of TRPM2 channels led to extensive mitochondrial fragmentation when the cells were
exposed to palmitate (Figure 3. 5). Taken together, these data confirm the role of TRPM2

channels in palmitate induced mitochondrial fragmentation.
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Interestingly, compared with palmitate, high levels of glucose did not cause detectable
fragmentation of mitochondria (Figure 3. 2). Thus although in diabetes, blood levels of both
glucose and fatty acids are elevated, it is the increase in the level of fatty acids that play a
dominant role in mitochondrial fragmentation of p-cells. These data are consistent with the
previous findings with the C2C12 muscle cell line where palmitate, but not glucose, caused
extensive fragmentation (Jheng et al., 2012). Given the link between impaired mitochondrial
function and diabetes (Sivitz and Yorek, 2010), these cell-based studies highlight the
importance of regulating hyperlipidaemia in slowing the progression of the disease.

3. 3. 2 Palmitate induced mitochondrial fragmentation is mediated by TRPM2

dependent changes in Zn* dynamics and Drp1 translocation

Activation of TRPM2 channels increases the cytosolic levels of free Ca®" as well as Zn*" in
B-cells (Manna et al., 2015). Thus the role of both the ions in mitochondrial fragmentation
was examined. The data (Figure 3. 6) suggest that Ca*" has little effect on palmitate induced
mitochondrial fragmentation. However, basal levels of Ca** are essential for the
maintenance of the mitochondrial network as co-application of BAPTA-AM with A23187
induced marked mitochondrial fragmentation (Figure 3. 6D-F). Similar effects of BAPTA-AM

have previously been reported in other cell types (Han et al., 2001).

Excess Zn*" is known to impair mitochondrial function (Jiang et al., 2001; Sensi et al., 2003).
However, there are no reports of studies on the effect of Zn* on mitochondrial dynamics.
The results revealed that chelation of Zn?* with TPEN completely inhibited palmitate-induced
mitochondrial fission (Figure 3. 6A-C). Direct delivery of Zn?" into cells via the Zn?*" ionophore,
Zn-PTO, was sufficient to induce mitochondrial fragmentation (Figure 3. 6D-H). Taken
together, these data demonstrate that palmitate induced mitochondrial fission is mainly
mediated by the TRPM2 mediated changes in intracellular Zn*".

Under normal physiological conditions, Drpl is mainly located in the cytosol, but in response
to pathological insults, such as hyperlipidaemia, Drpl is promptly recruited to mitochondria
to cause fragmentation (Tsushima et al., 2012). Consistent with the previous studies, the
data presented in this chapter show that palmitate induces translocation of Drpl to
mitochondria (Figure 3. 7A-B). Further investigations (Figure 3. 7 and 3. 8) suggested the
involvement of TRPM2 channels in Drpl translocation, which is consistent with the role of
TRPM2 channels in mitochondrial fragmentation. Chelation of Zn®* with TPEN also
prevented palmitate induced mitochondrial Drpl recruitment (Figure 3. 7A-B). Conversely,

when Zn?" levels were raised with Zn-PTO, there was a marked increase in Drp1 recruitment
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to mitochondria (Figure 3. 8). Taken together, these findings demonstrate that TRPM2

mediated changes in intracellular Zn?" induce Drp1 recruitment to mitochondria.

3. 3. 3 TRPM2 mediated increase in mitochondrial Zn?" is responsible for

mitochondrial fragmentation

Previous studies with B-cells have shown that oxidative stress causes release of lysosomal
Zn*" into the cytoplasm, and that this release is TRPM2 dependent (Manna et al., 2015).
Studies have also shown that mitochondria have the ability to sequester cytosolic Zn**
(Colvin et al., 2003; Sensi et al., 2000). These findings raised the possibility that palmitate
could induce Zn** accumulation in mitochondria. Consistent with this possibility, palmitate
treatment caused significant accumulation of free Zn** in mitochondria (Figure 3. 9), with
Zn** staining being largely seen in fragmented mitochondria. Given TPEN was able to inhibit
mitochondrial fragmentation, it seems possible that Zn* entry into mitochondria triggers
mitochondrial fission. Most importantly, chemical and siRNA inhibition of TRPM2 channels
prevented palmitate induced mitochondrial Zn?* uptake (Figure 3. 10). The mechanism by
which TRPM2 channels facilitate uptake of Zn?* by mitochondria remains to be investigated.
However, unpublished data from the laboratory found that in HEK cells, transfected TRPM2
channels can be detected in mitochondria. It could therefore be postulated that Zn?* uptake
by mitochondria is mediated by TRPM2 channels and the resultant increase in mitochondrial

Zn** triggers fragmentation. .

3. 3. 4 TRPM2 mediated increase in mitochondrial Zn?" induces loss of AWm

and mitochondrial ROS production

Previous studies have shown that rise in intracellular Zn®* impairs mitochondrial function
(Devinney et al., 2009; Sensi et al., 2003). A number of Zn** targets have been reported;
these include enzymes of the citric acid cycle and multiple sites of the electron transport
chain, especially complex | (Sharpley and Hirst, 2006). Binding of Zn** to complex | inhibits
proton translocation (Sharpley and Hirst, 2006) thereby leading to the loss of AWm
(Wudarczyk et al., 1999) and ROS production (Lambert and Brand, 2004). Zn* has also
been shown to induce mPTP formation in rat liver mitochondria, which also contributes to
loss of AWm (Wudarczyk et al., 1999). Sensi et al have reported that elevation of Zn®* during
ischemia increases depolarization of AWm as well as ROS production in cortical neurons
(Sensi et al., 2003). Consistent with previous studies and above effects of TRPM2 channels
and Zn?* on mitochondria (Figure 3. 4, 3. 5 and 3. 6), the data presented in the current
chapter (Figure 3. 11, 3. 12 and 3. 13) suggest that TRPM2 dependent Zn?* influx into
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mitochondria is responsible for palmitate-induced loss of AWYm and mitochondrial ROS

production in B-cells.

3. 3. 5 Ca*" induced Drp1 recruitment and mitochondrial ROS production, but

fails to induce loss of AYm and mitochondrial fragmentation

Studies have shown that loss of AWm is essential for Drp1 mediated mitochondrial
fragmentation (Twig et al., 2008; Westermann, 2012). A23187 failed to induce mitochondrial
fragmentation, however, caused significant recruitment of Drpl to mitochondria (Figure 3.
8A-B), which is consistent with the known role of Ca** in Drp1 recruitment (Pennanen et al.,
2014). Drpl exists in the cytoplasm largely in its phosphorylated state. Rise in Ca®* activates
calcineurin, a phosphatase that causes de-phosphorylation of Drpl, leading to its
recruitment to mitochondria. Although A23187 induced Drpl recruitment to mitochondria, it
failed to induce loss of AWm (Figure 3. 12). These results suggest that Drp1 recruitment
alone is not enough to induce mitochondrial fragmentation, depolarisation of mitochondrial

membrane potential is also required.

Drpl needs to wrap around the mitochondria to cause fission, but normal mitochondria are
too wide for Drpl to wrap around. Studies have shown that ER tubules constrict the
mitochondria allowing Drpl to bind and catalyse mitochondrial fission at the site of
constriction (Friedman et al., 2011; Korobova et al., 2013). Current evidence thus suggests
that membrane depolarisation is a prerequisite for ER-assisted mitochondrial constriction
and that binding of Drpl to mitochondria in the absence of pre-constriction cannot cause
mitochondrial fission. A recent study by Mehta et al has shown Ca* oscillation (due to
activation of ryanodine receptors) and local calcineurin activity near the ER-mitochondria
junction in MIN6 B-cells (Mehta et al.,, 2014). The authors suggested that the ER-
mitochondria contact point could represent hotspots for Ca®*/Calcineurin signalling. It
therefore seems plausible that the increase in Ca”‘/Calcineurin signalling at the ER-
constricted mitochondrial sites drives Drpl recruitment and mitochondrial fission. Thus
although A23187 induced Ca*" rise can induce Drpl recruitment, it failed to cause
mitochondrial fission because of its inability to cause depolarisation and ER-assisted

mitochondrial constriction.

In contrast to A23187, Zn-PTO not only induces Drpl recruitment (Figure 3. 8), but also
causes loss of AWm (Figure 3. 12) required for ER-assisted mitochondrial constriction. How
Zn** causes Drpl recruitment, however, is unclear, but likely involves activation of ryanodine
receptors and consequent Ca?* /calcineurin signalling. One of the activators of ryanodine

receptors is ROS (Cooper et al., 2013) and Zn-PTO is a potent inducer of mitochondrial
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ROS production (Figure 3. 13). Given the similarities between the effects of palmitate and
Zn-PTO on mitochondria, and the fact that the effects of both these substances could be
prevented by TRPM2 inhibition, it is reasonable to speculate that palmitate induced
mitochondrial fission is mediated by TRPM2 mediated changes in intracellular Zn?*, rather

than Ca®" homeostasis.

3. 3. 6 Role of TRPM2 channels, Zn?* and Ca®* in apoptosis

As mitochondrial dysfunction is closely associated with cell death (Kroemer and Reed, 2000;
Lin and Beal, 2006), effect of palmitate on cell viability was examined. The data presented in
this chapter (Figure 3. 14, 3. 17 and 3. 18) suggest that TRPM2 channels play an important
role in palmitate-induced apoptosis of INS1 cells, mouse islets and human islets.
Furthermore, the results indicate that Zn?* plays a key role in palmitate-induced apoptosis of
INS1 cells (Figure 3. 14). Delivery of Zn* to B-cells via Zn-PTO produced the same effect as
palmitate (Figure 3. 15), supporting a role for Zn®* in apoptosis. Moreover, Zn-PTO induced
apoptosis is dependent on TRPM2 channels (Figure 3. 15), which could be attributed to the
possibility that Zn** induces ROS production and subsequent activation of TRPM2 channels.
This possibility, however, remains to be tested in future studies. The role of TRPM2
channels in apoptosis has been widely studied in a variety of cell types (Kaneko et al., 2006;
Sun et al., 2012; Zhang et al., 2006). However, these studies focussed on the role of Ca?
and apoptosis-related factors. The present study demonstrates a role for TRPM2 and for
Zn** in the regulation of mitochondrial dynamics suggesting that TRPM2/Zn?** mediated
increase in mitochondrial fragmentation may contribute to pathological palmitate induced [3-

cell death.

The role of Ca?* on apoptosis has been extensively studied (Orrenius et al., 2003; Pinton et
al., 2008). It has been suggested that Ca*-induced apoptosis can occur as a result of
activation of two signalling pathways. First, Ca®" elevation triggers mitochondrial permeability
transition (Korge and Weiss, 1999), which causes the release of cytochrome c¢ from
mitochondria (Petronilli et al., 2001). Cytochrome c binds to the IMM via cardiolipin. Binding
of Ca** to cardiolipin induces cytochrome c release to cause apoptosis (Grijalba et al., 1999).
Second, Ca** can cause apoptosis by inducing ER-stress (Huang et al., 2014). It has been
demonstrated that calpain can directly activate caspase-12 which can result in apoptosis in
cortical neurons (NakagawaT, 2000). In the present study, A23187 induced rise in cytosolic
Ca** was found to have no effect on the mitochondrial network (Figure 3. 6D-F) and AWm
(Figure 3. 12), but induced marked apoptosis (Figure 3. 16). Importantly, the calpain inhibitor,
PD150606, prevented A23187 induced apoptosis (Figure 3. 16), indicating that Ca** induced
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apoptosis is likely not dependent on mitochondria-mediated pathway, but dependent on

calpain activity.
3.4 Summary

The current chapter describes findings of the mitochondria-dependent apoptosis pathway
during FFA stress on pancreatic B-cells. The data suggest that FFA potentially activate
TRPM2 channels by generating ROS, which in turn leads to increased Zn** uptake by
mitochondria and subsequent fragmentation. Excessive fragmentation of mitochondria is
likely the cause of apoptosis in pancreatic 3-cells. Although activation of TRPM2 channels
affects both Ca?* and Zn** homeostasis, and both ions can cause B-cell death, FFA induced
cell death appears to be largely mediated by the Zn?* effects on mitochondria. While Ca**
also causes cell death, the effect is relatively less important. Furthermore, Ca?" effect does
not appear to involve mitochondria, but seems to be mediated by calpain. A schematic
representation of these findings is presented in figure 3.19. This chapter for the first time
provides evidence for the role of TRPM2 channels in palmitate induced apoptosis of mouse

and human islets.
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Figure 3.19 Schematic showing the role of ROS, Zn* and Ca** dynamics in nutrient
stress induced mitochondrial fragmentation and cell death.
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Chapter 4 TRPM2 channels regulate remodelling of actin and focal

adhesions in cancer cells

4.1 Introduction

Cell migration is a fundamental feature of multiple processes that includes cancer metastasis.
In order to migrate, cells undergo rapid changes in cell morphology, which are driven by the
constant remodelling of the actin cytoskeleton into filopodia, lamellipodia and stress fibres.
Filopodia are spike-like membrane projections where actin fibres are arranged into tight
bundles. Lamellipodia are brush-like protrusions formed at the leading edge of migrating
cells, where actin polymerises into a cortical ring. Stress fibres are long actin filaments linked
by a-actinin and myosin. Formation of each type of actin cytoskeleton is spatially and
temporally regulated by distinct RhoGTPases. RhoA regulates stress fibres, while Cdc42
(and/or Rif) and Racl promote filopodia and lamellipodia formation respectively (Nobes and
Hall, 1995). Focal adhesions are macromolecular complexes with which cells adhere to their
substrate (extracellular matrix). Like the actin cytoskeleton, focal adhesions also undergo
cycles of assembly and disassembly. Changes in focal adhesion dynamics enable the cells
to attach and detach from their substrate during effective migration. A variety of factors
regulating dynamics of actin cytoskeleton and focal adhesions relevant to cell migration have
been proposed (Yamaguchi and Condeelis, 2007), of which ROS (Mahdi et al., 2000; Taulet
et al., 2012) and Ca2+(Bhatt et al., 2002; Oertner and Matus, 2005) are noteworthy.

Although for a long time, ROS is believed to cause deleterious effects on cell viability, recent
evidence suggests that ‘non-damaging’ levels of ROS play a central role in intracellular
signal transduction pathways associated with a variety of cellular processes, including cell
migration (Hurd et al., 2012). It has been reported that ROS can affect the dynamics of actin
cytoskeleton and focal adhesions (Moldovan et al., 2000; Yang et al., 2003). As a signalling
messenger, ROS is able to oxidize critical target molecules such as protein kinase C
(PKC)(Wu et al., 2006) and protein tyrosine phosphates (PTPs) (Ostman et al., 2011), which
are relevant to actin remodelling and focal adhesion reorganization. For example, in vascular
smooth muscle cells, PKC activation triggers disassembly of actin stress fibres and
appearance of membrane ruffles (Brandt et al., 2002). In endothelial cells, ROS oxidation
and inhibition of PTP-PEST, a scaffolding protein tyrosine phosphatase, results in focal
adhesion changes and membrane ruffling (Wu et al., 2005). Furthermore, it has been
demonstrated that NADPH oxidase-dependent ROS generation is required for transforming
growth factor B (TGF-B)-induced actin remodelling in endothelial cells (Hu et al., 2005).

However, there is not much information on the role of ROS in actin remodelling and focal
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adhesion dynamics in cancer cells except one study where H,0, induced actin remodelling

has been demonstrated in L929 fibrosarcoma cells (Préville et al., 1998).

Multiple studies have demonstrated that Ca** regulates cell migration through spatial and
temporal regulation of the actin cytoskeleton and focal adhesions. For example, Tsai et al
reported that elevating cytosolic Ca?* level induces focal adhesions and decreases cell
migration in both endothelial and lung carcinoma cells (Tsai et al., 2014). Dourdin et al
demonstrated that knockdown of Ca**-dependent protease calpain causes disassembly of
both stress fibres and focal adhesions and decreases cell migration of embryonic fibroblasts
(Dourdin et al., 2001).

Since TRPM2 channels are highly sensitive to ROS and permeable to Ca*, it was
hypothesised that TRPM2 channels play a role in ROS induced actin remodelling. To
address this, the role of TRPM2 channels in ROS-mediated actin remodelling and focal
adhesions formation was investigated in this chapter. Two cancer cell lines were chosen:
HelLa and PC-3 cells. HelLa is a cell line derived from human cervical cancer and PC-3 is a
cell line derived from human prostate cancer. As the causation of these two cancers is
different, investigation of these two types of cancer cells might provide a more general
insight into the role of TRPM2 channels in ROS-induced actin and focal adhesions

remodelling.

This chapter has two main aims. The first aim is to elucidate the effect of elevated ROS level
on the dynamics of actin cytoskeleton and focal adhesions in cancer cells; the second aim is
to explore the role of TRPM2 channels in the regulation of actin and focal adhesion

reorganization.
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4. 2 Results

4. 2.1 Hy0;, induces actin remodelling in HeLa and PC-3 cells

A previous study with L929 fibrosarcoma cells reported that H,O, causes remodelling of the
actin cytoskeleton resulting in the loss of stress fibres and appearance of spike-like
protrusions (Préville et al., 1998). However, it is not clear whether similar changes occur in
other cancer cells. Therefore, the effect of H,O, on the actin cytoskeleton in HeLa and the

488_phalloidin. The results

PC-3 cell lines was investigated by staining the actin with Alexa
show that application of H,O, abolishes stress fibres and generates numerous filopodia in
both the cell lines (Figure 4.1 A-D). Furthermore, HelLa cells were transfected with tdTomato-
F-actin-P and the effect of H,O, on the actin cytoskeleton was examined by live cell imaging.
The results show clear actin stress fibres under control conditions (Figure 4.1E), but
disappearance of stress fibres and formation of numerous spike-like filopodia upon H,O,

treatment.

Collectively, these data indicate that H,O, plays an essential role in inducing filopodia

formation and disruption of stress fibres in both HeLa and PC-3 cells.
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Figure 4. 1 H,O, induces actin remodelling in HeLa and PC-3 cells. (A-B) HelLa (A) and
PC-3 (B) cells were stained for F-actin (green) following H,O, (HelLa, 200 puM; PC-3, 100 pM)
treatment for 2 hr at 37°C; controls (CTRL) were left untreated, representative confocal
images show remodelling of the actin cytoskeleton; scale bars: 10 um. (C-D) Mean + SEM of
filopodia number (5 cells) from three independent experiments performed as in (A) and (B)
with HeLa (A) and PC-3 (B) cells; *** indicates p < 0.001; Student’s t test. (E) HelLa cells
transfected with tdTomato-F-actin-P (ITPKA-9-52) were plated onto glass-bottomed dishes
containing PBS (CTRL) or H,0, (200 uM) and imaged; representative confocal images were

shown; scale bars: 20 um.
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4. 2. 2 Functional expression of TRPM2 channels in HeLa and PC-3 cells

Ca®" has been implicated in remodelling of the actin cytoskeleton (Wang et al., 2010).
Cytosolic Ca®* dynamics is regulated by multiple ion channels and pumps, located either in
the plasma membrane or in intracellular organelles (Brini and Carafoli, 2009; Clapham,
2007) . Among the Ca*-permeable ion channels, the TRPM2 channel is of special interest
as it is highly sensitive to H,O, and thus could play a role in H,O, induced actin remodelling.
Furthermore, previous studies have shown that TRPM2 channels are functionally expressed
in a variety of different cell types, including cancer cell (Zeng et al., 2010). To determine
TRPM2 expression in HeLa and PC-3 cells, reverse transcription (RT)-PCR and Fura-2
based Ca** assays were employed. RT-PCR data revealed that both HeLa and PC-3 cells
express TRPM2 channels (Figure 4.2A); a band of expected size (239 bp) was detected
when the PCR products were analysed by agarose gel electrophoresis. Consistent with the
RT-PCR data, Ca?" flux assay results indicated that both the cell lines show a rise in ca®*
when the cells were stimulated with H,O,. This H,O, induced rise in cytosolic Ca®" was
inhibited by 2-APB, an inhibitor for TRP channels (Togashi et al., 2008) (Figure 4.2B-E).

Taken together, these results demonstrate that TRPM2 channels are functionally expressed
in HeLa and PC-3 cells.
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Figure 4. 2 Expression of TRPM2 channels in HeLa and PC-3 cells (A) RNA isolated
from HelLa and PC-3 cells was subjected to reverse transcription (RT) reaction and PCR and
the results were subjected to agarose gel electrophoresis. M: HypperLadder | (Bioline); band
size shown on the left. RT: RT-PCR product using TRPM2 primers. The gel shows bands
corresponding to the predicted size (293 bp). (B-C) H,O, induces a rise in intracellular Ca®*
in HeLa (B) and PC-3 (C) cells as determined by Fura-2 mediated rise in fluorescence
(F340/380) ratio using FlexStation Il; 2-APB (150 pM) inhibits the H,O, effect indicating
TRPM2 mediated Ca* rise. (D-E) Normalized mean + SEM data from three independent
experiments performed as in (B) and (C) respectively; Statistical significance was
determined using one-way Anova with Tukey post-hoc test *** indicates p < 0.001.
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4. 2. 3 TRPM2 channels mediate H,O, induced actin remodelling in HeLa and
PC-3 cells

Above data have shown that H,O, induces actin remodelling in HeLa and PC-3 cells (Figure
4. 1), and that both the cell lines express TRPM2 channels (Figure 4. 2). As H,0, is an
activator of the TRPM2 calcium channel, it was hypothesised that TRPM2 channels play a
role in H,O,—triggered actin remodelling. Therefore, the role of TRPM2 channels in H,0,

induced actin cytoskeleton remodelling was investigated in HeLa and PC-3 cells.

PJ34 and 2-APB were used to test the hypothesis. When co-incubated with PJ34 and 2-APB,
H,O, induced filopodia formation was significantly inhibited both in HeLa and PC-3 cells
(Figure 4.3A-D). As for stress fibres, 2-APB rescued H,O,induced loss of stress fibres more
effectively than PJ34 (Figure 4.3A-B).

To further assess the role of TRPM2 channels in H,O, triggered actin reorganization,
SsiRNAs (siRNA-1 and siRNA-2) specifically targeted to TRPM2 channels were used. Cells
were transfected with siRNAs (siRNA-1 and siRNA-2 for HeLa and siRNA-1 for PC-3 cells)
targeted to TRPM2 or scrambled control siRNA for 48 hours and then treated with the
medium alone or medium containing H,O,. F-actin staining showed that knock-down of
TRPM2 channels by siRNA, but not by scrambled control siRNA, suppressed H,O, induced
filopodia formation; rescue of stress fibres, however, was partial (Figure 4.4A-D). RT-PCR of
transfected cells showed that both TRPM2-siRNAs are effective in silencing TRPM2
expression (Figure 4.4E-F).

These data indicate that TRPM2 channels play a significant role in H,O, induced actin

cytoskeleton rearrangement.
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Figure 4. 3 Pharmacological inhibition of TRPM2 channels prevents H,O, induced
actin remodelling in HeLa and PC-3 cells. (A-B) HeLa (A) and PC-3 (B) cells were either
not treated (CTRL) or treated with H,O, in the absence and presence of TRPM2 inhibitors
(PJ34, 10 uM; 2-APB, 150 uM) and were then stained for F-actin. Representative confocal
images were shown; scale bars = 10 um. (C-D) Mean + SEM of filopodia number (5 cells)
from three independent experiments performed as in (A) and (B) with HeLa and PC-3 cells;

*** indicates p < 0.001; one-way Anova with Tukey post-hoc test.
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Figure 4. 4 Suppression of TRPM2 expression in HeLa and PC-3 cells with siRNA
prevents H,O, induced actin remodelling. (A and C) HeLa (A) and PC-3 (C) cells
transfected with scrambled siRNA or siRNAs against TRPM2 were either not treated (CTRL)
or treated with H,O, and stained for F-actin; representative control images are shown; scale
bars = 10 um. (B and D) Mean + SEM of filopodia number (5 cells) were shown from three
independent experiments performed as in (A) and (C) with HeLa (B) and PC-3 (D) cells. ***
indicates p < 0.001; NS, not significant; one-way Anova with Tukey post-hoc test. (E) HelLa
cells were transfected with scrambled siRNA, or siRNA against TRPM2 in combination with
siRNA-resistant plasmid for 48 hour, then cells were either not treated (CTRL) or treated with
H,O, and stained for F-actin; representative confocal images were shown; scale bars = 20
pum. (F) Mean = SEM of filopodia number (5 cells) were shown from three independent
experiments performed as in (E). ** indicates p < 0.001; ** indicates p < 0.01; NS, not
significant; one-way Anova with Tukey post-hoc test. (G) Hela cells were transfected with
scrambled siRNA or siRNA-1 against TRPM2 for 48 hours. RNA isolated from the
transfected cells was subjected to RT-PCR. Lane 1 and lane 10 has DNA ladder
(HypperLadder I; Bioline); lane 3: PCR product from TRPM2 plasmid; lanes 4: PCR products
from mRNA without reverse transcription reaction; lane 5-8: HelLa cells transfected with
scrambled siRNA (lane 5 and lane 7) or siRNA targeted to TRPM2 (lane 6, siRNA-1 and
lane 8, siRNA-2 ).The results show absence of TRPM2 band (lane 6 and 8) in TRPM2
SiRNA transfected samples, but not scrambled siRNA controls (lane 5 and 7). (H) PC-3 cells
were transfected with scrambled siRNA or siRNA-1 against TRPM2 for 48 hours and
subjected to RT-PCR. Lane 1 has DNA ladder (HypperLadder I; Bioline); lane 3: PCR
product from TRPM2 plasmid; lanes 4: PCR products from mRNA without reverse
transcription reaction; lane 5: PC-3 cells transfected with scrambled siRNA; lane 6: siRNA
targeted to TRPM2.The results show absence of TRPM2 band (lane 6) in TRPM2 siRNA

transfected samples, but not scrambled siRNA controls (lane 5).
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4. 2. 4 H,0, activation of TRPM2 channels causes both Ca®" entry and release in

HelLa cells

In most cell types, TRPM2 channels are expressed at the plasma membrane of the cell
where they promote Ca®" entry from the extracellular medium upon activation by H,O,. In
some cell types, however, they are also located in the lysosomal membranes where they
mediate lysosomal Ca*" release. To examine H,0, induced Ca** changes, the Fluo-4 Ca*
reporter was introduced into the cells. HelLa cells exposed to H,O, for 2 hours displayed a
large increase in intracellular Fluo-4 fluorescence as detected by confocal microscopy
(Figure 4.5A-B) and flow cytometry (Figure 4.5C-D). Removal of extracellular Ca®" with
EGTA (membrane impermeable chelator) reduced, but failed to abolish the Ca®" signal
completely (Figure 4.5A-B), indicating that the fluorescence signal is due to both Ca** entry
and release. When PJ34 and 2-APB were included, the increase in fluorescence was
completely abolished (Figure 4.5A-D), indicating a role for TRPM2 channels in H,O, induced
Ca®" entry and release. In addition, cells treated with TRPM2 siRNA, but not with scrambled
control siRNA, failed to respond to H,O,, further revealing the role of TRPM2 channels in

mediating H,O, induced Ca®" entry and release (Figure 4.5E-F).

These data illustrate that H,O, induces both Ca? entry and release in HelLa cells, and that
the H,0, effect is mediated by TRPM2 channels.
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Figure 4. 5 TRPM2 channels mediate H,O, induced ca? entry and release in HelLa
cells. (A) Cytosolic Ca®"in HelLa cells detected with Fluo4-AM:; Cells were either not treated
(CTRL) or treated with H,O, (200 pM) minus or plus EGTA (5 mM), PJ34 (10 uM) and 2-APB
(150 uM); representative control images are shown; scale bars = 20 um. (C) HelLa cells were
either not treated (CTRL) or treated with H,O, (200 uM) minus or plus PJ34 (10 uM) and 2-
APB (150 pM) followed by loading with Fluo4-AM and were analysed by FACS. Histogram
plot of flow cytometry analysis (~ 5000 cells) is shown. Green: CTRL; Red: H,0O,; Cyan:
H,O, plus PJ34; Black: H,O, plus 2-APB. (D) Mean + SEM of Ca** fluorescence (~5000 cells)
from three independent experiments performed as in (C). (E) HelLa cells transfected with
scrambled siRNA or siRNA against TRPM2 were either not treated (CTRL) or treated with
H,0,; Ca? fluorescence was examined by loading the cells with Fluo4-AM; representative
control images are shown; scale bars = 20 pm. (B and F) Mean + SEM of average Ca**
fluorescence per cell from three independent experiments performed as in (A) and (E); ***
indicates p < 0.001; ** indicates p < 0.01; NS, not significant; one-way Anova with post-hoc

Tukey test.
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4. 2. 5 Extracellular Ca** entry is not essential for actin cytoskeleton

remodelling

Previous studies have reported that alteration of Ca?* dynamics influences actin remodelling.
Since both Ca?* entry and release were observed in the above experiment, the role of Ca?®*
entry and release in H,O, induced actin remodelling was next investigated. Depletion of
extracellular Ca** failed to prevent H,O, induced filopodia formation (Figure 4.6A-B),
indicating extracellular Ca®* entry is not essential for filopodia formation. Interestingly, there
was a small, but significant increase in filopodia in the absence of extracellular Ca®,
suggesting that reduced Ca®* might stimulate filopodia formation. Consistent with this
interpretation, depletion of intracellular Ca®* with BAPTA-AM, a cell membrane-permeable
Ca®" chelator, induced significant increase in filopodia formation in the absence of H,0,
(Figure 4.6C-D). The effect on stress fibres is less discernible as H,O, treatment in the

absence of extracellular Ca®* caused marked cell shrinkage.

Collectively, these results indicate that TRPM2 channels mediate both Ca?* entry and
release, and that although Ca*" plays a role in actin remodelling, extracellular Ca*" entry is

not essential for this.
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Figure 4. 6 Remodelling of actin cytoskeleton is not dependent on extracellular Ca**
entry. (A) HelLa cells were treated without (CTRL) or with H,O, (200 uM) in the presence
(normal SBS) and absence of extracellular Ca®* (Ca**-free SBS) and were stained for F-actin;
representative confocal images are shown; scale bars = 10 um. (B) Mean + SEM of filopodia
number (5 cells) from three independent experiments performed as in (A); *** indicates P <
0.001; ** indicates p < 0.01; NS, not significant; one-way Anova, with post-hoc Tukey test. (C)
HelLa cells were treated without (CTRL) or with BAPTA-AM (10 uM) and stained for F-actin.
Representative confocal images are shown; scale bars = 10 um. (D) Mean + SEM of
filopodia number (5 cells) from three independent experiments performed as in (C); ***
indicates p < 0.001; Student’s t test. In A and C, boxed regions are expanded in the insets.
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4. 2. 6 Inhibition of TRPM2 channels significantly blocked H,O»-induced

cytosolic Ca®*increase in PC-3 cells

The above data clearly demonstrate that H,O, is capable of inducing marked rise in cytosolic
Ca?', due to Ca?' entry and release in HelLa cells. It was however unclear whether such

increase also occurs in PC-3 cells.

To address this question, the Fluo-4 Ca®* reporter was introduced into the PC-3 cells.
Consistent with observations in HelLa cells, H,O, treated PC-3 cells showed significant
cytosolic Ca®* increase, indicated by the elevated Fluo-4 fluorescence assessed using flow
cytometry (Figure 4.7A-B). When PJ34 and 2-APB were included, H,0O, induced Ca*
increase was significantly inhibited, indicating a role for TRPM2 channels in the Ca*

increase.

To assess whether this cytosolic Ca** increase involves both Ca** entry and release,
BAPTA-AM and EGTA were used. Fura-2-AM loaded PC-3 cells showed robust elevation of
intracellular Ca*" concentration following the addition of H,O, (Figure 4.7C-D), which is
consistent with the flow cytometry data. BAPTA-AM treatment completely prevented H,O,
induced Ca*" increase. EGTA, on the other hand, partially decreased H,O, induced ca?
elevation. These results suggest that H,O, causes a significant Ca®" release from an

intracellular source.

Collectively, these data suggest that H,O, induces both Ca®* entry and release in PC-3 cells,

which is largely mediated by TRPM2 channels.
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Figure 4. 7 TRPM2 channels mediate H,O, induced cytosolic Ca® increase in PC-3
cells. (A) PC-3 cells were either not treated (CTRL) or treated with H,O, (100 pM) minus or
plus PJ34 (10 uM) and 2-APB (150 uM). The cells were loaded with Fluo4-AM and analysed
by FACS. The results are presented as histogram (~ 5000 cells). Green: CTRL; Red: H,O;
Cyan: H,0; plus PJ34; Black: H,O, plus 2-APB. (B) Mean + SEM of Ca** fluorescence (5000
cells) from three independent experiments performed as in (A); ** indicates p < 0.01; one-
way Anova with post-hoc Tukey test. (C) PC-3 cells were loaded with Fura-2-AM for 1 hour
followed with three times washing; cells were then treated as follows: CTRL (SBS alone);
H,O, (SBS alone); BAPTA-AM (SBS containing 10 uM BAPTA-AM); EGTA (SBS containing
1.5 mM EGTA) for 1 hour at 37°C and then cytosolic Ca?* were measured by Flexstation
Microplate Reader; at 60 sec, H,O, was added to H,O, wells and wells containing BAPTA-
AM and EGTA pre-treated cells. The fluorescence ratio of 340/ 380 was recorded. (D) Mean
+ SEM of fluorescence amplitude from at least three independent experiments performed as
in (C). ** indicates p < 0.001; one-way Anova with post-hoc Tukey test.
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4. 2. 7 H,O; activation of TRPM2 channels causes a rise in cytosolic level of

Zn?*in HelLa cells

In addition to raising cytosolic Ca**, H,0, activation of TRPM2 channels can also increase
cytosolic Zn** in pancreatic B-cells (Manna et al., 2015) and TRPM2 transfected HEK-293
cells (Yu et al., 2012). To examine whether H,O, causes Zn** rise in Hela cells, FluoZin-3-
AM, was loaded into the cells and H,O, induced changes in fluorescence were measured by
confocal microscopy and flow cytometry. The results showed a marked increase in the
FluoZin-3 signal induced by H,O, (Figure 4.8A-D). Chemical inhibition of TRPM2 channels
by PJ34 and 2-APB fully prevented the H,O, induced increase in Zn?* signal, indicating the
role of TRPM2 channels in Zn?" elevation (Figure4.8A-D). Inclusion of EGTA (which can
chelate both Ca?* and Zn%) in the extracellular medium failed to prevent the increase in Zn?*
fluorescence indicating that Zn®* is released from an intracellular source. Inhibition of TRPM2
channels by TRPM2 siRNA suppressed the rise in the cytosolic levels of Zn?* (Figure 4.8E-
F), further indicating that the changes in Zn** are TRPM2 mediated.

In combination with Ca®" data in Figure 4.5, these results indicate that H,O, induces marked
increase in the intracellular levels of both Ca®" and Zn?*" through activation of TRPM2

channels in HelLa cells.
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Figure 4. 8 H,0O, activation of TRPM2 channels causes a rise in cytosolic Zn**in HelLa
cells. (A) Cytosolic Zn** in Hela cells stained with FluoZin3-AM; Cells were either not
treated (CTRL) or treated with H,O, (200 uM) plus or minus EGTA (5 mM), PJ34 (10 uM)
and 2-APB (150 uM); representative control images are shown; scale bars = 20 um. (B)
Mean + SEM of average Zn®" fluorescence per cell from three independent experiments
performed as in (A); *** indicates p < 0.001; NS, not significant; one-way Anova with post-
hoc Tukey test. (C) HeLa cells were either not treated (CTRL) or treated with H,O, (200 uM)
minus or plus PJ34 (10 uM) and 2-APB (150 pM). Cells were loaded with Fluo4-AM and then
analysed by FACS. Histogram plot of flow cytometry analysis (n~ 5000) is shown. Green:
CTRL; Red: H,0,; Cyan: H,0, plus PJ34; Black: H,O, plus 2-APB. (D) Mean + SEM of ca*
fluorescence (5000 cell s) from three independent experiments performed as in (C). (E)
HelLa cells transfected with scrambled siRNA or siRNA against TRPM2 were either not
treated or treated with H,O, (200 pM) and cells were stained with FluoZin3-AM,;
representative control images are shown; scale bars = 20 um. (F) Mean + SEM of average
Zn?** fluorescence per cell from three independent experiments performed as in (E); ***
indicates p < 0.001; NS, not significant; one-way Anova with post-hoc Tukey test.
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4. 2. 8 H,O, activation of TRPM2 channels causes a rise in cytosolic level of
Zn?*in PC-3 cells

Having, demonstrated the role of H,O, and TRPM2 channels in induction of cytosolic Zn?
increase in Hela cells, effect of H,O, on Zn?* dynamics in PC-3 cells was investigated using
confocal microscopy and flow cytometry. PC-3 cells were treated with H,O, in the absence
or presence of PJ34 and 2-APB and loaded with FluoZin3-AM to monitor changes in
cytosolic Zn**. The results showed a remarkable increase in FluoZin3 fluorescence following
H,O, treatment; inclusion of PJ34 and 2-APB completely prevented the H,O, induced Zn*
elevation, indicating that TRPM2 channels are responsible for the changes in Zn*" (Figure
4.9A-B). Consistent with the confocal data, the results of flow cytometry showed strong Zn?*
signal induced by H,O, and inhibition of TRPM2 channels with PJ34 and 2-APB rescued the
cytosolic Zn** signal (Figure 4.9C-D). As there is no extracellular Zn*" in the medium, the

increase in Zn?" could be attributed to Zn?* release from an intracellular source.

These data indicate that TRPM2 channels mediate H,O, induced Zn?' release in PC-3 cells.
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Figure 4. 9 Effect of H,0, on cytosolic Zn? in PC-3 cells (A) Cells were either not treated
(CTRL) or treated with H,O, (100 uM) plus or minus PJ34 (10 uM) and 2-APB (150 uM);
representative control images are shown; scale bars = 20 um. (B) Mean + SEM of average
Zn?* fluorescence per cell (CTRL: 123 cells; H,0,: 126 cells; PJ34: 117 cells; 2-APB: 125
cells) from three independent experiments performed as in (A); ** indicates p < 0.01; one-
way Anova, with post-hoc Tukey test. (C) PC-3 cells were either not treated (CTRL) or
treated with H,O, (100 puM) minus or plus PJ34 (10 uM) and 2-APB (150 uM). Cells were
then loaded with FluoZin3-AM and analysed by FACS. Histogram plot of flow cytometry
analysis (n ~ 5000) were shown. Green: CTRL; Red: H,0,; Cyan: H,0O, plus PJ34; Black:
H,O, plus 2-APB. (D) Mean * SEM of Zn*" fluorescence (~5000 cells) from three
independent experiments performed as in (C). *** indicates p < 0.001; ** indicates p < 0.01;

one-way Anova, with post-hoc Tukey test.
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4.2.97n%is enriched in lysosomes of HeLa and PC-3 cells

Since H,0, induced Zn?' release is from an intracellular source, the location of free Zn?* was
examined. Previous studies have shown that lysosomes serve as intracellular Zn?* sinks to
impact on the net cellular Zn** distribution (Ira et al., 2013; Kukic et al., 2014). Therefore, to
determine the intracellular source of Zn**, cells were stained with indicators of different
organelles. The results show significant co-localisation (yellow in merged images) of Zn?
stain (green) with LysoTracker (red) (Figure 4.10A-B), indicating that the source of the Zn**
is likely lysosomes. Mitochondria and ER stains, on the other hands, showed little co-
localisation with the Zn®" stain (Figure 4.10A-B).

Collectively, these data suggest that free Zn** is largely present in lysosomes of HelLa and
PC-3 cells.
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Figure 4. 10 Zn* is enriched in lysosomes of HeLa and PC-3 cells. (A-B) Staining of
HelLa (A) and PC-3 (B) cells with FluoZin3-AM (green) and indicators of organelles (red);

representative confocal images are shown; scale bars = 20 um.
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4.2.10 TRPM2 expression in lysosomes of HelLa cells

Apart from the plasma membrane, TRPM2 channels have been shown to be expressed in
lysosomes of pancreatic B-cells where they mediate Ca®* release (Lange et al., 2009). To
test if lysosomes of Hela cells express TRPM2 channels, two approaches were used:

immuno-staining and western blotting.

For immuno-staining, HA-tagged TRPM2 channels were expressed in HelLa cells and
stained for HA-TRPM2 using anti-HA antibodies and for lysosomes using anti-LAMP1
antibodies. The Z-stack confocal images (Figure 4. 11A right panel) show clear co-
localisation of HA-tagged TRPM2 channels (green) with the lysosomal CD63 protein (red),

indicating expression of TRPM2 channels in lysosomes.

To confirm lysosomal expression of TRPM2 channels, lysosomes were isolated by Opti-prep
differential centrifugation from HeLa cells transfected with the HA-TRPM2 plasmid construct.
Lysosomal fraction was subjected to western blotting using anti-HA, anti-LAMP1 and anti-
Calnexin (ER marker) antibodies. The results (Figure 4. 11B) show presence of TRPM2
band (~ 170 KDa) in the lysosomal fraction. Although there is some contamination of the
lysosomal fraction with the ER indicated by a band with anti-Calnexin antibodies at (~ 90
KDa), the intensity of calnexin band is relatively weak compared with that for LAMP1 (~ 100
KDa).

Taken together with the imaging data, biochemical results support expression of expressed

heterologously TRPM2 channels in lysosomes.
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Figure 4. 11 Expression of TRPM2 in lysosomes of HelLa cells (A) HelLa cells were

transfected with the HA-tagged TRPM2 plasmid and immunostained for CD63 (red) and the

HA epitope (green); white arrows labelled with 1 and 2 indicate representative co-localisation

of CD63 and HA-TRPM2 (yellow puncta in right panel). (B) Western blot analysis of whole

cell lysate and the lysosomal fraction isolated from HeLa cells transfected without (mock) or

with (transfected) HA-tagged TRPM2 plasmid. The blots of whole cell lysate were probed

with anti-HA antibodies. The blots of lysosomal fraction were probed with antibodies against
TRPM2 channels (HA-TRPM2), lysosome marker (LAMP1) and the ER marker (Calnexin).
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4.2.11 A23187 can be used to selectively induce cytosolic Ca* rise

Fluo-4 is not specific for Ca®". It binds Zn** about 100-fold more avidly than Ca?* (Sensi et al.,
2009). Activation of TRPM2 channels was found to cause not only a rise in cytosolic Ca?*
(Figure 4. 5), but also Zn*" (Figure 4.8-9). Thus the Fluo-4 signal seen in Figure 4.5,
attributed to Ca*, could, in part, be due to a rise in Zn®". Consistent with this, the Zn?*
selective chelator, TPEN, partially attenuated the H,O, induced Fluo-4 signal, whilst BAPTA-
AM, which chelates both Ca** and Zn*, was able to fully inhibit the Fluo-4 signal (Figure
4.12A and C).

Since H,0, induces both cytosolic Ca** and Zn*" increase, it is difficult to distinguish the
individual effects of Ca®* and Zn*  on actin remodelling. To examine the individual roles of
Ca®* and zZn*, there is a need for a tool that would selectively increase the levels of Ca®*
and Zn*". A23187, a Ca*" ionophore, is widely used to raise the cytosolic level of Ca*.
However, it is not known if it also increases the cytosolic Zn*" level. When Hela cells were
treated with A23187, intracellular Ca** level was significantly elevated indicated by the
marked increase in Fluo-4 fluorescence. The increase in fluorescence was completely
inhibited by BAPTA-AM, but not TPEN (Figure 4.12B and D), indicating that A23187 causes

selective rise in intracellular Ca*".

These data suggest that H,O, induced Fluo4 signal (Figure 4. 12) is partly due to the rise in

Zn*" and that A23187 can be used to examine Ca?* specific cellular changes.
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Figure 4. 12 A23187 can be used to induce rise in cytosolic Ca® selectively. (A) H,0,
induced increase in Fluo4 signal can be fully inhibited by BAPTA-AM, and partially by TPEN;
HelLa cells were treated without (CTRL) or with H,O, (200 pM) minus or plus BAPTA-AM (10
uM) and TPEN (5 uM); representative confocal images are shown ; scale bars = 20 um. (B)
A23187 raises cytosolic Ca*, but not Zn**; Cells were either not treated (CTRL) or treated
with A23187 (3 uM) minus or plus BAPTA-AM (10 uM) and TPEN (5 uM); representative
confocal images are shown; scale bars = 20 uym. (C) Mean + SEM of average Fluo4
fluorescence per cell (number of cells analysed are shown within each bar) from three
independent experiments performed as in (A); *** indicates p < 0.001; * indicates p < 0.05;
one-way Anova with post-hoc Tukey test. (D) Mean + SEM of average Fluo4 fluorescence
per cell (hnumber of cells analysed are shown within each bar) from three independent
experiments performed as in (B); *** indicates p < 0.001; NS, not significant; one-way Anova
with post-hoc Tukey test.
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4.2.12 Zn-pyrithione can be used to selectively elevate cytosolic Zn* levels

As shown before (Figure 4.8A), after H,0O, treatment, intracellular Zn?* was dramatically
increased as detected by FluoZin3-AM (Figure 4.13 A and C). H,O, induced Zn*" signal was
fully inhibited by TPEN, but partly by BAPTA-AM (Figure 4. 13A and C). Complete inhibition
of FluoZin-3 signal by TPEN is consistent with the previous reports (Gyulkhandanyan et al.,
2006; Manna et al., 2015) that FluoZin-3 is specific for Zn*. The partial removal of the
Fluozin-3 signal by BAPTA-AM is consistent with its inability to discriminate between Ca®*
and Zn** (Sensi et al., 2009).

The ability of Zn-PTO to selectively elevate cytosolic Zn** was next examined. For this, cells
were treated with Zn-PTO for 2 hours and loaded with FluoZin3-AM. The results show that
Zn-PTO causes marked increase in FluoZin-3 fluorescence (Figure 4.13 B and D). TPEN
was able to fully abolish the FluoZin-3 signal, whereas BAPTA-AM partially attenuated the
Zn** signal (Figure 4. 13B and D). Similar results were obtained in PC-3 cells showing
significant cytosolic Zn?" increase induced by Zn-PTO that was quenched by TPEN (Figure 4.
13E).

Taken together, these results indicate that FluoZin3-AM and TPEN are specific for Zn**, and
that Zn-PTO can be used to selectively increase cytosolic Zn®* to examine the role of Zn* in
actin remodelling. The results also confirm the non-selective ability of BAPTA-AM to chelate

Zn?
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Figure 4. 13 Zn-pyrithione can be used to selectively elevate cytosolic Zn* levels. (A)
H,0O, induced increase in FluoZin3 signal can be fully inhibited by TPEN, and patrtially by
BAPTA-AM; Hela cells were treated without (CTRL) or with H,O, (200 pM) minus or plus
TPEN (5 uM) and BAPTA-AM (10 uM); representative confocal images are shown; scale
bars = 20 pm. (B) Zn-PTO raises cytosolic Zn**, but not Ca**; Cells were either not treated
(CTRL) or treated with Zn-PTO (3 uM) minus or plus TPEN (5 uM) and BAPTA-AM (10 uM);
representative confocal images are shown; scale bars = 20 um. (C-D) Mean = SEM of
average Fluozin3 fluorescence per cell (cell numbers are indicated in the bar chart) from
three independent experiments performed as in (A) or (B); *** indicates p < 0.001; **
indicates p < 0.01; NS, not significant; one-way Anova with post-hoc Tukey test. (E) PC-3
cells were labelled with FluozZin3-AM for 1 hour at 37°C followed by incubation with different
compounds (CTRL; Zn-PTO minus or plus TPEN) for 2 hours at 37°C. Cytosolic Zn* was
then measured by FlexStation Il. Mean + SEM of fluorescence was shown from at least
three independent experiments. * indicates p < 0.05; one-way Anova with post-hoc Tukey

test.
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4. 2. 13 Opposite effects of Ca®* and Zn?* on actin remodelling

Previous studies have reported that Ca®* plays a key role in the actin cytoskeleton
remodelling. Given the above findings, it is reasonable to assume that Zn** also contributes
to actin remodelling. Chelation of Zn* with TPEN indeed showed a striking effect on the
actin cytoskeleton: it suppressed H,O, induced filopodia formation and loss of stress fibres
(Figure 4.14A and C). Interestingly, however, chelation of Ca®* with BAPTA-AM has little

effect on H,O, induced changes in the actin cytoskeleton (Figure 4.14A and C).

Since H,0, can affect a number of other signalling pathways that could confound the
interpretation of the data here, A23187 and Zn-PTO were used to raise the cytosolic
concentrations of Ca®* and Zn** respectively and thus examine the individual roles of these
two ions on actin remodelling in the absence of H,O,. The results (Figure 4.14B and D) show
that delivery of Zn?" through PTO suppresses stress fibres and increases filopodia formation.
Co-application of TPEN was able to antagonise the effect of Zn-PTO. Together with the
results presented in Figure 4.14A and C, these data confirm that Zn?* promotes filopodia
formation and disassembly of stress fibres. Increasing the Ca?* entry via A23187 had no
major effect on actin cytoskeleton, but, interestingly, co-treatment with BAPTA-AM
attenuated stress fibres and induced filopodia formation (Figure 4.14B and D). These results
indicate that basal levels of Ca?" are required to maintain stress fibres, and to suppress

filopodia formation.

Similar results were obtained with PC-3 cells (Figure 4. 15). Taken together, these results
indicate that Ca®* and Zn** have distinct, but opposite, effects on stress fibres and filopodia
formation. Interestingly, the effects of Zn-PTO are very similar to those of H,O, indicating
that Zn*, rather than Ca*, plays a dominant role in H,O, induced remodelling of the actin

cytoskeleton.
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Figure 4. 14 Opposite effects of Ca* and Zn** on H,0,mediated actin remodelling (A)
HelLa cells were either not treated (CTRL) or treated with H,O, (200 uM) plus or minus
BAPTA-AM (10 uM) and TPEN (5 uM) and then stained for F-actin. Representative images
are shown; scale bars = 20 um. (B) F-actin was stained in HelLa cells following buffer
(CTRL), A23187 (3 uM) minus or plus BAPTA-AM (10 uM) and Zn-PTO (3 uM) minus or plus
TPEN (5 puM) treatments. Representative images are shown; scale bars = 20 um. (C) Mean
+ SEM of filopodia humber (5 cells) from three independent experiments performed as in (A);
*** indicates p < 0.001; NS, not significant; one-way Anova with post-hoc Tukey test. (D)
Mean + SEM of filopodia number (5 cells) from three independent experiments performed as
in (B); ** indicates p < 0.001; Student’s t test.
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Figure 4. 15 Opposite effects of Ca®" and Zn?* on actin remodelling in PC-3 cells.

Experiments were performed and analysed as in Figure 4. 14.
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4. 2. 14 Cdc42 and Rif are not involved in H,O; induced filopodia formation

Previous studies have demonstrated that Cdc42 is the main regulator of filopodia formation
in mammalian cells (Nobes and Hall, 1995). Cdc42 belongs to the Rho GTPase family
(Nobes and Hall, 1995). In its GTP-bound form, Cdc42 is active and induces filopodia; while
in the GDP-bound form, Cdc42 is inactive and incapable of inducing filopodia formation. To
examine whether Cdc42 is involved in H,O, induced filopodia formation, constitutively-active
(QL-Cdc42) and dominant-negative (TN-Cdc42) Cdc42 mutant constructs were used. If H,0,
induced filopodia formation is dependent on Cdc42, one would expect heterologous
expression of QL-Cdc42 to have no major effect, but TN-Cdc42 to inhibit H,O, induced
filopodia formation. After transfection with EGFP-tagged QL-Cdc42, the transfected cells
generated filopodia but not as significant as H,O, (Figure 4. 17A); cells transfected with the
TN-Cdc42 construct failed to suppress H,0O, induced filopodia formation treatment (Figure 4.
17A). These data indicate that Cdc42 does not appear to mediate H,O, induced filopodia
formation. One previous study reported that active Cdc42 accumulates at the leading edge
of migrating astrocytes and contributes to the cell polarity required for directional migration
(Osmani et al., 2010). Interestingly, H,O, caused translocation of constitutively-active Cdc42
from the cytoplasm to cell periphery was also observed (Figure 4.17A). Whether this

translocation plays a role in HeLa cell migration needs further investigation.

Apart from the classical Rho GTPase, non-classical Rho GTPases were also demonstrated
to play roles in actin regulation, among which, Rif is an important one. It has been reported
that Rif functions as a regulator of filopodia formation in HelLa cells (Pellegrin and Mellor,
2005). Therefore, the role of Rif in H,O, induced filopodia formation was examined. Effect of
two Rif mutants was tested: Myc-tagged constitutively-active Rif (QL-Rif) and dominant-
negative Rif (TN-RIif). QL-Rif transfection failed to induce filopodia formation; however, as
reported before (Fan et al., 2010), constitutively active Rif strengthened stress fibres (Figure
4. 17B). TN-RIf, failed to suppress H,O, induced filopodia formation. Therefore, Rif does not

appear to be essential for H,O, induced filopodia formation.

Taken together, these results demonstrate that H,O, induced filopodia formation in HelLa

cells does not appear to be dependent on Cdc42 and Rif.
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Figure 4. 16 Cdc42 and Rif are not involved in H,O, induced filopodia formation. (A)
HelLa cells were transfected with EGFP-tagged QL-Cdc42 or TN-Cdc42 plasmids for 48
hours and then exposed to medium alone (CTRL) or medium containing H,O, for 2 hours at
37°C. Then cells were fixed, permeabilized and stained for F-actin. Representative confocal
images are shown. Scale bars = 20 ym. (B) HeLa cells were transfected with Myc-tagged
QL-Rif or TN-Rif for 48 hours and then exposed to medium alone (CTRL) or medium
containing H,O, for 2 hours at 37°C. Cells were then fixed, permeabilized and stained for

Myc tag and F-actin. Representative confocal images were shown. Scale bars = 20 um.
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4. 2. 15 PI-3K and MAPK are not involved in H,O, induced filopodia formation

PI13-K has been previously been shown to play a role in actin remodelling. Overexpression of
PI3-K has been shown to cause an increase in lamellipodia and filopodia formation in
chicken embryo fibroblast cells as well as a decrease of actin stress fibers (Qian et al., 2004).
Besides, the activation of Akt/PI13-K signaling pathway by H,O, has been reported previously
(Lee et al., 2002). Thus, the effect of PI3-K inhibitor, LY294002, on H,O, induced filopodia
formation and loss of stress fibres was tested. However, inhibition of PI3-K had no effect on
H,O, induced filopodia formation and disassembly of stress fibres (Figure 4.17). These data,

indicate that H,O, induced actin remodelling is independent of PI3-K signalling.

Another signaling pathway that can be activated by H,O, is MAPK signalling pathway
(Pennanen et al., 2014). A role for MAPK signalling pathway in actin remodelling has been
reported previously (Li et al., 2006; Wang and Doerschuk, 2001). For example, activation of
MAPK is critical for the formation of filopodia in hippocampal neurons (Wu et al., 2001). In
aortic vascular smooth muscle cells, MAPK pathway inhibition significantly reduced filopodia
formation (Campbell and Trimble, 2005). To address the role of MAPK in H,0O, induced
filopodia formation, a MAPK inhibitor, SB203580, was used. MAPK inhibition by SB203580
failed to inhibit H,O, induced filopodia formation (Figure 4.17). These data indicate that

MAPK signalling pathway is not involved in H,O, induced actin cytoskeleton reorganization.

Taken together, these results show that neither PI3-K nor MAPK signalling pathway plays

important part in H,O, induced actin remaodelling in HeLa cells.
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LY294002

Figure 4. 17 PI3-K and MAPK are not essential for H,O,-induced actin remodelling in
HeLa cells. HelLa cells were either not treated (CTRL) or treated with H,O, in the absence
and presence of PI3-K inhibitor (LY294002, 20 puM) or MAPK inhibitor (SB203580, 10 pM)
for 2 hours at 37 °C. Cells were then fixed, permeabilized and stained for F-actin.

Representative confocal images are shown; Scale bars = 10 pm.
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4. 2. 16 TRPM2 channels are involved in H>O, induced focal adhesions

disassembly

Focal adhesions are protein complexes that link the cytoplasmic stress fibres to ECM and
play a crucial role in cell migration (Nagano et al., 2012). By undergoing assembly and
disassembly, focal adhesions regulate the speed of directional cell migration. It has been
demonstrated that loss of stress fibres is accompanied by the simultaneous loss of focal
adhesions (Chrzanowska-Wodnicka and Burridge, 1996; Ridley and Hall, 1992). Therefore
the effect of H,O, on the size and number of focal adhesions was examined by
immunostaining for paxillin. Paxillin is an adaptor protein involved in focal adhesion

organization and is widely used as a focal adhesion marker.

Consistent with the expectation, H,O, treatment caused a marked loss of focal adhesions, as
well as a decrease in their size (Figure 4. 18A-C). To investigate whether TRPM2 channels
are involved in H,O, induced focal adhesions reorganization, PJ34 and 2-APB were used.
PJ34 failed to rescue the loss of focal adhesions, which is consistent with the above results
where PJ34 failed to fully prevent H,O, induced stress fibres loss (Figure 4. 3). These data
are consistent with the view that there is a close relationship between focal adhesion
dynamics and stress fibre dynamics. On the other hand, 2-APB was able to prevent H,0,
induced loss of focal adhesions (Figure 4. 18A-C). Knock-down of TRPM2 channels with
siRNA significantly rescued focal adhesion density, but not the size of focal adhesions
(Figure 4.18D-F), indicating that there may be other pathways responsible for H,O, induced
focal adhesion reorganization. The role of TRPM2 channels in focal adhesion dynamics was
also examined in PC-3 cells. As expected, H,O, reduced both the size and number of focal

adhesions; the effect was fully rescued by 2-APB (Figure 4.18 G-I).

Taken together, these data indicate that H,O, treatment induces disassembly of focal
adhesions, and that the disassembly of focal adhesions is partially dependent on TRPM2
channels. Previous studies have indicated that the number and size of focal adhesions are
related to the speed of cell migration with smaller focal adhesions contributing to fast
migration and large focal adhesions leading to slow migration (Huang et al., 2003).
Therefore, the smaller and fewer focal adhesions induced by H,O, might promote rapid

migration of HelLa cells.
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Figure 4. 18 TRPM2 channels contribute to H,O, induced focal adhesion disassembly.
(A) Staining of F-actin (green) and paxillin (red) in HelLa cells following buffer (CTRL) or
H.O; (200 uM) treatment in the absence and presence of PJ34 (10 pM) or 2-APB (150 pM);
Representative confocal images were shown; scale bars = 20 um. (B-C) Mean + SEM of
average paxillin number (B) and size (C) per cell from three independent experiments
performed as in (A). ** indicates p < 0.001; ** indicates p < 0.01; NS, not significant; one-
way Anova with post-hoc Tukey test. (D) HelLa cells transfected with scrambled siRNA or
siRNA against TRPM2 were treated with buffer (CTRL) or H,O, (200 pM) and were then
stained for F-actin and paxillin; Representative confocal images were shown; scale bars =
20 pm. (E-F) Mean = SEM of average paxillin number and size from three independent
experiments performed as in (D). *** indicates p < 0.001; ** indicates p < 0.01; * indicates p
< 0.05; NS, not significant; one-way Anova with post-hoc Tukey test; (G) PC-3 cells were
stained for F-actin (green) and paxillin (red) following buffer (CTRL) or H,O, treatment (100
UM) in the absence and presence of 2-APB (150 pM); scale bars = 20 pm. (H-1) Mean *
SEM of average paxillin number (H) and size () per cell from three independent experiments
performed as in (G). *** indicates p < 0.001; ** indicates p < 0.01; NS, not significant; one-

way Anova with post-hoc Tukey test.
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4. 2. 17 Opposite effects of Ca** and Zn** on focal adhesions

A role for Ca®* in dynamics of focal adhesions has been reported previously (Giannone et al.,
2004), but the effect appears to be cell type dependent. In breast cancer cells, decrease in
cytosolic Ca?* induces large mature focal adhesions (Yang et al., 2009a). However, in NIE-
115 neuroblastoma cells, rise in cytosolic Ca?" increases the number of large focal
adhesions (Clark et al., 2006). A role for Zn?* in focal adhesion dynamics, on the other hand,
has not been reported previously. However, a previous study has reported that influx of Zn?
via PTO induces translocation and activation of PKC (Yang et al., 1993), which is a
signalling protein important for focal adhesion formation (Kamata et al., 2002). This suggests
that elevated cytosolic Zn** is related to changes in focal adhesions. Since H,0, induced
increase in cytosolic Ca** and Zn?* affects focal adhesions disassembly (Figure 4.5, 4.7, 4.8
and 4.9), the individual roles of Ca®* and Zn®* in H,0, induced reorganization of focal

adhesions were examined.

Raising the intracellular Ca®* with A23187 had no effect on either the size or the number of
focal adhesions while chelation of Ca** with BAPTA-AM significantly reduced the size and
number of focal adhesions (Figure 4.19A-C for Hela cells and D-F for PC-3 cells). By
contrast, elevation of cytosolic Zn* with Zn-PTO led to a significant decrease in the number
and size of focal adhesions (Figure 4.19A-C for HelLa cells and D-F for PC-3 cells). These
effects of Zn-PTO were reversed by the co-application of TPEN. Thus Ca®* and Zn** have
contrasting effects on the dynamics of focal adhesions: Ca?* promotes, whereas Zn?*
attenuates focal adhesion formation. However, depletion of intracellular Ca?* appears to be

more effective on the disassembly of focal adhesions than the elevation of Zn?*.

Collectively, these data suggest that Ca* is required for the assembly of focal adhesions
while Zn?* promotes focal adhesions disassembly. These two ions thus have opposite

effects on focal adhesion reorganization induced by H,0O..
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Figure 4. 19 Opposite effects of Ca** and Zn** on focal adhesions (A) Hela cells were
stained for F-actin and paxillin following buffer (CTRL), A23187 (3 uM) minus or plus
BAPTA-AM (10 uM) and Zn-PTO (3 uM) minus or plus TPEN (5 uM) treatments; Scale bars:
20 pm. (B-C) Mean = SEM of average paxillin number and size per cell from three
independent experiments performed as in (A); *** indicates p < 0.001; ** indicates p < 0.01; *
indicates p < 0.05; one-way Anova with post-hoc Tukey test. (D-F) Effects of Ca®* and Zn*
on focal adhesions of PC-3 cells. Experiments and data analysis were performed as for
HelLa cells. Representative images (D) and mean + SEM of average paxillin number and

size per cell from three independent experiments are shown. Scale bars = 20 um.
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4. 2. 18 TRPM2 channels mediate palmitate induced actin remodelling in PC-3

cells

Above data have shown that excess ROS induces actin remodelling in PC-3 cells. ROS is
involved in the aetiology of many pathophysiological conditions such as diabetes (Kaneto et
al., 2010). As explained in the previous chapter, in diabetes, both glucose and free fatty acid
levels are elevated. The results of the previous chapter have shown that high levels of fatty
acids induce apoptosis of B-cells by elevating ROS levels. Whether palmitate induced ROS
production triggers actin remodelling is unknown, but given palmitate induces ROS

production, one would expect palmitate to produce effects similar to H,O,.

To address this question, the tdTomato-F-actin-P construct was transfected into PC-3 cells.
After 10 hours of palmitate treatment, the actin cytoskeleton in transfected live PC-3 cells
was recorded using confocal microscopy. The transfected cells showed numerous filopodia
as well as distinct lamellipodia (Figure 4.20 A-B).This finding is interesting as H,O, induces
filopodia alone in PC-3 cells without any apparent lamellipodia formation (Figure 4.1B). To
test whether the palmitate induced actin remodelling is mediated by ROS, antioxidant NAC
was used. To test the role of TRPM2 channels, 2-APB was used. The results show that 2-
APB and NAC fully prevented palmitate induced filopodia formation (Figure 4. 20A-B). Thus
the data indicate that palmitate induced changes in actin cytoskeleton are mediated by ROS
and TRPM2 channels.

Taken together, these data suggest that H,O, induced actin remodelling reported in this
chapter can occur in pathological conditions where free fatty acid levels of the surrounding

medium are elevated; such conditions include diabetes.

168



Palmitate NS
| NS |
%k *
=40 *hk kk*k
Q
O
T 30
L0
. g
Palmitate = 20
©
3 10 =
Q_ .
k)
o OF,L ,
Palmitate - + + +
2-APB - - + -
NAC - - - +

Figure 4. 20 ROS and TRPM2 channels are involved in palmitate induced actin
remodelling in PC-3 cells. (A) PC-3 cells transfected with tdTomato-F-actin-P (ITPKA-9-52)
were exposed to medium alone (CTRL), or medium containing palmitate (500 pM) in the
absence or presence of 2-APB (30 pM) or NAC (10 mM) for 10 hours and imaged under a
confocal microscope. Representative confocal images were shown; scale bars = 20 um. (B)
Mean = SEM of filopodia number per cell from three independent experiments performed as

in (A); *** indicates p < 0.001; NS, not significant; one-way Anova with Tukey post-hoc test.
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4. 3 Discussion

The aim of the current chapter was to investigate the mechanisms by which H,O,, a known
chemo-tactic agent, regulates actin cytoskeleton and focal adhesions of cancer cells. Using
two cancer cell lines, one derived from cervical cancer (HeLa) and the other from prostate
cancer (PC-3), four main observations were made: (i) H,O, induces changes in the actin
cytoskeleton and focal adhesions by activating the TRPM2 channels; (i) the effects are
mediated by TRPM2 mediated changes in cytosolic Ca** and zn*; (iii) intriguingly, Ca**
stabilises actin stress fibres and focal adhesions, while Zn** disrupts stress fibres and focal
adhesions; (iv) Zn*" strongly promotes filopodia formation. Thus this chapter reveals a
previously unrecognised role for TRPM2 channels in the actin cytoskeleton and focal

adhesion dynamics.

4. 3. 1 TRPM2 channels mediate H,O;, induced remodelling of actin and focal

adhesions in cancer cells

It has previously been reported that activation of some TRP channels induces remodelling of
the actin cytoskeleton and focal adhesions in cancer cells (Clark et al., 2008; Meng et al.,
2013; Middelbeek et al., 2012; Pla et al., 2011). In NIE-115 neuroblastoma cells, activation
of TRPM7 channels by bradykinin increases the size and number of focal adhesion
complexes, and actin-rich podosomes at the cell periphery. In this report, the authors
demonstrated that TRPM7 channels affect podosome assembly through a direct association
with cytoskeletal proteins: B-actin and myosinllA (Clark et al., 2006). However, in breast
tumour cells, silencing of TRPM7 channels induces F-actin redistribution from cytoplasmic
stress fibres to cell cortex and a strong increase in the number of focal adhesions
(Middelbeek et al., 2012). In human breast carcinoma derived endothelial cells, activation of
TRPV4 channels causes disappearance of actin stress fibres and formation of cortical actin
(Pla et al., 2011). Whilst there is growing evidence implicating TRP channels in the
regulation of actin cytoskeleton and focal adhesion dynamics in cancer cells, the underlying
mechanisms are not fully understood. In particular, it is not clear how different TRP channels

produce different effects, although they all permeate Ca*".

Previous studies have shown that ROS induce actin and focal adhesion remodelling (Cing-
Frais et al., 2015; Mahdi et al., 2000; Taulet et al., 2012). One of the most important targets
of ROS is TRPM2 channels (Hara et al., 2002). However, whether TRPM2 channels affect
the dynamics of actin cytoskeleton and focal adhesions is unknown. To address this
guestion, two approaches were used, firstly pharmacological inhibition of TRPM2 channels
and secondly siRNA targeted to TRPM2 channels (Figure 4.3, 4.18A-C, 4.18G-I and Figure
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4.4, 4.18D-F respectively). These data demonstrated that inhibition of TRPM2 channels was
sufficient to block H,O, induced actin remodelling in both HeLa and PC-3 cells; the rescue of
focal adhesions, however, was partial. There are no previous reports implicating TRPM2
channels in the regulation of actin and focal adhesions dynamics. Thus, the data presented
here for the first time reveal the importance of TRPM2 channels in remodelling of actin

cytoskeleton and focal adhesions in cancer cells.

4. 3. 2 TRPM2 channels mediate intracellular Ca®"increase and zZn?* release in

cancer cells

As a non-selective ion channel, TRPM2 channels have been reported to mediate
extracellular Ca** entry into cytosol in a variety of cells, including pancreatic B-cells (Bari et
al., 2009), endothelial cells (Hecquet et al., 2008) and neuronal cells (Naziroglu et al., 2014).
In addition to its role in mediating Ca?" influx into cells, TRPM2 channels can also function as
a lysosomal Ca®* release channel (Lange et al., 2009; Sumoza-Toledo et al., 2011).
However, there are little published data showing TRPM2-mediated Ca* influx in tumour cells
(Ishii et al., 2007). To investigate TRPM2 regulation of actin and focal adhesion dynamics,
the cytosolic Ca** dynamics in cancer cells was investigated. The results presented in the
current chapter (Figure 4. 5, 4. 7 and 4. 11) suggest that TRPM2 channels in lysosomes of
cancer cells could function as Ca* release channels, as with pancreatic B-cells (Lange et al.,
2009). Depletion of extracellular Ca* had no discernible effect on H,O, induced actin
remodelling (Figure 4. 6), suggesting that Ca" entry is not essential for H,O, induced actin
remodelling. These findings therefore suggest a role for intracellular Ca*" release in

cytoskeletal remodelling.

In addition to mediating Ca?" influx and release, activation of TRPM2 channels has also
been reported to cause a rise in the cytosolic levels of Zn** in pancreatic and HEK293 cells
(Manna et al., 2015; Yu et al., 2012). In the current chapter, TRPM2 mediated cytosolic Zn*
elevation has been observed in cancer cells (Figure 4. 8 and 4. 9), indicating TRPM2-
mediated Zn®" increase may be a conserved phenomenon in mammalian cells. As the H,0,
induced cytosolic Zn*" increase was observed in the absence of extracellular Zn?', it is
assumed that the elevated Zn?** is from an intracellular source. Using intracellular organelle
indicators and Zn** reporter, it was demonstrated that Zn*" is enriched in lysosomes, not in
mitochondria or ER (Figure 4. 10); in combination with the results showing the expression of
TRPM2 channels in lysosomes (Figure 4. 11), the data suggest that lysosomal TRPM2
channels may function as a Zn®' release channel in cancer cells. This observation is
consistent with a recent suggestion that H,O, activation of TRPM2 channels induces Zn**

release likely from lysosomes in pancreatic B-cells (Manna et al., 2015). However, Zn?
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release via lysosomal TRPM2 channels has yet to be directly demonstrated. The induction of
multiple pathways by Zn?*, such as ERK (Azriel-Tamir et al., 2004) and PI3-K in cancer cells
(Dubi et al., 2008), well-known regulators of cytoskeleton organization (Kalwat and
Thurmond, 2013; Qian et al., 2004), suggest a possible role for these Zn?" induced signalling

pathways in cytoskeletal remodelling of cancer cells.

4. 3. 3 Opposite roles of Ca®* and Zn?"in actin remodelling and focal adhesion

reorganization in cancer cells

Ca®* has been reported to play an important part in the regulation of actin and focal
adhesion dynamics. However, there are conflicting reports on the effects of Ca®* in these
events. For example, inhibition of Ca®" entry via STIM1/Orail reduced the turnover of focal
adhesions (Schafer et al., 2012) whereas inhibition of Ca** entry via TRPC5 appears to have
an opposite effect (Tian et al., 2010). Studies on receptor-activated TRPC5 and TRPC6
channels showed contrasting effects of Ca®* on the actin cytoskeleton: TRPC6 mediated
Ca®' rise increased stress fibres, whereas TRPC5 mediated Ca** reduced stress fibres (Tian
et al., 2010). These differences in the effects of Ca®" might be attributed to differences in
coupling to different signalling mechanisms regulating the actin cytoskeleton and focal

adhesion and the adherent properties of the cells.

The data presented in the current chapter showed that the rise in cytosolic Ca?* has little
effect on the reorganization of actin cytoskeleton and focal adhesions. By contrast, BAPTA-
AM led to the opposite effects (Figure 4. 14, 4.15 and 4. 19). These data suggested that
basal Ca®" is required for the stability of stress fibres and focal adhesions and that decrease
in basal Ca®"leads to remodelling of actin cytoskeleton and focal adhesions. Similar findings
were reported by Tsai et al who demonstrated that reducing the basal Ca®" in endothelial
cells decreases focal adhesions (Tsai et al., 2014). Rehder and Kater reported that in
neuronal cells, there is a range of Ca?" concentration where filopodia is not seen, but outside
this range, Ca”*" induces filopodia formation (Rehder and Kater, 1992). Thus both an
increase and decrease in cytosolic Ca®* levels appear to be able to induce filopodia

formation.

Studies have reported that Ca®* gradients induce differential remodelling of the actin
cytoskeleton and focal adhesions (Tsai et al., 2015; Tsai and Meyer, 2012). In a migrating
cell, Ca** levels are higher at the rear of the cell where stress fibres tend to be prominent,
but low at the front of the cell where lamellipodia and filopodia develop. It has been
suggested that Ca?* levels fall below basal levels by the removal of Ca®** by plasma

membrane Ca** ATPase at the front of the cell (Tsai et al., 2014). While this is a possibility,
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the finding that the disassembly of actin stress fibres and focal adhesions is accompanied by
the appearance of filopodia following cytosolic Zn?* increase (Figure 4. 14, 4. 15 and 4. 19)
suggests an alternative mechanism whereby rise in Zn?* can antagonise the actions of Ca?".
This may indicate that Zn?* can override the effects of Ca?*, even when levels of the latter
exceed basal levels. Taken together with the observation that removal of Zn** alone was
sufficient to abolish H,O,-induced remodelling of the actin cytoskeleton (Figure 4. 14A and 4.
15A), these results argue that Zn®" is capable of overriding Ca*-induced cytoskeletal
changes and that the ratio of Ca®"/Zn** determines the actin cytoskeleton phenotype. The
ability of Zn** to counter the effects of Ca** may explain some of the conflicting reports on
the role of Ca*" in actin cytoskeleton. Thus, when examining the roles of ion channels, in
particular TRP channels, it is important to take into account their ability to affect zZn*

homeostasis.

4. 3. 4 Cdc42, RIF, PI3-K and MAPK do not appear to be essential for H,O,
induced filopodia formation

Actin cytoskeleton dynamics is essential for a wide range of cellular processes, including
cytokinesis (Riggs et al., 2003) and migration (Lamalice et al., 2007). In an attempt to gain
further mechanistic insight into the regulation of the actin cytoskeleton by H,0,, Ca* and
Zn**, experiments were carried out to assess the involvement of three potential candidate
proteins. Cdc42 is a well-known regulator of the filopodia formation (Krugmann et al., 2001).
Although expression of constitutive-active Cdc42 induced some filopodia formation,
dominant-negative inhibition of Cdc42 was unable to block H,O, induced filopodia formation
(Figure 4. 16A). These data suggest that the effect of H,O, is not mediated by Cdc42. In
HelLa cells, a non-classical Rho GTPase RIF has been implicated in the generation of
filopodia (Pellegrin and Mellor, 2005). Interestingly, RIF induced filopodia appear more
similar to those observed in the current study following H,O, or Zn-PTO treatment ((Pellegrin
and Mellor, 2005) (Figure 4. 1A, Figure 4. 14B and Figure 4. 15B). However, expression of
dominant negative mutant of RIF in HelLa cells failed to inhibit H,O, induced filopodia
formation (Figure 4. 16B) implying lack of a role for RIF in H,O, induced filopodia generation.
The PI3-K and MAPK pathways regulate many cellular processes, including cytoskeletal
rearrangement (Hoffman et al., 2012; Qian et al., 2004; Wu et al., 2001). Besides, activities
of PI3-K and MAPK are regulated by H,O, (Gough and Cotter, 2011; Suzaki et al., 2002)
and Zn?" (Malaiyandi et al., 2005; Seo et al., 2001). However, lack of inhibitory effect by the
broad spectrum PI3-K inhibitor LY294002 and MAPK inhibitor SB203580 excludes roles for
PI-3K and MAPK pathways in H,O,-induced actin remodelling (Figure 4. 17).
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4. 3.5 Potential targets of Ca** and Zn*" for actin remodelling

As shown above, Cdc42, RIF, PI-3K and MAPK do not appear to be involved in H,O,-
induced actin remodelling (Figure 4. 16 and 4. 17). The mechanism by which H,O, regulates
reorganization of actin cytoskeleton must be much complex because it increases the
cytosolic levels of both Ca®* and Zn?*. The following sections speculate on potential

downstream effectors of Ca®* and Zn*" in the regulation of actin remodelling.

In current study, elevation of Ca** by A23187 has no distinct effect on stress fibres, while
chelation of Ca** by BAPTA-AM disrupted stress fibres (Figure 4. 6C-D, 4. 14 and 4. 15). It
has been reported that cytosolic Ca** elevation can increase RhoA protein synthesis and
thereby induce stress fibre formation (Rao et al., 2001). Whether BAPTA-AM induced stress
fibre loss involves alteration of RhoA expression or activity requires further investigation.
Another candidate for BAPTA-AM induced filopodia formation might be Ca®*-dependent
actin-depolymerizing factor cofilin. It has been demonstrated that Ca®", by activating cofilin
(Wang et al., 2005), mediates filopodia disassembly (Breitsprecher et al., 2011). Whether

BAPTA-AM, by inhibiting cofilin, induces filopodia formation needs further investigation.

The data showed in the current chapter indicate a role for Zn*" in the regulation of actin
cytoskeleton (Figure 4. 14 and 4. 15). However, the downstream effectors for Zn®*-induced
filopodia formation are still unclear. Previous studies have shown that Zn®* can function as
an important second messenger (Murakami and Hirano, 2008; Yamasaki et al., 2007). The
authors of these studies demonstrated that Zn?* can inhibit PTPs (Yamasaki et al., 2007)
although no specific PTP was identified. However, a previous study reported that Zn** can
inhibit the activity of PTP-PEST (Yang et al., 1993), which is an important regulator of actin
cytoskeletal dynamics (Sastry et al., 2002; Sastry et al., 2006). It has been reported that loss
of PTP-PEST can enhance the activity of Racl and protrusion formation (Sastry et al., 2006).
Whether Zn** induced filopodia formation is mediated by PTP-PEST needs further

investigation.

4. 3. 6 Potential effectors of Ca®" and zn?* for focal adhesions

In addition to the effects on actin remodelling, Ca?" also modulates focal adhesion
reorganization (Franco et al., 2004; Giannone et al., 2004; Yang et al., 2009a). Among these
pathways, calpain is a key target for Ca®*. Although calpain-mediated proteolysis of talinl is
reported to induce focal adhesion disassembly (Franco et al., 2004), Cortesio reported that
calpain-generated proteolytic fragment of paxillin maintains intact focal adhesions (Cortesio
et al., 2011). Consistent with the latter study, the current chapter demonstrated that elevation

of cytosolic Ca?®* by A23187 had no effect on focal adhesion dynamics while decreasing Ca*
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with BAPTA-AM caused disassembly of focal adhesions (Figure 4. 19). Whether the BAPTA-
AM induced focal adhesion decrease is dependent on the alteration of calpain activity needs

further investigation.

As for Zn*-induced focal adhesion disassembly, PTP-PEST is a potential downstream
effector. In addition to regulating actin cytoskeleton dynamics, PTP-PEST has been reported
to regulate focal adhesion formation (Souza et al., 2012). The authors of this study reported
that cells lacking PTP-PEST had reduced focal adhesions. Whether Zn**-induced focal

adhesion disassembly is mediated by PTP-PEST remains to be investigated.

4.4 Summary

The present study demonstrates a novel role for TRPM2 channels in remodelling of actin
cytoskeleton and focal adhesions, and a role for Zn®* in the regulation of actin and focal
adhesion dynamics. The results presented in this chapter indicate that it is the balance
between Ca®" and Zn%, rather than Ca?" alone, which regulates the actin cytoskeleton and
focal adhesion dynamics of some cancer cells. Interestingly, the two ions elicited opposite
effect on the dynamics of the actin cytoskeleton and focal adhesions, resulting in reciprocal
regulation. Thus these results suggest that any future studies on the ionic regulation of actin
cytoskeleton and focal adhesions should examine the role of both the ions, rather than one

ion alone.

Since reorganization of actin cytoskeleton and focal adhesions plays an important part in
many other processes, such as wound healing, phagocytosis and angiogenesis, it would be
interesting to see if TRPM2 channels, and the ions they conduct, play a role in other

pathophysiological processes.
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Chapter 5 TRPM2 channels regulate directional migration of cancer

cells: Role of calcium, zinc and lysosomes

5. 1 Introduction

Cell migration plays an essential role in multiple processes, such as angiogenesis (Lamalice
et al., 2007), tumour invasion (Friedl and Wolf, 2003) and immune response (Luster et al.,
2005). In response to motogenic signals or chemo-attractants, cells exhibit directional cell
migration called chemotaxis. Previous studies have reported that H,O, plays an important
role in chemotaxis (Wang et al., 2015; Yoo et al., 2011). To undergo efficient directional cell
migration, two components need to be spatiotemporally regulated: actin cytoskeleton and
focal adhesions. Data presented in Chapter 4 have demonstrated that H,O, exposure
induces actin remodelling and focal adhesion reorganization in HeLa and PC-3 cells. As
such, it is conceivable that H,O, induces cell migration by modulating the dynamics of actin
cytoskeleton and focal adhesions. The overall aim of this chapter is therefore to examine the

effect of H,O, on cancer cell migration and the underlying mechanisms.

The role of TRP channels in cell migration has been extensively studied. Activation of
TRPC1 channels enhances migration of pancreatic cancer cells and glioma cells (Bomben et
al., 2011; Dong et al., 2010a). TRPM8 and TRPV2 channels increase cell migration of
DBTRG glioblastoma cells (Wondergem et al., 2008) and PC-3 cells (Monet et al., 2009)
respectively. Although TRPM2 mediated dendritic chemotaxis has been reported, the role of
TRPM2 channels in cancer cell migration has not been previously reported. Given the
importance of TRPM2 channels in regulation of actin remodelling and focal adhesion
rearrangement (Chapter 4), it is hypothesized that TRPM2 channels mediate H,O, induced

migration in cancer cells.

TRP channels regulate cancer cell migration by generating Ca®* signals (Prevarskaya et al.,
2011). However, there are contrasting reports regarding the effect of Ca®* on cell migration.
In breast cancer cells, elevation of cytosolic Ca?** promotes cell migration (Yang et al.,
2009a), while Ca*" influx in PC-3 cells decreases cell migration (Yang et al., 2009b).
Moreover, recent studies proposed that Ca®" gradient exists during cell migration and
perturbation of Ca?* gradient, or lack of Ca*" gradient, decreases cell migration (Mrkoniji¢ et
al., 2015; Tsai et al., 2014). These contrasting results imply that there might be other factors
modulating Ca®" signals during cell migration. Among these factors, Zn*"is a noteworthy one.
Compared to Ca?* signals, there is little information regarding the role of Zn?" in cancer cell
migration so far. It has been reported that rise in extracellular Zn®* concentration increases

the migration of breast cancer cells (Kagara et al., 2007), and this effect is mediated by Zn**
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transporters. Whether this effect represents a general effect of Zn®" upon cell migration is
unclear. Moreover, as an ion channel capable of modulating cytosolic Zn** levels (Manna et
al., 2015; Yu et al., 2012), whether TRPM2 channel is involved in Zn*-induced cell migration
remains unknown. The results of Chapter 4 demonstrated that Zn?* induces actin
remodelling and focal adhesion, thereby suggesting the possibility that Zn®* could play an

important role in cancer cell migration.

This chapter therefore has two specific aims: firstly, to explore the role of TRPM2 channels

and secondly, to examine the role of Ca** and Zn** in cancer cell migration.
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5. 2 Results

5. 2.1 H,O, induced cell migration is inhibited by 2-APB in HeLa and PC-3 cells

As shown in Chapter 4, H,O, induced both actin remodelling and focal adhesion
reorganization. To investigate the relevance of these changes to cell migration, an agarose
spot cell migration assay was used where H,O, was included in the agarose spot and the
migration of surrounding cells into the spot was examined (Figure 5. 1). To exclude the effect
of proliferation and serum on cell migration, medium containing 0.1% serum was used in

migration assays. Effect of H,O,on the migration of HeLa and PC-3 cells was examined.

The results show that inclusion of H,O, in the agarose spot promoted migration of
surrounding cells into the spot; there was no such migration in the PBS controls (Figure 5.
1A-D). 2-APB was able to prevent H,O, stimulated cell migration (Figure 5. 1B-E). These
results suggest that the directional migration of HeLa and PC-3 cells in response to H,0,
may be dependent on the activation of TRPM2 channels. However, PJ34 failed to inhibit
H,O, induced cell migration. Upon further investigation, PJ34 was found to stimulate cell
migration even in the absence of H,O, (Figure 5. 1F-I), explaining the anomalous, TRPM2
independent effect of PJ34 on cell migration. This finding may be of clinical relevance

because PARP inhibitors are currently being evaluated for cancer therapy.

These data suggest that TRPM2 might play a role in H,O, induced directional cell migration.
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Figure 5. 1 Effect of 2-APB and PJ34 on H,O, induced migration of HeLa and PC-3
cells (A) Schematic illustrating an agarose bead (broken circle) in the centre of a petri-dish
plated with cells; the square box represents the section imaged. (B-C) Agarose spots
containing PBS, 1 mM H,0O, or H,0O, plus 2-APB were plated onto 6-well plates and then
HelLa (B) or PC-3 (C) cells were plated around the agarose spots followed by incubation for
16 hours at 37°C. (D-E) Mean * SEM of number of motile cells per spot from three
independent experiments performed as in (B) and (C) respectively. (F-G) HelLa (F) or PC-3
(G) cells were plated around agarose spots containing PBS or PBS containing 10 pM PJ34
and incubated for 16 hr at 37°C. (H-I) Mean + SEM of number of motile cells per spot from
three independent experiments performed as in (F) and (G) respectively. In all cases,
representative images of a section of the spot and surrounding area are shown, broken line
indicates agarose boundary; *** indicates p < 0.001; one-way Anova with post-hoc Tukey
test. Scale bars: 200 pm.
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5. 2. 2 Silencing of TRPM2 channels inhibits H,O, induced cell migration

Above results have shown that 2-APB significantly inhibits H,O, induced cell migration in
HelLa and PC-3 cells. However, 2-APB is a compound that targets several other channels,
and is not specific for TRPM2 channels (Togashi et al., 2008). Therefore, the inhibition of 2-
APB in H,O, induced cell migration might be unrelated TRPM2 channels.

To address this, siRNA specifically targeted to TRPM2 channels was used. Transfection of
cells with scrambled siRNA failed to prevent H,O, induced migration of both HeLa (Figure 5.
2A-B) and PC-3 cells (Figure 5. 2C). However, silencing of TRPM2 channels with TRPM2
targeted siRNA significantly prevented H,O, induced cell migration of HeLa (Figure 5. 2A-B)
and PC-3 cells (Figure 5. 2C).

To further confirm the role of TRPM2 channels in H,O, induced directional cell migration, a
recombinant approach was used. HEK-MSR cells which do not express TRPM2 channels
(HEK-MSR) failed to migrate after stimulation with H,O, (Figure 5. 2G, left panel). However,
over-expression of TRPM2 channels (TRPM2-HEK-MSR) led to a significant increase in
H,O, induced migration when compared to HEK-MSR cells (Figure 5. 2G-H).

Collectively, these data demonstrate that TRPM2 channels play an essential role in H,0,

induced directional cell migration.
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Figure 5. 2 Silencing of TRPM2 channels inhibits H,O,induced cell migration. (A-C)
HelLa cells transfected with scrambled siRNA or siRNA against TRPM2 (A for siRNA-1 and
C for siRNA-2) and PC-3 cells transfected with scrambled siRNA or siRNA-1 (C) were plated
onto a 6-well plate containing PBS (CTRL) or 1 mM H,0O,-containing agarose spots. (D-F)
Mean + SEM of number of motile cells per spot; three independent experiments were
performed as in (A), (B) and (C) respectively. (G) Agarose spots containing PBS or 400 uM
H,O, were loaded into 6-well plates and then HEK-MSR or TRPM2-HEK-MSR cells were
plated around the agarose spots. (H) Data was analysed as in (D-F). In all cases,
representative images of a section of spot and surrounding area are shown, broken line
indicates agarose boundary; *** indicates p < 0.001; ** indicates p < 0.01; NS, not
significant; one-way Anova with post-hoc Tukey test. Scale bars: 200 pm.
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5. 2. 3 Opposite effects of Ca* and Zn** on migration of HeLa cells

Studies presented in Chapter 4 have shown that TRPM2 channels regulate actin remodelling
and focal adhesion reorganization by affecting intracellular dynamics of Ca®* and Zn?*. Effect
of Ca?* on cell migration has been studied in cancer cells previously (Prevarskaya et al.,
2011); however, little is known about the role of Zn?*. It was demonstrated in last chapter
that raising cytosolic Zn®* induces filopodia formation and focal adhesion disassembly and
Ca?" has reciprocal effects. To investigate the individual roles of Ca? and Zn?' in cell
migration, Ca?* and Zn*" ionophores and metal chelators were used. Cytosolic levels of Ca?*
and Zn*" were elevated using ionophores and their effect on cell migration was examined in

the absence of H,0.,.

A23187 showed no effect on migration while inclusion of BAPTA-AM caused a modest, but
significant, increase in the migration of HelLa cells (Figure 5. 3). Thapsigargin is an inhibitor
of sarco/endoplasmic reticulum Ca?* ATPase (SERCA). Therefore, it can elevate cytosolic
Ca?" level by preventing Ca®" entry into sarcoplasmic and endoplasmic reticula (Lytton et al.,
1991). Raising the cytosolic Ca** using thapsigargin produced effects similar to A23187
(Figure 5. 3). This finding is interesting but is consistent with the findings of Chapter 4, where
A23187 had no effect while BAPTA-AM induced both actin remodelling and focal adhesion
disassembly. Zn-PTO, on the other hand, strongly promoted cell migration that was

suppressed by TPEN (Figure 5. 3).

These data suggest that Ca** and zZn* play distinct, but contrasting roles in HelLa cell

migration.
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Figure 5. 3 Opposite effects of Ca? and Zn?* on migration of HelLa cells (A) Agarose
spots containing PBS, A23187 (5 uM), BAPTA-AM (15 uM), thapsigargin (1.5 pM), or Zn-
PTO (5 uM) with and without TPEN (10 uM) were plated onto 6-well plate. HeLa cells were
then plated around the spots. (B) Mean + SEM of number of cells that crossed the agarose
boundary from three independent experiments performed as in (A). In all cases,
representative images of a section of the spot and the surrounding area are shown; broken
line indicates agarose boundary; *** p < 0.001; NS, not significant; one-way Anova with post-

hoc Tukey test. Scale bars: 200 pum.
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5. 2. 4 Both Ca**and Zn?**induce cell migration in PC-3 cells

The distinctive roles of Ca?* and Zn?* on directional cell migration in HeLa cells have been
demonstrated above (Figure 5. 3). Since the effects of Ca®" and Zn** on actin cytoskeleton
and focal adhesions in PC-3 cells are similar to HelLa cells, it is expected that Ca®" and zn**
ionophores and metal chelators will have similar effects on PC-3 cells as with HelLa cells.
However, A23187 induced significant cell migration that was inhibited by BAPTA-AM (Figure
5. 4). This finding is opposite to that seen in HelLa cells. Published studies suggest that the
effect of Ca®* on cell migration could be cell type dependent. For example, in breast cancer
cells, elevating the cytosolic Ca** level increases cell migration (Yang et al., 2009a), while
Ca** has an inhibitory effect on endothelial cell migration (Chaudhuri et al., 2003). Zn-PTO
induced significant cell migration which was inhibited by TPEN. Thus the effect of Zn*" is

similar in HeLa and PC-3 cells (Figure 5. 3 and Figure 5. 4).

Thus while both Ca®" and zZn?' contribute to H,O, induced directional cell migration, the

effects of individual ions might be cell-type dependent.
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Figure 5. 4 Both Ca* and Zn* induce cell migration of PC-3 cells. (A) Agarose spots
containing PBS, A23187 (5 uM), A23187 (5 uM) plus BAPTA-AM (15 uM), or Zn-PTO (5 uM)
with or without TPEN (10 uM) were loaded into 6-well plates and then PC-3 cells were plated
around the agarose spots. (B) Mean + SEM of number of motile cells per spot; data were
from three independent experiments performed as in (A). In all cases, representative images
of a section of the spot and surrounding area are shown, broken line indicates agarose
boundary; *** indicates p < 0.001; one-way Anova with post-hoc Tukey test. Scale bars: 200

pm.
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5. 2. 5 H,0O, and TRPM2 channels mediate trafficking of lysosomes to the

leading edge of migrating HelLa cells

Since filopodia are formed at the leading edge of migrating cells, and rise in Zn?* triggers
filopodia formation, it was expected preferential Zn* release would occur at the leading
edge of the cell (resulting in more Zn?* at the front of the cell relative to the rear). Given the
evidence that lysosomes are the major source of intracellular free Zn* (Figure 4. 10), it was

predicted that lysosomes move towards the leading edge of the cell.

To test this idea, HelLa cells were transfected with tdTomato-F-actin-P (ITPKA-9-52) and
LAMP1-GFP (labels lysosomes) and plated around agarose spots containing PBS (control)
or H,0.,. Live cell imaging of migrating cells showed marked accumulation of lysosomes at
the leading edge of cells migrating into H,O, containing agarose spot (Figure 5. 5A-C).
Furthermore, these cells showed numerous actin stained filopodia at the leading edge of
migrating cells. By contrast, in control experiments, neither lysosomal trafficking nor filopodia

formation was observed (Figure 5. 5A-C).

These data have thus shown that lysosomes migrate to the leading edge of migrating cells in
response to H,O, (Figure 5. 5A). Since TRPM2 channels are activated by H,O,, it was
hypothesized that activation of TRPM2 channels might be involved in the polarisation of
lysosomes. To test this, HelLa cells were co-transfected with TRPM2-siRNA (or scrambled
siRNA) and LAMP1-GFP and migration of lysosomes in migrating cells was recorded by live
cell imaging as in Figure 5. 5D. As shown in Figure 5. 5D, TRPM2 siRNA, but not scrambled

SiRNA, prevented H,O, induced polarization of lysosomes.

These data indicate that lysosomes migrate towards the leading edge of cells in response to
H,O, stimulus, presumably to increase the local concentration of Zn**. Besides, TRPM2

channels appear to play a role in mediating lysosome trafficking.
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Figure 5. 5 H,0, induces trafficking of lysosomes to the leading edge of migrating
HeLa cells. (A) HelLa cells were transfected with LAMP1-GFP and tdTomato-F-actin-P and
plated onto glass-bottomed dishes with agarose spots containing PBS (CTRL) or H,0O, (1
mM) followed by 16 hours incubation at 37°C. (B) Plot of fluorescence intensity of LAMP1-
GFP-positive puncta along the migrational axis of a single cell (indicated as a rectangle in
A). (C and E) LAMP1-GFP fluorescence at the leading edge (Q1) of the cell relative to the
rest of the cell (Q2), where Q1 is fluorescence intensity at the leading edge (0-5 pm,
arbitrary) of the cell and Q2, fluorescence intensity behind the leading edge (5-30 um). Data
are expressed as mean * SEM; number of cells analysed from three independent
experiments are shown within the bars; *** represents p < 0.001; NS, not significant,
determined using one-way Anova with post-hoc Tukey test. (D) HelLa cells were transfected
with scrambled or TRPM2 siRNA and LAMP1-GFP and plated onto glass-bottomed dishes
with agarose spots containing PBS (CTRL) or H,O, (1 mM). In all cases, representative
images are shown; Scale bars: 20 um; the white arrows indicate direction of migration
across the boundary of the agarose bead shown as dashed curve.
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5. 2. 6 EGF induced cell migration is dependent on ROS production and
TRPM2 channel in PC-3 cells

EGF-mediated signalling pathway plays an important role in triggering cancer cell migration
(Price et al., 1999) and angiogenesis (van Cruijsen et al., 2005). Recent studies reported
that EGF can exert its function by elevating cytosolic ROS level (Binker et al., 2009; Huo et
al., 2009). For example, in ovarian cancer cells, EGF-mediated down-regulation of E-
cadherin and induction of cell invasion is dependent on H,O, production (Cheng et al.,
2010). These studies indicate the crosstalk between EGF-driven pathways and ROS-
mediated signal transduction. Since ROS activates TRPM2 channels, it is reasonable to
speculate that TRPM2 might be involved in EGF-triggered cancer cell migration. To address
this question, effect of EGF on cell migration of PC-3 cells and the role of TRPM2 channels

in this process was investigated.

Inclusion of EGF (300 ng/ml) in agarose spot induced marked migration of PC-3 cells while
addition of 2-APB significantly suppressed it (Figure 5. 6A-B), indicating that EGF-induced
cell migration might involve activation of TRPM2 channels. Since activation of TRPM2
channels requires ROS, effect of EGF on ROS levels was examined in PC-3 cells. In
accordance with the previous studies (Bae et al., 1997; Cheng et al., 2010), cytosolic ROS
levels were substantially elevated in cells exposed to EGF (300 ng/ml) (Figure 5. 6C, right

panel) compared to medium alone (Figure 5. 6C, left panel).

Taken together, these data suggest a role for TRPM2 channels and ROS in EGF-induced

cell migration.
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Figure 5. 6 EGF induced cell migration is dependent on ROS production and TRPM2
activation in PC-3 cells. (A) PC-3 cells were plated onto 6-well plate containing agarose
spots including PBS or EGF (300 ng/ml) with and without 2-APB (150 uM) for 16 hours
before recording under a microscope. Scale bars: 200 um. (B) Mean + SEM of number of
cells that crossed the agarose boundary from three independent experiments performed as
in (A). Scale bars: 200 um. *** p < 0.001; NS, not significant; one-way Anova with post-hoc
Tukey test. (C) Live cell fluorescent images of PC-3 cells exposed to medium (CTRL) or
medium containing EGF (300 ng/ml) for 30 min; cells were stained for cytosolic ROS level

using H2DCF-DA. Representative images are shown. Scale bars: 10 um.
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5. 3 Discussion

The data presented in this chapter demonstrate that H,O, induces directional migration of
HelLa and PC-3 cells. This phenomenon is TRPM2 channel (Figure 5. 1A-E and 5. 2) and
Zn** dependent (Figure 5. 3 and 5. 4). However, elevation of Ca®" appears to have no effect
on the migration of HeLa cells (Figure 5. 3) but promotes migration of PC-3 cells (Figure 5.
4). Importantly, directional migration of HelLa cells is associated with the mobilisation of
lysosomes towards the leading edge of migrating HeLa cells (Figure 5. 5), suggesting a role

for lysosomal dynamics in H,O, induced cell migration.

5. 3. 1 lon channels in cell migration

A number of ion channels from the TRP family and the STIM-1/Orail store operated ion
channels have been reported to play roles in cell migration, but the effects appear to be cell
type dependent. For example, in NIE-115 neuroblastoma cells, silencing of TRPM7 channels
promotes cell migration (Clark et al.,, 2006). In H1299 cells, silencing STIM1 promotes
directional cell migration (Tsai et al., 2014), while activation of TRPM8 channels in DBTRG
glioblastoma cells and TRPV1 channels in hepatoblastoma cells increase cell migration
(Waning et al., 2007; Wondergem et al., 2008).

Sumoza-Toledo et al reported that TRPM2 channels mediate dendritic cell chemotaxis in
response to CXCL12 and CCL19 chemokines (Sumoza-Toledo et al., 2011). However, there
are no previous reports on the potential role of TRPM2 channels in cancer cell migration,
despite the fact that H,O, induces migration of cancer cells, including breast cancer cells
(Payne et al., 2005) and H,0O, is a potent activator of TRPM2 channels. In the previous
chapter, a role for TRPM2 channels in actin remodelling and focal adhesion dynamics has
been demonstrated. As these events are intimately associated with cell migration, the role of
TRPM2 channels in cell migration was investigated. An agarose spot-based cell migration
assay (Wiggins and Rappoport, 2010) was performed using two cancer cell lines: HelLa and
PC-3 cells. The results (Figure 5. 1 and 5. 2) provide evidence that TRPM2 channels play a

key role in H,O,-induced cell migration.

5. 3.2 Ca* in cell migration

Previous studies have reported that cell migration mediated by TRP channels and STIM-
1/Orail involves Ca** signals (Fabian et al., 2008; Pla et al.,, 2011; Yang et al., 2009a).
However, the impact of Ca?* signals on cell migration is more complex and seems to depend
on the cell type. For example, while a decrease in Ca®" promoted endothelial cell migration

(Tsai et al., 2014), a rise in Ca** was found to increase migration of certain cancer cells
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(Chen et al., 2011; Meng et al., 2013). Moreover, in fibroblasts and renal epithelial cells,
elevation of cytosolic Ca?* with ionomycin had no effect on cell migration (Fabian et al.,
2008; Yang and Huang, 2005). In consistent with the latter report, the results indicate the
lack of effect of A23187 on migration of HelLa cells which is also consistent with the effects

on actin cytoskeleton and focal adhesions described in the Chapter 4.

The effect of A23187 and BAPTA-AM on migration of PC-3 cells (Figure 5. 4) is, however,
different from Hela cells, despite the fact that these agents have similar effects on the actin
cytoskeleton and focal adhesions in both the cell lines. The reasons for this difference are
unclear, but previous studies showed inconsistent responses of PC-3 cells to Ca®". Ca*
influx mediated by TRPV2 channels induced migration of PC-3 cells (Monet et al., 2010)
while elevation of cytosolic Ca®* by overexpression of TRPM8 channels caused an inhibition
of PC-3 cell migration (Yang et al., 2009b). Therefore, in PC-3 cells, the Ca* signal
mediated cell migration requires further studies. It is possible that different channels
generate different spatio-temporally regulated Ca®* micro-domains that could have opposite

effects on cell migration.

Several previous studies have shown that migrating cells have a Ca®* gradient and that this
Ca?* gradient is essential for triggering directional cell migration (Fabian et al., 2008; Tsai et
al., 2014). Regarding to the pattern of the Ca®" gradient, there is some discrepancy in the
published reports. In renal epithelial cells, there is high level of Ca?* at the leading edge
compared to the rear (Fabian et al., 2008) while Ca*" gradient in endothelial cells shows
lower levels at the leading edge and higher levels at the rear (Tsai et al., 2014). Attempts to
demonstrate a Ca?* gradient in migrating HeLa cells were unsuccessful. Thus a role for Ca®*
gradient in H,O, induced directional migration of HelLa cells could not be established

unambiguously.

5. 3.3 2Zn?* in cell migration

While a role for calcium channels in cellular processes has been widely accepted, in some
situations, there is a concern that the effects seen might be due to permeable ions other
than Ca®" alone. Activation of TRPM2 channels results in the elevation of not only Ca®", but
also Zn”* as demonstrated in Chapter 4 and in the previous reports (Manna et al., 2015; Yu
et al., 2012). Zinc plays a crucial role in many cellular processes, including endocytosis (Kim
et al., 2004), apoptosis (Manna et al., 2015) and cancer progression (Jin et al., 2015;
Takatani-Nakase et al., 2014). Studies have shown that Zn®* can inhibit multiple
phosphatases thereby supporting the active states of several tyrosine kinases, such as the
EGF receptor, which is responsible for the aggressive behaviour of cancer cells (Normanno
et al., 2006). In breast cancer cells, elevation of cytosolic Zn?** has been shown to increase
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their invasive potential (Taylor et al., 2008). Results presented in this chapter demonstrate
that elevation of cytosolic Zn®* with Zn-PTO can significantly increase directional migration of
both HeLa and PC-3 cells and that the effect can be fully prevented by TPEN (Figure 5. 3
and 5. 4). These findings are consistent with the marked effect that Zn®* has on filopodia

formation and focal adhesion disassembly in Chapter 4.

Thus these results suggest that there is strong association between Zn*" induced filopodia

formation and focal adhesion disassembly and cell migration.

5. 3. 4 Intracellular organelles in cell migration

Results presented in Chapter 4 (Figure 4. 14 and Figure 4. 10A) suggested that Zn* is
responsible for filopodia formation in HeLa cells and that the likely source of zZn* is
lysosomes. Since filopodia are formed at the leading edge of migrating cells (Mattila and
Lappalainen, 2008), it was surmised that Zn**-enriched lysosomes might migrate towards
the leading edge of a migrating cell to provide free Zn*" required for filopodia formation.
Consistent with this idea, H,O, caused significant accumulation of lysosomes at the leading
edge of migrating cells, where filopodia were formed (Figure 5. 5A-C). These observations
suggest lysosomes migrate to the leading edge of the cell presumably to release free Zn*".
Furthermore, the results shown in Figure 5. 5 indicate a role for activation of TRPM2
channels in lysosomal polarisation. Attempts to demonstrate higher Zn?* levels at the leading
edge of the cell were unsuccessful. Further studies are required to understand how TRPM2

channels regulate polarization of lysosomes to drive cell migration.

Although polarisation of lysosomes in migrating cells has not been previously reported,
polarisation of other organelles has been reported. For example, Nabi and colleagues have
reported mobilisation of Golgi apparatus towards the leading edge of migrating cells (Nabi,
1999). It was suggested that polarization of the Golgi apparatus plays an important role in
supplying membrane components to the leading edge (Magdalena et al., 2003; Uetrecht and
Bear, 2009). However, recent studies argue that the polarization of the Golgi has little effect
on membrane protrusion formation (Pu and Zhao, 2005) as it occurs concomitantly with cell

polarization which occurs after the protrusion formation (Pu and Zhao, 2005).

Mitochondrion is another organelle reported to undergo redistribution in a migrating cell
(Zhao et al., 2013). Redistribution of mitochondria to the leading edge has been observed in
breast cancer cells and prostate cancer cells (Desai et al., 2013; Zhao et al., 2013). It has
been reported that during directional migration, redistribution of mitochondria to the leading
edge is required to induce cancer cell migration and this translocation is dependent on

mitochondrial fission (Zhao et al., 2013). Furthermore, redistribution of fragmented
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mitochondria has been shown to enhance lamellipodia formation in response to chemo-
attractant (Zhao et al., 2013). The induction of mitochondrial fission and lamellipodia
formation by ROS and regulation of these events by TRPM2 channels has been shown in
Chapters 3 and 4 respectively. It would be interesting to examine whether ROS induced
mitochondrial fragmentation would be accompanied by their redistribution to the leading

edge of migrating cell.

Taken together, organelle redistribution might play an important role in cell migration and is

an area that requires further studies.

5.4 Summary

Collectively, current Chapter demonstrates that H,O, induces directional migration of HeLa
and PC-3 cells and this directional cell migration is dependent on the activation of TRPM2
channels. Furthermore, the role of Ca*" and Zn%, the cytosolic levels of which increase by
TRPM2 activation, in directional cell migration was investigated. Zn®** induces migration of
both HelLa and PC-3 cells. Ca®*, on the other hand, exerts opposite effect. Decrease of
cytosolic Ca®* promotes migration of HelLa cells while elevation of cytosolic Ca** promotes
migration of PC-3 cells. An interesting finding is that TRPM2 channels mediate cell migration
by promoting trafficking of Zn®*-enriched lysosomes to the leading edge of cells, presumably
to provide Zn?* required for filopodia formation. Taken together with the results of the
previous Chapter, these findings support a role for TRPM2 channels and Zn*" in cancer cell

migration.
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Chapter 6 Conclusions and further experiments

6. 1 Summary of key findings

Diabetic conditions including hyperglycaemia and hyperlipidaemia are thought to increase
the risk of pancreatic B-cell death (Breitsprecher et al., 2011; Wang et al., 2005). Recent
evidence has also implicated diabetes in increasing the risk of cancer (Nomura et al., 2010;
Takatani-Nakase et al., 2014). The effects of hyperglycaemia and hyperlipidaemia are
generally attributed to their ability to exert oxidative stress on these cells. In this thesis, it
was hypothesised that oxidative stress sensitive TRPM2 channels play a central role in
these two pathological processes. To test this hypothesis, a combination of
immunofluorescence staining, flow cytometry, gene silencing and biochemical techniques

were used.

Data presented in Chapter 3 investigated the role of TRPM2 channels in palmitate induced
apoptosis in INS1 cells and pancreatic islets. Since mitochondria play a role in apoptosis,
effect of palmitate on mitochondrial morphology (mitochondrial dynamics) and function and
the role that TRPM2 channels play was examined. In agreement with previous findings
(Molina et al., 2009; Wiederkehr and Wollheim, 2009), mitochondria were found to undergo
fragmentation during exposure to high levels of palmitate, which was accompanied by
significant cell death. Along with mitochondrial fragmentation, there was a marked loss of
AWm. Mitochondrial fragmentation was found to be due to palmitate induced increase in the
recruitment of fission protein, Drpl, to mitochondria. Inhibition of TRPM2 channels with
pharmacological inhibitors and siRNA significantly prevented the effects of palmitate on
mitochondria and apoptosis, indicating a role for TRPM2 channels in palmitate induced
apoptosis. Further investigation into the mechanism via which TRPM2 channels exert this
function revealed that TRPM2 mediated changes in intracellular Zn* dynamics are

responsible for the palmitate effects on mitochondria and cell viability.

The data also demonstrate that ROS required for TRPM2 activation are generated through
activation of NOX2 by palmitate. Interestingly, activation of TRPM2 channels and changes in
intracellular Zn?* dynamics regulate mitochondrial ROS production via a mechanism that is
yet to be investigated. A phenomenon termed “RIRS” has been suggested in cardio-
myocytes (Zorov et al., 2006). It is suggested that mitochondrial ROS can be released into
cytosol to trigger ROS production in neighbouring mitochondria. And this mitochondrion-to-
mitochondrion ROS signalling constitutes a positive feedback mechanism for enhanced ROS

production leading to deleterious impact on cells. Since rise in mitochondrial Zn** is known
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to inhibit the electron transport chain (Dineley et al., 2003), it seems possible that the

TRPM2 mediated rise in mitochondria Zn?* is responsible for mitochondrial ROS production.

The cell death assay with mouse islets further demonstrated that TRPM2 channels mediate
palmitate induced apoptosis as TRPM2 islets were resistant to apoptosis. Compared with
the murine islets, human islets appear to be resistant to palmitate induced cell death.
However, when palmitate was used in combination with cytokines (IL-1B and IFN-y), the
levels of which are increased in diabetes (Geraldes and King, 2010), significant increase in
apoptosis was observed in human islets. Apoptosis of human islet cells was prevented by
TRPM2 inhibition, further indicating the essential role of TRPM2 channels in oxidative stress

induced apoptosis. The findings of this part are illustrated in Figure 6. 1A.

Data presented in Chapter 4 revealed a mechanism by which H,O, induces actin and focal
adhesion remodelling in HeLa and PC-3 carcinoma cells. H,O, induced actin reorganization
has been reported previously, however, the underlying mechanism is less well understood
(Zhu et al., 2005). The current study, for the first time, revealed a role for TRPM2 channels in
actin and focal adhesion dynamics. It was found that H,O, induced remodelling of actin
stress fibres and focal adhesions- required for cell migration- are dependent on the
activation of TRPM2 channels. Further investigation revealed that TRPM2 channels mediate
these changes by increasing cytosolic Ca** and Zn?. Interestingly, the effects of Ca®* and
Zn®* on actin and focal adhesion remodelling were reciprocal in nature: Ca®* maintained
stress fibres, focal adhesions and prevented filopodia formation while Zn?* displayed
opposite effects. Further investigation led to the finding that Zn? is released from lysosomes
and Zn?' release is TRPM2 dependent. Although TRPM2 channels were found in the
lysosomes, as in pancreatic B-cells (Lange et al., 2009) and dendritic cells (Sumoza-Toledo
et al., 2011), there is no evidence that they mediate Zn*" release. Based on the findings that
palmitate could induce ROS production (Chapter 3), the effect of palmitate on actin
remodelling in PC-3 cells was examined. Interestingly, in contrast to H,O,, palmitate
treatment not only induced filopodia formation, but also induced fan-like lamellipodia
formation. The effects of palmitate on actin remodelling were reversed by the antioxidant,
NAC, indicating the involvement of ROS. These findings may explain the relationship
between hyperlipidaemia seen in diabetes and the increased risk of cancer as actin

remodelling plays an important role in cancer progression.

Data presented in Chapter 5 investigated the effect of actin cytoskeleton and focal adhesion
remodelling on cancer cell migration based on the findings of Chapter 4. More importantly,
the role of TRPM2 channels in cancer cell migration was examined. The involvement of

TRPM2 channels in chemo-attractant-induced dendritic cell migration has been reported
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previously (Sumoza-Toledo et al., 2011), however, neither the involvement of actin
cytoskeleton nor the role of focal adhesions in this process was reported in that study. Using
agarose spot cell migration assay, H,O, induced cell migration in both HeLa and PC-3 cells
was demonstrated. Further investigation indicated that TRPM2 channels mediate this effect
as inhibition of TRPM2 channels by pharmacological inhibitors or siRNA prevented the cell
migration. Heterologous expression of TRPM2 channels in HEK-MSR (+TRPM2) cells
induced significant cell migration compared to HEK-MSR (-TRPM2) cells, further confirming
the essential role of TRPM2 channels in H,O, induced cell migration. In agreement with the
reciprocal role of Ca®* and Zn®* in actin and focal adhesion remodelling in Chapter 4, Ca**
and Zn** also had opposite effects on cell migration. Decrease of Ca*" and increase of Zn**
induced cell migration in HeLa cells. As Zn*" is required for filopodia formation which is
generally formed at the leading edge of a migrating cell, the intracellular distribution of Zn?*-
enriched lysosomes was investigated. Interestingly, filopodia formation at the leading edge
of the migrating cell was accompanied by the movement of lysosomes to the leading edge.
Although the mechanism is still unclear from current study, loss of lysosome migration in
TRPM2-siRNA treated cells indicated a role of TRPM2 channels. The essential role of Ca**
gradient in migrating cells has been reported previously in many types of cells (Fabian et al.,
2008; Kuras et al., 2012; Tsai et al., 2014), however, in current study, such Ca®" gradients
could not be demonstrated. Finally, EGF induced migration of PC-3 cells was found to be
dependent on ROS production and consequent activation of TRPM2 channels. Thus TRPM2
channels may play a role in growth factor stimulated cancer cell migration. The findings of

the chapter 4 and chapter 5 are shown in Figure 6. 1B.
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Figure 6. 1 Schematic overview of TRPM2 functions in palmitate-induced pancreatic -
cell death and ROS-induced Hela cell migration. (A) In pancreatic B-cells, palmitate
induces NOX2-dependent ROS production followed by TRPM2-dependent mitochondrial
Zn** increase, mitochondrial ROS production, loss of AWm, mitochondrial fragmentation and
finally apoptosis. Ca** elevation through ROS-activated TRPM2 channels induces calpain-
dependent, mitochondria-independent apoptosis. (B) In HelLa cells, ROS activation of
TRPM2 channels mediates cytosolic Zn®" elevation, potentially due to the release of the ion
from lysosomes. Elevated Zn** induces stress fibre and focal adhesion remodelling, filopodia
formation and cell migration. TRPM2-mediated Ca**, on the other hand, plays reciprocal role
in these events (see text for details).
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6. 2 Further experiments to examine the mechanism of NOX activation

by palmitate

In Chapter 3, palmitate was found to induce cytosolic ROS production by activating NOX2
and mitochondrial ROS by affecting Zn** redistribution to mitochondria. Palmitate induced
mitochondrial ROS production was found to be due to TRPM2 mediated changes in Zn?*
redistribution in the cell. However, how plasma membrane NOX2 is activated by palmitate is
unclear. TRPM2 could be a potential mediator. Consistent with this idea, a recent study has
shown that knock-out of TRPM2 in mice decreased NOX activity (Gao et al., 2014). Besides,
the authors of this study reported that TRPM2 channels interact directly with Racl, a cytosol-
localised component of NOX, and that Racl-TRPM2 interaction promotes NOX-dependent
ROS production. Whether this is the case in palmitate treated B-cells remains be tested

using biochemical approaches and dominant negative constructs of Racl.

6. 3 Further experiments to investigate the effect of palmitate on ROS

level in PC-3 cells

In Chapter 4, palmitate was found to stimulate lamellipodia and filopodia formation and that
this was dependent on ROS generation as the antioxidant, NAC, was able to prevent the
palmitate effect. Whether palmitate generates ROS in PC-3 cells in the same way as in INS1
cells need to be examined. Based on the effects of palmitate in INS1 cells, it is conceivable
that palmitate might also induce ROS production in mitochondria. These possibilities need to
be tested to see if B-cell apoptosis and cancer cell migration share ROS generating

signalling events.

6. 4 Further experiments to reveal the role of TRPM2 channels in

palmitate induced actin and focal adhesion remodelling

The finding that palmitate can induce actin remodelling is interesting. The effect of palmitate
on actin arrangement has recently been reported in mouse podocytes (Xu et al., 2015).
Besides, the authors of this study also observed that palmitate induces disassembly of focal
adhesions. Whether this is the same for PC-3 cells will need to be investigated with further
experiments. In their paper, the authors related palmitate-induced actin remodelling to
proteinuria in chronic kidney disease (Xu et al., 2015). As one of the most important roles of
actin remodelling is to mediate cell migration, the impact of palmitate-induced protrusion

formation on PC-3 cell migration will need to be investigated. Whether the mechanism
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underlying palmitate induced cell migration is similar to that of H,O, remains to be
investigated.

The data from Chapter 6 demonstrate that EGF induces ROS production in PC-3 cells, and
that EGF induced cell migration can be inhibited by 2-APB. This observation could provide
the basis for the investigation of the potential roles of ROS and 2-APB sensitive effectors in

EGF induced cell migration, of which TRPM2 might be a potential candidate.
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