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Abstract

Reticulon 1C induces Disruption of Ca?* Signaling and Alteration in
Mitochondrial Dynamics in vitro and Neurodegeneration in vivo

Bisan Al Mehdawy

Endoplasmic reticulum (ER) is a key organelle fundamental for the maintenance
of cellular homeostasis and for determination of cell fate under stress conditions.
Among the proteins known to regulate ER structure and function is reticulon-1C
(RTN-1C), a member of the reticulon family proteins localized primarily on the
ER membrane. Previous studies suggested that RTN-1C is able to trigger ER
stress-induced cell death, although the exact mechanism still remains unclear.
Based on these findings, here | have further investigated the impact of RTN-1C
overexpression on Ca®" signaling and mitochondrial dynamics in human
neuroblastoma cell line. When transiently overexpressed, RTN-1C is linked to
disruption of intracellular Ca** homeostasis, Ca**-dependent autophagy and
mitochondrial elongation. Conversely, RTN-1C mediated prolonged ER-stress
was able to induce over time mitochondrial fragmentation and cell death.
Importantly, neuronal loss was rescued by the novel JNK inhibitor D-IJNKI1,
supporting a crucial role for this pathway in RTN-1C induced apoptosis. These in
vitro data were then supported by in vivo evidence obtained on a transgenic
mouse overexpressing RTN-1C. This model displayed alterations in the
expression profile of specific genes and neurodegenerative features in the cerebral
cortex.

Overall, this work defines a role for RTN-1C as a potential molecular target for
use in therapy and as a specific marker for neurological/neurodegenerative
diseases.
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1.0. Introduction

1.1. An Overview of Reticulons

Neuronal death occurs by necrosis or apoptosis, which differ morphologically
and biochemically. Necrosis is the result of extreme perturbation of the cellular
environment, as occurs acutely in ischemic insults or trauma. In contrast
apoptosis is dependent on intracellular pathways resulting in cellular
commitment to a defined series of steps resulting in cell suicide. Apoptosis is an
important mechanism in normal cell turnover, in growth and development, as
well as in maturity. Alteration of the apoptotic machinery results in the
development of cancer, autoimmune or degenerative diseases. The execution of
neuronal apoptosis involves two principal pathways that converge to activate
caspases: the cell surface death receptor pathway and the mitochondrial
pathway (Friedlander, 2003). However, a role in the initiation of neuronal
apoptotic cell death by other organelles, including endoplasmic reticulum (ER),
is now emerging (Breckenridge et al., 2003).

Disruption of ER homeostasis interferes with protein folding and leads to the
accumulation of unfolded and misfolded proteins in the ER lumen. This
condition, designated 'ER stress' can be triggered by stimuli that perturb ER
function, including depletion of Ca®* stores, reduction of disulphide bonds,
over-expression of certain proteins, and nutrient/glucose deprivation. To
maintain homeostasis, the ER mounts an unfolded protein response (UPR), as a
self-protective mechanism, which results in transcriptional induction of UPR

genes, translational attenuation of global protein synthesis, and ER-associated
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protein degradation (ERAD). However, if these adaptive responses are not
sufficient to relieve the ER stress, the cell dies through apoptosis. Although
many studies suggest a regulatory role for the ER in apoptosis, the signalling
pathways that emerge from this organelle and lead to cell death remain largely
obscure.

In the last few years a new family of proteins (RTN, reticulons), primarily
localized on the ER membrane, has attracted particular interest due to their
implication in different cellular processes (Fig.1.1). They play important roles in
bending and shaping the ER membrane, in trafficking of material from the ER
to the Golgi apparatus, and in apoptosis (Anderson and Hetzer, 2007). The
mammalian reticulon family of proteins consists of four members (RTN-1,
RTN-2, RTN-3, and RTN-4); the specific functions for most of them are
presently poorly understood although RTN-4 (also called Nogo) has been
widely demonstrated to be an inhibitor of axonal extension and neurite
outgrowth (Gonzenbach and Schwab, 2008). Reticulons have an evolutionarily
conserved C-terminus but different N-terminal isoforms which are generated by
alternative splicing (Oertle et al., 2003). Differences in N-terminal isforms give
each reticulon member its own specificity allowing them to interact with various
proteins, such as Bcl-xI and Bcl-2 (Tagami et al., 2003). In particular, increased
interaction of Bcl-2 with RTN-4B reduces anti-apoptosis by preventing the
translocation of Bcl-2 to the mitochondria from the ER. Disruption of Bcl-2
translocation by specific RTNs is also consistent with the biochemical function

of RTNs in cellular trafficking. Similarly, RTN-1C has been shown to interact
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with glucosylceramide synthetase, the key enzyme in the biosynthesis of
glycosphingolipids at the Golgi/ER interface, and to modulate its catalytic
activity in situ (Di Sano et al., 2003). Alternatively, increased expression of
RTN proteins in certain cells causes changes in the cellular response to ER
stress. Interestingly, in HelLa cells, ectopically expressed RTN-3 causes
elevation of cytosolic Ca?* through an increase in its release from the ER. This
elevated cytosolic Ca?* in turn elicits activation of caspase 12 and subsequent
mitochondria dysfunction (Kuang et al., 2005).

Reticulon genes are found to be expressed in several tissues which implies that
they have a versatile function in cell physiology and a universal role in the
eukaryotic system. For example, RTN-1A, RTN-1C, Nogo-A and RTN-2 are
expressed in the nervous tissues. Specifically, RTNL, initially considered to be a
neuroendocrine-specific protein, is actually expressed in neurons of various
brain regions. RTN-1C has also been considered to be a marker for neuronal
differentiation, and has been shown to be involved in exocytosis, as it associates
with calreticulin-negative regions of the ER and co-immunoprecipitates with the
SNARE proteins syntaxin 1, syntaxin 7, syntaxin 13 and VAMP2 (Steiner et al.,
2004). Overexpression of a fragment of RTN-1C increased the rate of

exocytosis in PC12 cells.
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1.2. An Overview of Mitochondria

Between two and three billion years ago, the early mitochondrial progenitor
began to develop a mutual relationship with primitive eukaryotic cells
(Osteryoung and Nunnari, 2003; Wallace, 2005). Over time, the established
symbiotic relationship underwent many stages of development until it gave rise
to the current organelle. This transition has played a fundamental role in the
evolution of the eukaryotic cell. There are about 900 mitochondrial proteins
most of which are encoded by the nuclear genome; however mitochondria
contain their own DNA (mtDNA), RNA, and protein synthesizing machinery
used primarily for mitochondrial respiratory function (Wallace, 2005).
Mitochondria are responsible of ATP generation via oxidative phosphorylation
(Duchen, 1999). 98% of our oxygen is consumed by mitochondria to generate
ATP which covers the needs of diverse cellular processes ranging from muscle
contraction to vesicle fusion for hormone and neurotransmitter release (Duchen,
2004). Mitochondria can take up calcium thereby regulating both mitochondrial
function and cellular signalling. Work by Duchen and Pralong has shown the
impact of cytosolic [Ca?*] changes on mitochondrial function in metabolism
(Duchen, 1992; Pralong, 1992). They report that changes in [Ca®*]; have altered
the mitochondrial NADH and flavoprotein autofluorescence in neurons and
other cell types. It has now been demonstrated that mitochondrial Ca** activates

the Ca** sensitive mitochondrial dehydrogenases (CSMDH) thereby increasing
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H* transport to the mitochondrial exterior and so enhancing ATP production
(Duchen, 2004).

Each mammalian cell contains hundreds of mitochondria, which in turn carry a
number of copies of circular DNA, which are maternally inherited. Mutations in
mitochondrial genes or nuclear genome encoding mitochondrial proteins may
lead to various forms of illnesses in neurodegeneration such as Parkinson’s,
Alzheimer’s, motorneuron disease, amyotrophic lateral sclerosis and multiple
sclerosis. In addition, defects in mitochondrial function can cause
cardiomyopathy, diabetes, and multi-organ system failure in septicemia
(Rizzuto et al., 2004). Other diseases caused by mtDNA mutations are termed as
encephalomyopathies. These include MERRF (myoclonic epilepsy associated
with ragged-red fibers), MELAS (mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes) and LHON (Leber’s heridetary optic
neuropathy) (Chan, 2006a). Furthermore, mitochondria produce free radicals
(ROS) as a by-product of oxidative phosphorylation which in turn can damage
mitochondria and their DNA (Wallace, 2005). Several studies on mutant and
transgenic mice have shown that mitochondrial reactive oxygen species
(mtROS) production decreases life span. The mitochondria were characterized
with reduced state Il respiration and hypersensitized mitochondrial
permeability transition pore (mtPTP). By increasing intramitochondrial [Ca®*]
levels, ROS production is directly increased, damaging the cell and increasing

the rate of cell loss. This may lead to early tissue failure and age- related
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symptoms in various neurodegenerative diseases (Rizzuto et al., 2004; Wallace,

2005; Zorov et al., 2000).

1.3. Ca** Signalling Pathways

The first discovery of the importance of Ca** in signal transduction was by
Sydney Ringer in the 1880s (Combettes et al., 2004; Ringer, 1883). While
Ringer demonstrated the importance of Ca?* for fish survival, heart and skeletal
muscle contraction, and other processes like fertilization of eggs and
development of tadpole, Locke and Overton highlighted the significant role
Ca®* plays in transmitting impulse between nerve and muscle (reviewed by
Petersen, 2005). Later in the 1940s, Lewis Victor Heilbrunn described the
versatility of Ca”* as an intracellular messenger. In addition, he founded the
concept of Ca** release from sequestering organelle, which he termed then as
‘rigid cortex’ (reviewed by Petersen, 2005). Ca?* is now regarded as the most
universal second messenger; not only important for ATP production but also for
regulating many cellular processes including gene expression, fertilization of
eggs, cell proliferation, muscle contraction, and exocytosis at the synaptic
junction (Ducibella et al., 2006; Mellstrom and Naranjo, 2001).

Intracellular Ca®** concentration is maintained around 100nM through the
exploitation of various ‘On’ and ‘Off’ mechanisms that either decrease or
increase [Ca®'];. Different stimuli can raise the [Ca®" ]; up to 1uM or even more
(Bootman et al., 2001). Cytosolic Ca®* concentration increases when Ca?* fluxes

pass through channels located on the plasma membrane (PM) or channels on
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the endoplasmic and sarcoplasmic reticula (ER/SR). Pumps such as Ca*
ATPases present on the PM and ER/SR, or exchangers like Na*/Ca®* exchanger;
are responsible for Ca®* export and hence lower [Ca*] in the cytosol to pre-

stimulated levels (Berridge et al., 1998).

1.4. Regulation of intracellular Ca?* by GPCRs

One of the ways to increase intracellular [Ca*] is via the activation of G-protein
coupled receptors (GPCRs). GPCRs are seven transmembrane domain
receptors; each domain comprises 20-24 amino acids. GPCRs utilize trimeric
GTP binding proteins (consisting of a-, B-, y-subunits) for conveying different
types of information from the cell surface to various intracellular effectors
(Shacham et al., 2001). This is achieved by catalysis of nucleotide exchange in
the guanine nucleotide binding site of the a-subunit (Marinissen and Gutkind,
2001). G-protein coupled receptors comprise the largest number of receptors
and are of great interest to the pharmaceutical industry as they are common
targets for therapeutic drugs. Indeed about half of all known drugs work through
GPCRs. These include antihistamines, anticholinergics, antagonists of the
adrenergic receptors and some opiates (Shacham et al., 2001).

The GPCR family includes for example: the a- and the - adrenergic receptors,
the GABAg receptors, some glutamate and serotonin receptors, receptors for
neuropeptides, as well as the olfactory receptors, rhodopsin and the muscarinic
acetylcholine (Ach) receptors. The coupling of GPCRs to intracellular Ca®*

increase occurs via activation of Ggu1 (Selbie and Hill, 1998). Upon receptor
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activation and GDP/GTP exchange, the a subunit of the trimeric G protein Gg11
activates PLCg which causes the breakdown of phosphatidylinositol 4,5-
bisphosphate (PtdInsP,) to give a pair of second messengers, diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (IP3) (Marinissen and Gutkind, 2001).
This phosphoinositide pathway, like others, greatly amplifies the signal, as one
activated PLC molecule produces many IP; and DAG molecules. While DAG
activates protein kinase C (PKC), IP5 binds to its receptor in ER releasing Ca**
from its intracellular stores (Dawson, 1997). Figure 1.2 illustrates the

methacholine activated muscarinic M3-receptor signalling pathway.

1.5. Plasma membrane Ca?* entry pathways

Ca®* influx into a cell can occur via a variety of pathways (Fig.1.3.). These
include the voltage—operated Ca”* channels (VOCCs) which are activated by
depolarization of the plasma membrane (PM) driven by action potentials.
VOCCs are found to function in excitable cells such as muscle and neuronal
cells (Berridge et al., 2003). VOCCs are comprised of five protein subunits (ay,
dz, B, v, 8) with oz subunit being the Ca®* channel, while the other subunits
regulate the channel gating. In neurons, there are different types of VOCCs
expressed depending on where they are located and what function they carry
out. For example, the N-and P/Q- type VOCCs are present in the synaptic

terminal, thereby inducing neurotransmitter release (Berridge et al., 2003).
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Receptor operated Ca®* channels (ROCCs) are plasma-membrane ion channels
which open in response to the binding of an extracellular ligand. These ligands
include ATP, serotonin, glutamate or acetylcholine. ROCCs are normally
present in secretory cells and postsynaptic terminals. Examples of ROCCs are
the nicotinic acetylcholine receptor and N-methyl-D-aspartate receptor
(Berridge et al., 2003).

Another way for Ca** influx to cross the PM is through second-messenger-
operated Ca’* channels (SMOCCs). SMOCCs are plasma membrane ion
channels that allow Ca®** ions to enter the cell upon binding to one of the
intracellular second messengers such as diacylglycerol (DAG), arachidonic acid
which binds to arachidonic-acid-sensitive channels or cyclic nucleotides which
bind to cyclic-nucleotide-gated channels (Mignen and Shuttleworth, 2000).

Cell deformation represented by various cellular strains or shape changes can
trigger mechanical Ca®* channel activation, best seen in epithelial cells of
trachea allowing the cilia to beat on surrounding cells for their movement (see
(Boitano et al., 1992). It is also thought to be a functional mechanism for
clearing mucus from the lungs. These Ca®* channels belong to the transient
receptor protein (TRP) ion-channel family of which members are distinguished
to play important roles in regulating slow processes such as cell proliferation
(Berridge et al., 2003).

Store-operated (capacitative) Ca?* influx is another example of Ca®* entry
pathways across the PM where store-operated Ca** channels (SOCCs) are

activated by the emptying of internal Ca®* stores. Depletion of ER Ca** -pool is
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achieved either by physiological Ca?*-mobilizing messengers (IP3) or
pharmacological inhibitors such as thapsigargin (Berridge et al., 2003).
Thapsigargin is a highly specific inhibitor of SERCA pumps which are present
on the ER (Szabadkai et al., 2004).

The molecular identity of SOCCs and their mechanism of activation remain not
fully understood. However, these channels are thought to belong to the transient
receptor protein (TRP) ion channel family (Montell et al., 2002). Store-operated
Ca’* entry is not only achieved by a single mechanism of Ca?* influx or through
one Ca** channel, but any Ca** channel that shows Ca?* store-dependent activity
can be called a store-operated Ca®* channel (Mercer et al., 2006). The most
extensively studied SOCC current is the Ca’* release-activated Ca** current
(Icrac), which is a non-voltage-gated current characterised with its high
selectivity for Ca®* (Parekh and Putney, 2005). In addition, accumulating
evidence suggests that a transmembrane protein (STIM1) detects the filling
status of the ER store, while Orail is the CRAC channel by itself. The
suggested mode of SOCCs activation proposes that after the production of Ca®*-
mobilizing intracellular messengers (IPs), Ca®* fluxes cross the PM. STIM1
present in the ER detects the ER Ca?* depletion, thus it couples Orail in the
plasma membrane activating Orail (Mercer et al., 2006). Further to Orail,
another 2 homologs; Orai2 and Orai3, were demonstrated to function as store-
operated Ca®* channels (Mercer et al., 2006). However, additional information
is required on how these players contribute to capacitative Ca®* entry and to

understand the molecular identity of store-operated Ca** channels.
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1.6. Mitochondrial Ca** Dynamics

1.6.1. Mitochondrial Ca®* Uptake

In 1956, the earliest investigations of mitochondrial Ca** uptake were begun by
B. Chance where his theories were not confirmed until 1962, establishing the
role of mitochondria in regulating intracellular Ca®* (Williams and Chance,
1956). Later, the development of the chemiosmotic theory by Peter Mitchell
identified that the electrical potential created in the mitochondrial inner
membrane is the driving force causing uptake of Ca?* through the uniporter
(Mitchell, 1961). At the same time, other experiments were ongoing which laid
evidence for the role of hormones and neurotransmitters in activating Ca®*
release from a non-mitochondrial Ca®* store such as the endoplasmic reticulum
(ER) (reviewed by Duchen, 2004). Shortly afterwards, GPCR stimulation was
demonstrated to produce IPs, which in turn caused the Ca** release from ER. In
that era, Ca’* uptake into the mitochondria was thought to be regulated by either
ATP hydrolysis or respiration (reviewd by Nicholls, 2005). Mitochondrial
capacity for Ca®" was estimated to be very high ~1000nmol/mg mitochondrial
protein. However, when mitochondria were loaded with Ca?*, phosphate caused
the appearance of protons in the extra-mitochondrial medium. It turned out later
that these protons were pumped out as one of the by-products of respiratory
chain. Initial experiments were conducted on isolated mitochondrial Ca?*

uptake, thus not focusing on the role mitochondrial Ca®* uptake plays in
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physiological and pathological conditions. Crompton and Carafoli then
identified the presence of a Na'/Ca®* exchanger and Ca®*-uniporter in the
mitochondria of myocytes (reviewed by Nicholls, 2005). Although this
discovery identified important mechanisms for Ca®* transport across the inner
mitochondrial membrane, the affinity of mitochondrial Ca** uptake was still
controversial in particular with regard to physiological functioning within the
cell. Later, Nicholls and coworkers in 1978 studied isolated mitochondria and
their regulatory activities of free Ca®* in the incubation medium. Ca®* sensitive
electrodes were used to detect changes in the extra-mitochondrial free [Ca®']
which were monitored down to 100nM. Phosphate and physiological levels of
adenine nucleotides present in the incubation medium enabled mitochondria in
the liver and brain to buffer the extra-mitochondrial free [Ca®] at levels around
0.5-1pM (Nicholls, 1978; Nicholls and Scott, 1980; Zoccarato and Nicholls,
1982). Furthermore, mitochondria were able to take up additional Ca?* up to the
range of 0.5-1uM. Addition of Ca*" chelators caused Ca’* efflux from the
mitochondria leading to the suggestion of a ‘set -point” for extra-mitochondrial
free [Ca®"] which preserved the equilibrium between Ca®* uptake and efflux
(Nicholls, 2005).

The presence of Ca®* -phosphate complex in the mitochondrial matrix of Ca?*-
loaded mitochondria plays an important role in maintaining the previously
described equilibrium. In particular, loss of mitochondrial membrane potential
by a protonophore causes Ca?* to exit the mitochondria through the reversal of

the uniporter and the phosphate through a phosphate transporter (Nicholls et al.,
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2005). The mechanism of Ca*" release under these conditions is still poorly
understood. Two forms for Ca®’-phosphate complex structure in the
mitochondrial matrix have been suggested: (1) hydroxyapatite (Cas (PO4)3s0H),
and (2) tricalcium phosphate (Ca3(POg)2). Most importantly, the stability of
these two compounds is highly controlled by the mitochondrial matrix pH
(Nicholls et al., 2005).

Currently, Ca®* movement in the mitochondria is thought to be dependent on
mitochondrial membrane potential and the intramitochondrial [Ca?*] ([Ca*'] m).
Development of Ca?* -sensitive photo proteins and luminescent indicators such
as aqueorin, quin-2, fura-2, ratio metric- pericam, and others introduced direct
measuring of Ca?* concentrations in the cytosol and mitchondria. Such
experiments have now identified rapid and high increases of mitochondrial
[Ca®"]m in response to IPs- linked agonists in a variety of cell types (Hajnoczky,

2000).

1.6.2. Mitochondrial Ca** Uniporter

The biophysical properties of the mitochondrial Ca®* uniporter were identified
by Kirichock et al using patch clamp recordings of the inner mitochondrial
membrane (Kirichok et al., 2004). It was demonstrated that the mitochondrial
Ca®* uniporter was a Ca®* channel rather than a transporter. The Ca** uniporter
is inhibited by ruthenium red (RuR), which is known to block many classes of

cation channels such as L-type plasmalemmal Ca?* channels (Duchen, 1992).
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However, Ca®* uptake is partially inhibited by Ru360 and by diamino-pentane
pentamine cobalt (DAPPAC) (Crompton and Andreeva, 1994).

A study pioneered by Montero et al. (2001) demonstrated that the loss of
mitochondrial membrane potential (A¥m) inhibits mitochondrial Ca* uptake.
However, collapsing the membrane potential of Ca®* loaded mitochondria
prevented mitochondrial Ca”* efflux. Addition of extra Ca”* to these
mitochondria caused mitochondrial Ca** release sensitive to RuR indicating that
this release occurred through the uniporter which is consistent with the concept
that defines the Ca®* uniporter to be allosterically gated by [Ca’*], which
explains the need of mitochondria for having high local [Ca®**]. in order for the
mitochondria to take up Ca®* (Duchen, 2004).

Moreover, it was also demonstrated that the P38 MAPKinase inhibitors increase
mitochondrial Ca®* uptake highlighting a physiological role for P38 MAPkinase
in suppressing mitochondrial Ca®* load (Montero et al., 2002). PKC inhibitors
caused an increased mitochondrial Ca?* uptake (Montero et al., 2003).

Recently, a forty-kiloDalton protein of the inner membrane of the mitochondria
was indentified to be the mitochondrial calcium uniporter (MCU) responsible
for ruthenium-red-sensitive mitochondrial Ca®* uptake (De Stefani et al., 2011).
Some of the properties that characterize the identified uniporter are the channel
activity in planner lipid bilayer with electrophysiological characteristics and
inhibitor sensitivity of the uniporter. When the MCU was overexpressed in
HeLa cells, mitochondrial matrix Ca®* concentrations were doubled by IP3

generating agonists which lead to an increased buffering of the cytosolic Ca®*

38



increases (De Stefani et al., 2011). Furthermore, sSiRNA of MCU in HelLa cells
reduced mitochondrial Ca** uptake. Finally, mutant MCU caused the uniporter
to have no channel activity and reduced mitochondrial Ca®* uptake when
overexpressed in HeLa cells (De Stefani et al., 2011).

The revealed molecular identity is thought to be of high therapeutic value for its
potential relation to many physiological and pathological mechanisms

controlled or regulated by Ca** signalling.

1.6.3. Permeability transition pore (mPTP)

Haworth and Hunter in 1970s were first to describe mitochondrial permeability
transition (mPT) induced by the permeability transition pore (mPTP). The
mPTP most probably consists of three core components: voltage-dependent
anion channel of the outer mitochondrial membrane, adenine nucleotide
translocase of the inner mitochondrial membrane, and cyclophilin-D in the
mitochondrial matrix (Hausenloy and Yellon, 2003). Other participants in the
constitution of mPTP may include the anti-apoptotic Bcl-2 protein (Rizzuto et
al., 2004). The mPTP provides a Ca?* efflux pathway by a phenomenon called
pore flickering (Duchen, 2004). This pore spans the inner and outer
mitochondrial membranes and opens in response to multiple factors such as:
changes in [Ca?'], mitochondrial depolarisation, ATP depletion, oxidative
stress, and high inorganic phosphate (Pi). Futhermore, mPTP can be inhibited
by Mg?*, ATP, ADP, cyclosporine-A, sanglifehrin and modulators of adenine

nucleotide translocase such as bongkrekic acid (Duchen, 2004).
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It is not known yet whether the mPTP plays a physiological role in
mitochondrial homeostasis or it is involved only under pathological conditions.
Patch-clamp recordings from mitochondrial membranes suggest that this
channel can adopt various conformations which include low conductance mode
(Loupatatzis et al., 2002). Opening of the pore may result in different modes of
cell death depending on the conductance state exerted by the pore (Ichas and
Mazat., 1998). For example, opening of the pore under high conductance state
will be irreversible and causes swelling of the mitochondria, release of
cytochrome C and the induction of caspase activation cascades which will end
with apoptotic cell death. Alternatively, loss of mitochondrial membrane
potential affects ATP production which directly feeds into a complete failure in
the metabolic processes resulting in a necrotic mode of cell death (Duchen,

2004).

1.6.4. Mitochondrial Ca** Efflux

Ca’* fluxes exit the mitochondrial through the Na*/Ca®* exchanger (MNCX).
The mNCX was first identified 20 years ago and exhibits different
pharmacological properties from the plasmalemmal Na*/Ca?* exchanger. The
stoichiometry of the exchanger was suggested by Brand and coworkers to be
2Na*/1Ca®* (Brand, 1985). However, because the exchanger can function
against a [Ca’*] whose energy is twice that of [Na'], Jung and coworkers
suggested a stoichiometry of 3Na*/1Ca?* indicating that the ion exchange is

A¥m-dependent (Jung et al., 1995).
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1.7. Ca** Microdomains

After Ca’" ions are released from the ER, they can be taken up by the
mitochondrial Ca®* uniporter (MCU) present in the mitochondrial inner
membrane. Ca®* diffuses down its electrochemical gradient towards the
mitochondrial matrix (Kirichok et al., 2004). It has been postulated that
accumulation of Ca?* ions in localised cytosolic areas which exhibited high
concentrations of Ca”* (termed as Ca’* microdomains), achieved more efficient
transmission of Ca®" between IP; release sites and the mitochondrial uniporter
(Hajnoczky et al., 2000). Live imaging using Ca®* -sensitive protein probes such
as pericams, enabled direct visualization of multiple Ca®* entry sites in
mitochondria which may occur in the vicinity of the mouth of ER-Ca®*
channels. Microdomains exhibit higher Ca** concentrations than bulk cytosolic
concentrations (Duchen, 2004). In addition, Ca** microdomains can also be
generated below the plasma membrane (PM) at the mouth of Ca?* channels
present in the PM. Such microdomains are implicated in the activation of
neurotransmitter release in the synaptic terminals and the activation of specific
enzymes such as NO synthase (Pozzan, 2006).

The close apposition of mitochondria to ER was demonstrated by electron
tomography (Csordas et al., 2006). Furthermore, high-speed single cell imaging
of mitochondrial [Ca®*] ([Ca*"]m) of transfected cells with mitochondrially
targeted Ca®" -sensitive protein probes (pericams and cameleons), has revealed

that mitochondrial Ca®* uptake originates from isolated sites on the
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mitochondrial network. However, disruption of the mitochondrial network
integrity by overexpressing a mitochondrial fission protein such as dynamin-
related protein 1 (Drp-1) blocked the propagation of Ca’* waves (Rizzuto,
2004). The main question that remains is whether these microdomains need
physical links expressed by tethering proteins, for instance in order to render
microdomains more efficient for ER- mitochondrial communication. It also
remains interesting to understand how these microdomains get affected by
mitochondrial movement. Filippin and coworkers demonstrated that
mitochondrial-ER close associations which served the best communication
between ER and mitochondria were stable in space, regardless of the continuous
motility of both ER and mitochondrial tubules (Filippin et al., 2003). However,

the structure and conformation of these links await further investigations.

1.8. Mitochondrial Fission and Fusion

1.8.1. Fission and fusion proteins

Mitochondria exist as a reticular network of tubules that undergo dynamic
fission and fusion events. While mitofusins (Mfnl, Mfn2) and OPAL are
responsible for mitochondrial fusion, Fisl and Drp-1 are in charge of
mitochondrial fission (Chan, 2006b). The fusion proteins belong to the large
GTPase family. Mfnl and Mfn2 reside on the mitochondrial outer membrane,

and they have 81% homology and similar topologies (Chen et al., 2003, Chen et
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al., 2006). The N- and C- termini of both mitofusins protrude from the
mitochondria into the cytosol forming with that a U-shaped transmembrane
domain (Rojo et al., 2002).

OPAL1 is localised in the intermembrane space, closely linked to the inner
membrane, and has two predicted coiled coils located on the N- and C-termini
of the GTPase. The OPA1 gene was first described as a mutated gene that
caused a genetically inherited disorder called optic atrophy which is
characterised with a visual loss (Alexander et al., 2000).

On the other hand, Drp-1 is mostly localised in the cytosol with a fraction being
localized to puncta on mitochondrial tubules, utilizing some of these puncta to
mark possible sites for fission (Chan, 2006b). Expression of the dominant
negative form of Drp-1 (Drp-1°**%) causes the inhibition of fission
demonstrated by the extended length of mitochondria in the neurites, and the
globular structure of mitochondrial tubules in the soma of neuronal cells (Chan,
2006Db). Drp-1 is made up of GTPase domain, a central domain, and a GTPase
effector domain.

Another player of the fission machinery Fisl, which is a single—pass
transmembrane protein localized to the outer mitochondrial membrane by its C-
terminus (Chan, 2006). Yoon et al showed that there is a direct interaction
between Fisl and Drp-1 in vitro which is consistent with the current theory
suggesting that Drp-1 recruitment to the mitochondria depends on Fisl (Yoon,

2003).
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1.8.2. The biological roles of mitochondrial fission and fusion

Mitochondrial fission and fusion have essential roles in processes such as
regulation of bioenergetics and the transfer of ATP across long distances.
Mitochondrial fission is thought to be responsible for the renewal,
redistribution, and proliferation of mitochondria into neuronal and muscular
tissues (Baloh et al., 2007; Hoppins et al., 2007). While mitochondrial fusion
creates mitochondrial communication and crosstalk, which allow mitochondrial
movement and distribution in the cell (Baloh et al., 2007; Chen et al., 2007).
Furthermore, it has been speculated that during cellular injury and
mitochondrial dysfunction, mitochondrial fusion can be considered as a
protective mechanism, by restricting the cellular insult to damage an entire
myotube or neuron and by preserving a suitable amount of ATP to meet with
cellular demand of energy (Chen et al., 2003; Chen et al., 2007). In the same
context, several reports suggest that mitochondrial fission may serve as a
protective mechanism via the segregation of worn out and improperly
functioning mitochondria which in turn assists in autophagic clearance

(Barsoum et al., 2006; Twig et al., 2008).
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1.8.3. Mitochondrial morphology /fission and cell death

Mitochondrial fission is thought to occur early during the process of cell death.
However, the exact mechanism and molecular identity of all factors that lead to
mitochondrial fragmentation are areas yet to be fully unveiled. Numerous
studies conducted with the overexpression or inhibition of several mitochondrial
shaping proteins such Drp-1, Drp-1"®** and hFIS1 have highlighted their
concomitant association with the action of particular cell death inducers in
various experimental models. In fact, mitochondrial fission was decreased by

the expression of Drp-1<%4

in several cell lines and cell death caused by
etoposide, staurosporine and gamma-radiation, was blocked due to the
expression of Drp-1°*** (Frank et al., 2001; Karbowski et al., 2002).
Furthermore, inhibition of hFisl prevented cell death in HelLa cells, and the
inhibition of Drp-1 increased survival of cells in C. elegans (Jagasia et al.,
2005). Moreover, inactivation of Drp-1 interrupted the mitochondrial fission
process and decreased cell death in embryonic D. melanogaster. More
interestingly, it has been described in a fungal —aging model that the knock
down of dnm1 gene (Drp-1 gene homologue in yeast) reduced cell death, hence
increased the life span (Frank et al., 2001). On the other hand, interplay between
pro-apoptotic proteins such as Bax and Bak, and fission and fusion proteins, has
favored the molecular link between cell death and mitochondrial morphology.

In this context, mitochondrial fission in apoptosis is thought to occur after Bax

translocation from the cytosol to the mitochondria where Bax generates large
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foci together with Drp-1 and Mfn2 (Karbowski et al., 2002). Studies on dorsal
root ganglion cells after hyperglycemic injury established that Bax and Drp-1
are physically coupled (Leinninger et al., 2006). In addition, it has been
revealed that in NO-mediated apoptosis model, mitochondria displayed Bax-
foci which were followed soon after by mitochondrial fragmentation. Upon
Drp-1 inhibition in NO-challenged neurons, Bax formation was interrupted and
mitochondrial fragmentation was delayed which led to reduced overall neuronal
loss (Barsoum et al., 2006; Yuan et al., 2007). Additionally, Bak has been
described to form complexes with Mfnl and 2 (Brooks et al., 2007; Karbowski

et al., 2006).

1.8.4. Mitochondrial morphology and onset of disease

Several studies established a strong link between the disrupted mitochondrial
morphology and the pathogenesis of neurodegenerative diseases. In fact, it is
possible that caspase independent cell death pathways such as autophagy and
necrosis, which typically involve mitochondrial fragmentation could lead to
chronic neurodegeneration (Barsoum et al., 2006; Bras et al., 2007). Otherwise,
sustained mitochondrial fission is thought to disrupt normal cellular functions
illustrated in bionergetic collapse hence causing neurodegeneration (Barsoum et
al., 2006). For example, mitochondrial fission and fusion are essential for
normal synaptic maintenance as synapses have extensive energetic demands.
Also as previously mentioned, mitochondrial fission and fusion contribute

largely to the ATP delivery to numerous sites in long neurites. Therefore,
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abnormal regulation of mitochondrial morphology which can compromise vital
processes such as ATP production could initiate the earliest symptoms observed
in neurodegerative diseases such as memory loss and impaired cognitive
functions (Reddy et al., 2005). In addition, mitochondrial fusion is thought to
play a protective role against mitochondrial DNA depletion (Chen et al., 2007),
which in turn upon accumulation can render cells defective due to the lack of
mitochondria capable of efficient respiration and ATP generation.
Paradoxically, mitochondrial fusion might also promote the expansion of
mitochondrial DNA deletions — an observation that has been found to increase
with age. The exact relationship between mitochondrial fusion and mtDNA
mutations is not well understood and further studies are required to provide
relevant answers.

One of the examples of the involvement of mitochondrial fission and fusion
proteins in the pathogenesis of neurodegenerative diseases is Parkinson’s
disease, where mutated forms of PTEN-induced kinase 1 (pinkl)/parkin were
found to interact with Mfnl, OPA1, and Drp-1 in the muscle tissue of
Drosophila (Deng et al., 2008). Captivatingly, inhibition of Mfn or Opal or the
overexpression of Drp-1 reversed muscle degeneration mediated by cell death.
This implies that mitochondrial fission and fusion members as promising
therapeutic targets for Parkinsons’s disease and similar pathologies (Yun et al.,

2008).
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1.85. Ca** dysregulation and mitochondrial dynamics in
neurodegenerative disease

Mitochondrial dysfunction and perturbations of Ca®* signalling are involved in
the pathophysiology of various neurodegenerative diseases and genetic
disorders. When under control mechanisms, Ca** fluxes across the plasma
membrane and within intracellular organelles play crucial roles in essential
neuronal functions, including synaptic transmission and plasticity, regulation of
neurite outgrowth, synaptogenesis and cell survival. On the other hand, in
neurodegenerative disorders cellular Ca**-regulating systems are compromised
resulting in synaptic dysfunction, impaired plasticity and neuronal degeneration.
The detrimental effects of neuronal Ca** homeostasis are subject to
modification by genetic (mutations in presenilins, a-synuclein, huntingtin, or
Cu/Zn-superoxide dismutase; apolipoprotein E isotype, etc.) and environmental
(dietary energy intake, exercise, exposure to toxins, etc.) factors that may
overlap and affect the pathophysiology of several diseases, such as Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis, and Freidriech’s ataxia (reviewed by Mattson, 2007). In this frame,
increased generation of ROS, abnormal protein-protein interactions, and
decreased mitochondrial ATP production by mitochondrial dysfunction
represent key factors in the development and progression of late onset
neurodegenerative diseases (Beal, 2005; Lin and Beal, 2006; Reddy 2006;

Reddy and Beal, 2008; Wallace 2005).
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1.9. ER stress pathway

The cellular organelle, ER, is an interconnected network of tubules, vesicles,
and cisternae that connects the nucleus to the Golgi. The ER is the site of
protein translation, protein folding, and posttranslational modifications.
Secreted and membrane associated proteins pass through the ER on their way to
the Golgi for further processing. The ER also acts as a storage location for
calcium, glycogen, steroids, and other macromolecules (Alberts, 1994).
Importantly, the ER contains numerous molecular chaperones and catalysts to
aid in the folding and posttranslational modifications of proteins (lwawaki et al.,
2004).

Cells have developed signalling pathways and effector mechanisms to deal with
the temporal and developmental variation in ER protein load called the unfolded
protein response (UPR). The UPR regulates this balance, acting in four specific
ways: 1) induction of ER chaperones. 2) translational attenuation. 3) ER
associated degradation (ERAD) (Gotoh et al., 2004) and; 4) apoptosis

(Oyadomari et al., 2002).

1.9.1. ER stress induced apoptosis - autophagy

If a cell is unable to deal with the unfolded proteins, the ER stress pathway will
initiate programmed cell death, or apoptosis (Ron, 2002). There are three known
apoptosis pathways triggered by ER stress: (1) CHOP(C/EBP homologous
protein)/ GADD153, pathway, (2) cJUN NH2-terminal kinase (JNK) pathway,

and (3) caspase-12 pathway (Fig.1.4). CHOP is the transcription factor whose
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expression is upregulated in response to ER stress. CHOP promotes apoptosis in
response to ER stress as determined by overexpression and targeted disruption
of the CHOP gene (Araki et al., 2003; Oyadomari et al., 2001, 2002). It is not
known what the exact targets of CHOP are that result in apoptosis, however,
Marciniak et al. (2004) demonstrate that CHOP acts on GADD34 to promote
protein synthesis and leading to increased ERO1 (ER oxidase 1) expression that
alters the oxidation balance in the cell.

The JNK pathway is another means that leads to ER stress-apoptosis. JNKs are
signal transduction proteins that regulate gene expression and participate in
apoptosis/survival pathways in response to stressors. Upstream of JNK
activation, the ER stress protein, Irel recruits TRAF2 and ASK1. The three
proteins form a complex to activate JNK to induce apoptosis (Araki et al., 2003;
Oyadomari et al., 2002).

The final ER stress-apoptosis pathway is through caspase activation,
specifically caspase-12 in rodents (Araki et al., 2003; Nakagawa et al., 2000).
Caspase-12 is activated by m-calpain (Nakagawa et al., 2000), IRE1a/TRAF2
(Yoneda et al., 2001), or caspase-7 (Rao et al., 2001). Death receptor-mediated
or mitochondria-targeted apoptotic signals are not responsible for caspase-12
activated when stimulated by ER stress (Araki et al., 2003; Oyadomari et al.,

2002).
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1.9.2. ER Stress and Disease

The role of ER stress in the pathogenesis of various diseases has begun to be
elucidated. ‘Conformational diseases’ or ‘folding diseases’ are diseases caused
by the misfolding of cellular protein causing aggregates that can initiate ER
stress. Neurodegenerative diseases, bipolar disorder, type 1&2 diabetes (T1D,
T2D), atherosclerosis, ischemia, heart disease, liver disease, kidney disease, and
other inflammatory diseases have shown to alter ER stress response (Gotoh et

al., 2004; Marciniak et al., 2004; Oyadomari et al., 2002).

1.10. Autophagy

Autophagy in eukaryotic cells is a system of degradation for the cytoplasmic
components (macromolecules and organelles) after they are sequestered by
autophagosomes. This occurs through the envelopment of cytosol and/ or
organelles by the isolating membrane, which wraps around the intracellular
content forming an autophagosome. Contents are degraded by fusion to
lysosomes (Hara et al., 2006; Komatsu et al., 2006; Qu et al., 2003; Yu et al.,
2003). It is thought that the main role of autophagy is to be an adaptive
mechanism to starvation and nutrient deprivation to provide metabolic
precursors and produce amino acids within the cells. However it is also
considered to be crucial for normal turnover of intracellular contents which
makes autophagy important for cellular differentiation and tissue development.
Moreover, it may be considered as a protective tool that the cells use against

various types of neurodegenerative diseases (Kissova et al., 2004; Kraft et al.,
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2008; Kvam et al., 2007). Nonetheless, it is important to shed light on emerging
data that indicate to ER stress as a potent inducer of autophagy in eukaryotic
cells. Under classical ER stress conditions, it is well established that eukaryotic
cells can respond to the accumulation of unfolded proteins in the endoplasmic
reticulum (ER) either by activating the unfolded protein response that leads to
an increase in the capacity of the ER to fold its client proteins or by apoptosis
when the function of ER cannot be restored. However, autophagy is thought to
counterbalance ER stress induced ER expansion, enhance cell survival or

commit the cell to non-apoptotic death. (Qu et al., 2003)

1.10.1. Types of Autophagy

Autophagy is a catabolic process conserved in eukaryotes. In this process,
intracellular components including lipids, proteins, polysaccharides, and
organelles translocate into lysosomes, the organelles dedicated to intracellular
digestion. With the help of various digestive enzymes, lysosomes decompose
these intracellular molecules and recycle their components. Three major types
of autophagy occur: microautophagy, chaperone-mediated autophagy, and
macroautophagy (Todde et al., 2009). Microautophagy is a selective process
where parts of the cytosol or organelles are directly invaginated into
lysosome/vacuoles for degradation. Several subtypes of microautophagy have
been identified: piecemeal of nucleus (PMN) (Roberts et al., 2003),
micropexophagy (Sakai et al., 2006), and mitophagy (Lemasters, 2005). In

principle, microautophagy does not generate the intermediate vesicles normally
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seen in macroautophagy (Todde et al., 2009). However, molecular mechanisms
underlying the selection process are not well understood. Moreover, the
physiological functions of microautophagy remain elusive. Chaperone-mediated
autophagy (CMA) is another selective form of autophagy currently only
identified in mammalian cells to degrade specific cytosolic proteins (Dice,
2007). The molecular mechanism of CMA is distinct from microautophagy and
macroautophagy. Heat-shock cognate protein 70 (Hsc70), a Hsp70 family
member, together with Hsc73 and lysosomal associated membrane protein 2
(LAMP2) are the three key players in CMA (Dice, 2007; Kaushik and Cuervo,
2008). Macroautophagy is a large-scale catabolic process conserved across
eukaryotes, and can be selective or non-selective (Mizushima et al., 2008).

In macroautophagy, components of the cytosol and/or organelles are sealed in
double-membraned autophagosomes, the intermediate vesicle transporting
molecular cargo to lysosomes (Klionsky, 2005, 2007; Todde et al., 2009). When
autophagosomes fuse with lysosomes, they form a new structure called an
autolysosome. In these autolysosomes, molecules will be degraded and
eventually recycled. In this thesis, I will focus on macroautophagy and will

hereafter refer to macroautophagy as autophagy for simplicity.
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1.11. Reticulons and CNS disorders

The most exciting frontier of reticulon research is in the field of
neurodegenerative and neuronal diseases. There is growing evidence that
reticulons may have a role in amyotrophic lateral sclerosis, Alzheimer’s disease ,
multiple sclerosis and Down’s syndrome (Yan et al., 2006).

Alzheimer’s disease IS a progressive neurodegenerative disorder characterized
by cognitive deficits and extensive neuronal loss. Several pathological changes
have been described in post-mortem brains of AD patients, particularly in the
hippocampus, including beta-amyloid (Abeta) plaques, intracellular
neurofibrillary tangles formed by hyperphosphorylated tau protein, inflammation
and extensive cell death. Disturbances in calcium homeostasis are also one of
the earliest changes that occur in AD patients, alongside alterations in the
expression and activity of calcium-dependent enzymes in the post-mortem brain
(Green et al., 2007). Interestingly, it was found that all four human reticulon
proteins can modulate B- site amyloid precursor protein cleaving enzyme 1
(BACEL), which is the enzyme responsible for the formation of amyloid plaques
(Tang and Liou, 2007).

Despite the plethora of evidence supporting a role for aberrant
neurodevelopment in schizophrenia, a number of researchers suggest that
schizophrenia is an ongoing degenerative process, not the static disorder
purported by the neurodevelopmental hypothesis (Lieberman, 1999; Ashe et al.,
2001). A role for neurodegeneration is evidenced by progression of symptoms,

especially negative symptoms which are more difficult to treat (Lieberman,
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1999) and are directly correlated with ventricular enlargement, frontal gray
matter reductions, hippocampal volume reduction and abnormal striatal volume,
supporting the view for a neurodegenerative component in schizophrenia. One
of the genes over-expressed in schizophrenia was recently identified as Nogo
(also known as reticulon 4, RTN-4, NI 250, or RTN-X), a myelin-associated
protein which inhibits the outgrowth of neurites and nerve terminals,
highlighting a pivotal role for a reticulon family member in altered
neurodevelopment in schizophrenia (Budel et al., 2008).

Altogether, these findings highlight RTNs as potential targets for diagnostic

markers and therapeutic development in the field of neurodegenerative diseases.

55



1.11. Aims

Previous work suggested that cells overexpressing a variant form of the reticulon
family, the reticulon protein-1C (RTN-1C), are more sensitized to apoptosis,
possibly as a consequence of ER stress (Di Sano et al., 2003). Indeed
neuroblastoma cells overexpressing RTN-1C showed an enlargement of the ER
membranes that was associated with increased levels of cytosolic Ca®* due to Ca®*
leakage from the ER lumen to the cytosol. Interestingly the same cells displayed
mitochondrial ultrastructural alterations mainly characterized by disruption of the
matrix and the presence of few spared cristae (Di Sano et al., 2007). Based on this, |
aim to further investigate the impact of RTN-1C-mediated ER stress on Ca*'
dynamics and mitochondrial morphology in human neuroblastoma cell line
overexpressing RTN-1C. The human neuroblastoma SH-SY5Y cell line has been
well characterized previously and has been shown to endogenously express Ms
muscarinic acetylcholine receptor (M3-AChR) (Lambert & Nahorski, 1990;
Wojcikiewicz et al., 1990; 1994; Willars et al., 1996). For this, | will use the
muscarinic M3 receptor pathway in SH-SY5Y cells as a model system for studying
cytosolic and mitochondrial Ca** dynamics. Later, | will study mitochondrial
morphology and mitochondrial fission and fusion machinery. Later, | will verify the
potential contribution of RTN-1C mediated ER-stress in autophagy and how this
relates to mitochondrial dynamics. In addition, I will assess whether RTN-1C
activates the JNK pathway and validate the potential of a JNK inhibitor (D-JNKI 1)
in reversing cell death.

Finally, using a mouse model overexpressing RTN-1C (Fazi et al., 2010), I will
investigate the in vivo relevance of brain specific RTN-1C expression. In particular,
I will evaluate the expression of genes with a variety of molecular functions,
including Ca?*-mediated signalling, apoptosis, transmission of nerve impulses and

neuronal disease.
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2.0. Materials and Methods

2.1. General Reagents and Materials

Unless stated, all chemicals were of analytical grade and were routinely
purchased from Sigma. Disposable plastics (1.5ml microfuge tubes, non-filtered
pipette tips) were obtained from Sarstedt. Filtered tips were purchased from
Axygen. Tissue culture plates and flasks were from NUNC or TPP. Tissue

culture pipettes were from Greiner or Corning.

2.2. Maintenance of SH-SY5Y Cell Line

SH-SYSY human neuroblastoma cells (American Type Culture Collection
(ATCC)) maintained in MEM (Invitrogen) supplemented with 10% FCS, 1% L-
Glutamine, 1% penicillin-streptomycin (Gibco), and equilibrated with 5% CO,,
95% air at 37°C. Cells were used at approximately 80% confluence and were

split every 2-3 days to prevent over confluence.

2.3. Cell Splitting

When ~ 80% confluence was reached, cells were washed once in 1X phosphate
buffered saline (PBS; Sigma) before incubation with 1X trypsin/EDTA (0.5%)
(Gibco BRL) for 2-5 minutes at 37°C. Cells were resuspended in MEM as soon
as they started to detach from the plate. Resuspended cells were split 1:3 to 1:4

for maintenance, or as required for experiments.
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2.4. SH-SY5Y Cell Transfections

Cells were grown on glass coverslips and transfected with plasmids expressing
mito-GFP, mitochondrially targeted ratiometric pericam (2mtRP) targeted to the
inner mitochondrial membrane using the targeting sequence of subunit VIII of
cytochrome C oxidase (Gift from Dr. Tullio Pozzan). A total of 1 ug DNA and
1ul Lipofectamine2000 (Invitrogen) was added to cells for 24h, before medium
was replaced. LC3 —GFP was used as the tool for the evaluation of
autophagosome formation, hence SH-SY5Y cells were also transfected with
plasmids expressing RTN-1C and microtubule- associated protein light chain 3-
GFP tagged (LC3-GFP), mtRFP. Where RTN-1C construct was used in
conjunction with mito-GFP, mito-RFP or LC3-GFP a DNA ratio of 0.67 pg
RTN-1C to 0.33 pg mito-GFP was used. Other transfections done with RTN-1C
only were conducted using a total of 1 ug DNA and 1.5 pl Lipofectamine2000.
Cells were imaged 24h, 48h or 72h post-transfection for confocal and
epifluorescent microscopy analysis as stated for each experiment.

Stable SH-SY5Y cell line expressing inducible RTN-1C was activated by the
addition of tetracycline (Tet) (1 ug/ml) as previously described (Di Sano et al.,

2007).

2.5. Treatment of SH-SY5Y Cells

Prior to treatment, the medium was removed and the cells washed twice with

HEPES-balanced Krebs’ (KHB buffer) in mM: 10 HEPES, 4.2 NaHCO3, 1.18
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MgSQO,.7H,0, 1.18 KH,PO,, 118 NaCl, 4.69 KCI, 1.8 CaCl,, 11.7 glucose, pH
7.4).

The cells were then incubated for 1h at 37°C/5% CO; in KHB buffer
supplemented with glucose and or amino acids (see figure legends for details)
prior to incubation in KHB buffer cells were further incubated in test substances
for the times indicated in the figure legends (details of treatments are provided

in the figure legends).

2.6. Confocal and epifluorescence imaging

Images requiring higher spatial resolution of cells transfected with mito-GFP,
were taken on a Zeiss LSM510 confocal microscope using a x63 objective (plus
x4 optical zoom), with an optical depth of 1 um. Samples were then excited at
488 nm, with emissions collected at 505-530 nm., while being maintained at
37°Cin KHB.

For epifluorescent measurements of mitochondrial Ca®* fluxes, 2mtRP
transfected SH-SY5Y cells were mounted on a Zeiss axiovert 200 inverted
epifluorescence microscope, maintained at 37°C in KHB sequentially, excited at
405 and 485 nm, and emissions collected at 535 £ 20 nm. Simultaneous
measurements of cytosolic Ca?* were made by loading cells with fura-red (2
UM, 1 h at 37°C) and measuring emissions above 600 nm after excitation at
485nm. Data were captured on a digital CCD camera (Orca ER, Hamamatsu)
and converted to 485/405 pseudocolour ratiometric images using Meta Fluor

software (Universal Imaging Ltd). A similar protocol was followed for
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epifluorescent measurement of mitochondrial Ca®* fluxes of SH-SY5Y cells co-

transfected with 2mtRP and RTN-1C expressing plasmids.

2.7. Transformation of Competent Cells

Competent DH5a cells were purchased from Invitrogen. 50-100ul of competent
cells were thawed on ice for 5 minutes, and then added gently to ~ 100ng of
DNA in a pre-chilled tube. The cells and DNA were mixed by gently pipetting
once up and down. Cells were then incubated on ice for 30 minutes. Cells were
heat shocked at 42°C for 25-30seconds, then left on ice for a further 2 minutes.
Cells which had been transformed with plasmids conferring ampicillin
resistance were plated directly on to LB-agar containing ampicillin (200ug/ml).
Cells which had been transformed with plasmids allowing resistance to
kanamycin were recovered in 500ul of warm LB for 1 hour at 37°C with
constant shaking at 225rpm. Cells were then centrifuged for 1 minute at
3,000rpm in an Eppendorf bench top microfuge and 400ul of the LB was
discarded. The cells were resuspended gently in the remaining LB and plated on
to LB-agar plates containing kanamycin (100pg/ml). Plates were incubated

overnight, upside down at 37°C.

2.8. RNA Extraction, Labelling, Hybridization

Cells were harvested at the indicated time points and total RNA was isolated by
TRIZOL standard protocol (Invitrogen). A small aliquot of RNA was then used
for quantification and quality control using respectively a spectrophotometer

(Nanodrop, Wilmington, USA) and agarose gel electrophoresis. The gene
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expression profile was analyzed using an Agilent G4112F Whole Human
Genome (4x44 K) microarray platform.The microarray experiment was
performed following the standard Agilent protocol using One-Color
Microarray-based Gene Expression Analysis and Agilent's Low RNA Input

Linear Amplification Kit PLUS.

2.9. RT-PCR

RNA was extracted by using Trizol reagent (Invitrogen). cDNA was generated
using the reverse transcription kit (Promega) according to the manufacturer's
recommendations (2 pg total RNA). Quantitative PCR reactions were performed
with the LightCycler (Roche) thermocycler as previously described (Corazzari
et al., 2007). Primer sets for all amplicons were designed using the Primer-
Express 1.0 software system. The result of the fluorescent PCR was expressed
as the threshold cycle (Ct). mRNA expression was calculated as follows: the
number of cycles at which the best-fit line through the log-linear portion of each
amplified curve intersects the noise band is inversely proportional to the log
copy number. This value is referred to as the critical threshold (CT) value. A
comparative threshold cycle (CT) was used to determine gene expression
relative to a calibrator (RNA from control group).

For each sample, the CT genes value is normalized using the formula ACT = Ct
gene — Ct HPRTL. To determine relative expression levels, the following
formula was used: AACT = ACT sample — ACT calibrator and the value used to

plot relative gene expression was calculated using the expression 2" (Cikos
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et al., 2007). All PCR runs were performed in triplicate and repeated at least

twice.

For experiments conducted in chapter 5, L34 mRNA level was used as an

internal control because this gene was shown to be stable with cell line

induction after doxycyline addition (Corazzari et al., 2007).

Table.2.1. RT-PCR primer sets used for RT-PCR experiments

Gene Sequence  5°-3’
hFisl Sense
CGGGTTGCTGCAGACAGA
Antisense
CCACGAGTCCATCTTTCTTCATG
DNML1 Sense
TTCACCCAACGTTGTCAATT
Antisense
TCCTTACTGGTTCCACGGAC
MENL Sense
TGTTTTGGTCGCAAACTCTG
Antisense
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CTGTCTGCGTACGTCTTCCA

MFEN2 Sense
ATGCATCCCCACTTAAGCAC

Antisense

CCAGAGGGCAGAACTTTGTC

Sense

CaMKIlIpg
TACAGCGAGGCTGATGCCA
Antisense

CAGAAGCAGGTTCTCCGGCT

Sense
DARRP-32
CAGAGAACCTGGGCACTTGCT
Antisense

CGGTTTTCTGGATTTTCCAATG

NOS2A
Sense

TGAGGAGCAGGTCGAGGACTATT

Antisense



CCGCCACCCTGTCCTTCTTA

S100A11 Sense
ACAGAACTAGCTGCCTTCACAA
Antisense

GCTGACCATCACTGTTGGTGTC

L34
Sense
GTCCCGAACCCCTGGTAATAGA
Antisense

GGCCCTGCTGACATGTTTCTT

2.10. Preparation of SH-SY5Y Cells for Western Blotting

SH-SY5Y cells were treated with various concentrations of several chemical
compounds at the indicated time points described in figure legends. Cells buffer
was then aspirated off and lysed with 100pl of RIPA buffer ( Tris-HCI pH 7.4
50 mM, MgCl, 5 mM, NaCl 150 mM, EDTA 1mM, TritonX-100 1%, SDS
0.1%) while tissue culture plates were placed on ice. A 10mI-RIPA buffer
contained 1 tablet of phosphatase inhibitor, protease inhibitor (1:25),

(Calbiochem). Lysed cells were scraped, transferred into Eppendorf
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microcentrifuge tubes, and stored at -20°C until required. Protein content of

samples was determined using Bradford Protein Assay.

2.11. Bradford Assay

The Bradford protein assay was used to determine protein content of cell
lysates. Bradford reagent (Bio-Rad) was diluted with distilled water 1/5 for use.
2ul of protein samples of unknown protein content were mixed with 1ml of
diluted Bradford reagent and incubated for 5 minutes at room temperature. The
Asgs of the reaction mixture was measured on a WPA spectrophotometer, and
the protein content of unknowns was determined by linear regression against a
standard curve of BSA protein standards (0 to 20ug). Protein contents of
individual lysates were adjusted to the sample with the lowest protein content

using the appropriate lysis buffer used in the experiment.

2.12. Western Blotting

Protein  samples (20-50ug) were separated by sodium  dodecyl
sulphate/polyacrylamide gel electrophoresis (SDS/PAGE; 10% acrylamide gel)
using a Bio-Rad Mini-Protean Il system (1h 200V). Proteins were transferred
to nitrocellulose membranes using a Bio-Rad Trans-Blot system (1 h at 100 V in
25 mM Tris, 192 mM glycine and 20% MeOH). Following transfer, the
membranes were washed with Tris buffered saline (TBS: 30 ml of 5 M NaCl, 20
ml of 1 M Tris pH 7.5, 0.5 ml of Tween 20 in 1 L of distilled water ) and
blocked for 1 h at room temperature with 5% (w/v) skimmed milk powder in

TBS. Blots were then incubated overnight at 4 °C with primary antibodies in

66



5% (w/v) skimmed milk powder dissolved in TBS-Tween 20 (0.1% by vol).
Primary antibodies were removed and the blot extensively washed with
TBS/Tween 20. Blots were then incubated for 2 h at room temperature with the
secondary antibodies (swine anti-mouse or anti-rabbit antibody coupled to
horseradish peroxidase; 1:1000 dilution) in 5% (w/v) skimmed milk powder
dissolved in TBS/Tween 20. Following removal of the secondary antibody,
blots were extensively washed as above and developed using the Enhanced
Chemiluminescence detection system (Amersham) and quantified using the
programme QuantiScan (BioSoft). The uniform transfer of proteins to the
nitrocellulose membrane was routinely monitored by transiently staining the
membranes with Ponceau S stain (Sigma) prior to application of the primary
antibody. TBS buffer was prepared by adding in 800 ml of distilled water: Tris
Base (48 mM, 5.8 g/ L), glycine ( 39 mM), 2.92 g/L , SDS (0.37 g/ L) pH 8.3,
methanol 200 ml. TBS/ Tween 20 buffer was prepared by adding: 30 ml of 5 M

NaCl, 20 ml of 1 M Tris pH 7.5, 0.5 ml of Tween 20 in 1 L of distilled water

2.13. Morphological Analyses on RTN-1C Transgenic Mice

For in vivo morphological and immunolocalization studies, three Cre*/RTN-1C*
mice and three Wt littermates were deeply anesthetized with urethane (1 g/kg
b.w., injected i.p.), before rapid killing by transcardial perfusion with PBS (pH
7.3) followed by 4% freshly depolymerized paraformaldehyde in 0.1 M

phosphate buffer, pH 7.3. After dissection, brains were sagittally cut along the
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midline. The right halves were used for histological analysis, the left halves for

electron microscopy.

2.14. Immunohistochemistry and Immunofluorescence Staining

Brain samples were dehydrated in graded ethanol, transferred to Bioclear
(BioOptica, Milan, Italy), then to a 1:1 mixture of Bioclear and paraffin, and
finally embedded in paraffin. Sagittal, 7-um-thick sections were serially cut by a
microtome and one out of every ten sections was processed for haematoxylin
and eosin (H&E) staining.

For immunohistochemistry, sections were deparaffinized, rehydrated and
submitted to antigen retrieval, using Antigen Unmasking Solution (Vector,
Burlingame, CA). After immersion in PBS containing 5% non-fat dry milk and
0.1% Triton X-100, slides were incubated with primary antibodies, diluted in
PBS containing 2% non-fat dry milk and 0.05% Triton X-100. As primary
antibodies, | used one of the following: (i) 20 pg/ml anti-Escherichia coli 3-gal
mouse monoclonal antibody (Promega, Mannheim, Germany), (ii) 1:1000 rabbit
monoclonal anti-DARPP32; (iii) 1:200 rabbit polyclonal anti-NOS; and (iv)
1:1000 rabbit polyclonal anti-CaMKIIbeta, overnight at 4 °C. For controls, the
primary antibody was omitted. After washings, sections were incubated with the
appropriate biotinylated secondary antibody (Vector), diluted 1:200 in PBS
containing 1% normal goat serum (NGS), for 1 h at room temperature (RT).

Immunocomplexes were revealed by Vectastain ABC Elite kit (Vector), and
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visualized by Peroxidase Substrate kit DAB (Vector). pB-gal
immunohistochemistry was followed by hematoxylin counterstaining.

All the slides were observed under an Olympus BX51 light microscope,
equipped with a Leica DFC420 camera. Electronic images were captured by
Leica Application Suite software, and stored in an Adobe Photoshop CS2
format.

Indirect immunofluorescence was performed incubating the sections with either
1:50 anti-NOS, or 1:500 anti-DARPP-32, for 1 h at RT. Primary antibodies
were diluted in PBS containing 5% NGS and 0.05% Triton X-100. Washes were
followed by incubation with the anti-rabbit antibody (Alexa-Fluor 568), diluted
1:1000 in PBS containing 5% NGS and 0.05% Triton X-100 for 1 h at RT. Cell
nuclei were stained with 10 uM Hoechst-33342 (Molecular Probes). After
immunoreaction, slides were mounted with AQUATEX (Merck USA) and

observed in a Zeiss LSM 510 microscope.

2.15. Morphometric Analysis and Densitometric Evaluation of
Immunohistochemistry

To evaluate neocortical thickness in Cre+/ RTN-1C* mice, as compared to their
Wt littermates, we examined five comparable H&E stained sections per animal,
and measured the distance from the pial surface to the corpus callosum, in five
fields of parietal cortex, using ImageJ software. Densitometric analysis of
immunohistochemical staining for DARPP32, NOS and CaMKIlbeta was
performed by ImageJ software on five comparable sections of Cre+/ RTN-1C*

and Wt animals. More precisely, in each section, five fields of parietal cortex
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were examined. Statistical analyses for morphometric and densitometric results
were performed by Student's t-test, using GraphPad Prism 4 software. P < 0.05

was considered as statistically significant.

2.16. Western blot on RTN-1C Transgenic Mice

Tissues were homogenized (on ice) in TLB (tissue lysis buffer: NaCl 50 mM,
Tris—=HCI 50 mM pH 7.5 glycerol 50%, sucrose 11%, NP-40 1%, supplemented
with protease inhibitor cocktail 1:100 of final solution volume) and different
amounts of total protein were separated by SDS-PAGE and blotted onto
nitrocellulose. Monoclonal mouse-anti-GADD 153 and anti-Grp 78 (Santa
Cruz, CA, USA) were diluted 1:1000. Anti-RTN-1C, mouse monoclonal
antibody was purchased from Abcam (Cambridge,UK) and diluted 1:1000.
Mouse monoclonal anti-R-galactosidase antibody (Promega, USA) was used at
1:500 dilution. Goat polyclonal anti-S100A11, rabbit monoclonal anti-DARPP-
32, and rabbit polyclonal antibodies to NOS and to CaMKIlbeta were all
purchased from Abcam, and diluted at 1:200, 1:5000, 1:500, and 1:1000,
respectively. Immunocomplexes were visualized by an affinity-purified anti
mouse/rabbit peroxidase-conjugated IgG (Jackson Laboratories, PA, USA)
diluted 1:10000. A mouse monoclonal anti B-tubulin (Sigma) diluted 1:3000

was used as a loading control.

2.17. Cell Death Assay and Apoptosis Evaluation
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TUNEL assay was performed using the In Situ Cell Death Detection Kit TMR
Red (Roche, USA) according to manufacturer's specifications and nuclei were
stained with Hoechst 33342 (Sigma). Sections were analysed under a Zeiss

LSM 510 microscope.

2.18. Electron Microscopy

Small pieces of mouse neocortices were postfixed in 1% OsO,4 in 0.1 M
phosphate buffer, dehydrated, and embedded in Epon. All the specimens were
cut on a Leica UltraCut S ultramicrotome. Semi-thin sections were stained with
toluidin blue and photographed, and ultrathin sections were briefly contrasted
with uranyl acetate. Grids were observed in a Philips CM120 electron
microscope equipped with a Philips Megaview Il camera, and electronic
images were captured.

2.19. Measuring the Levels of Autophagy

The fluorescent probe GFP-LC3 was used as a marker for autophagy. During
the activation of autophagy, the cytosolic form of the microtubule-associated
protein light chain 3 LC3 (LC3-l) is cleaved and conjugated with
phosphatidylethanolamine (PE), resulting in the formation of LC3-11 (Kabeya et
al., 2000). This form then translocates from the cytosol to the newly formed
autophagosomal membrane. Therefore, the fusion of LC3 with green fluorescent
protein allows it to serve as a specific indicator of autophagosomes, (Kabeya et

al., 2004) by appearing as punctuate by fluorescence microscopy (Brady et al.,
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2007). SH-SY5Y cells were transfected with GFP-LC3 using Lipofectamine.
Thirty six to forty eight hours after transfection, the 25 mm cover slips were
mounted in a microscope chamber and were loaded with KHB. The cells were
then imaged with a Zeiss 510 confocal microscope and the GFP-LC3
transfected cells were determined by green fluorescence emission. The images
were analyzed using the LSM software. Data were analyzed using Volocity

software.

The analysis program enabled me to calculate the standard deviation of pixel
intensity within the fluorescent image. The performed analysis was restricted to
the portions of image-containing cells. Cells with increased levels of autophagic
activity were shown to have a greater number of autophagosomes in their
cytosol, and this in turn was associated with a greater variability in pixel
intensity (between the bright autophagosomes and the dark cytosol). However,
in cells where autophagy was not observed, GFP-LC3 was uniformly distributed
throughout the cytosol, therefore, this variation in pixel intensity was not

observed (i.e., SD was low).

Moreover, in order to correct for differences in overall brightness between
different images, since the expression of GFP-LC3 was not the same in all cells,
the standard deviation was divided by the mean pixel intensity within the area of

the image analyzed.
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2.20. Imaging Analysis Using Volocity

Images of SH-SY5Y cells co-transfected with LC3-GFP and mito-RFP were
quantified using Volocity (Perkin Elmer). For each fluorescence channel, an
intensity threshold was set to detect the pixels corresponding to fluorescent
signals within a specified region of interest (applied to ensure that cells were
measured individually). Objects, made up of continuous sets of above-threshold
pixels, were measured only if they exceeded a fixed size threshold. The total
area of the measured objects was determined for each channel. For the GFP
signal, the mean and standard deviation of the fluorescence intensity was also

measured.

The intensity thresholds used, on 12 bit images, were 284 for the green channel
and 467 for the red channel. The size thresholds were 100um? for the green

channel and 0.25um? for the red channel.

2.21. Data Analysis

Raw data obtained from Ca®* measurement experiments were analyzed using
GraphPad Prism software. Approximate intracellular Ca** concentrations were
calculated by using the calibration equation; [Ca®"] = Ky (SF2/SB2) (R-
Rmin/Rmax-R), where Ky is the dissociation constant for Fura-2 ( Grynkiewicz
et al. 1985), Rmin is the (340/380) ratio calculated in the absence of Ca®* and

Rmax 1S the (340/380) ratio measured in the presence of a saturating
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concentration of Ca®* . SF; is the 380 nm emission measured in the absence of
Ca?*, and SB is the 380 nm emission obtained in the presence of a staturating
concentration of Ca®*. For any set of experiments values are represented as
mean + S.E.M unless stated otherwise in figure legends or results section.
Significance was set at P<0.05 by using Student’s t-test or ANOVA as

appropriate.
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Chapter 3

Characterization of Ca** Dynamics and Mitochondrial
Morphology in RTN-1C overexpressing Human

Neuroblastoma SH-SY5Y Cells
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Results shown in this chapter have been submitted to a peer- reviewed

journal.

Many thanks to Dr. Federica Di Sano for giving me the RTN-1C construct at

University of Rome “Tor Vergata”- Department of Biology.

All mitochondrial dynamics experiments were carried out at University of Rome

“Tor Vergata”- Department of Pharmacology.

Unless stated, all the experimental protocols in this thesis were carried out by

me.
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3.1. Introduction

Reticulons (RTNs) are a family of proteins that are primarily associated
with the endoplasmic reticulum (Teng and Tang, 2008). In mammals, four
genes have been identified and referred as to rtnl, 2, 3 and rtn4/nogo
(Oertle and Schwab, 2003). There is no doubt that cellular homeostasis of
RTNs is important for normal cellular function. In fact, these proteins
have been shown to be involved in bending and shaping of the ER
membrane and in trafficking of material from the ER to the Golgi
apparatus (Wakana et al., 2005). On the other hand, dysfunction of RTNs
has been linked to several neurodegenerative disorders, including
Alzheimer’s disease (Yan et al., 2006), amyotrophic lateral sclerosis
(Dupuis et al. 2002) and multiple sclerosis (Karnezis et al., 2004). How
RTNs are linked to cell death still remains unclear. Previous studies
suggest a pro-apoptotic role for reticulons (Di Sano et al., 2003), that may
result from endoplasmic reticulum disruption associated with RTNs
imbalance. In fact, it is well known that alterations of ER homeostasis
interferes with protein folding and leads to the accumulation of unfolded
and misfolded proteins in the ER lumen (Gotoh et al., 2004; Iwawaki et
al., 2004). This condition, designated ‘ER stress’ can be triggered by

stimuli that perturb ER function, including depletion of Ca®* stores,
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reduction of disulphide bonds, over-expression of certain proteins, and
nutrient/glucose deprivation (Ding et al., 2007).

Under homeostatic conditions, there is a continuous ebb and flow of
calcium between the ER and mitochondria (Csordas and Hajnoczky,
1999), mediated on the ER face by mitochondria associated membrane
(MAM)-localized IP3Rs that passively release puffs of calcium producing
calcium hot spots in the cytosol (Rizzuto et al., 1999). Mitochondria take
up calcium from these hot spots through a gated and highly selective
calcium uniporter (Kirichok et al., 2004). Within the mitochondria,
increased calcium levels promote the activity of ATP synthase (Griffiths
and Rutter, 2009). On the other hand, a sustained ER stress of more than
24 h results in the release of ER calcium at the MAM that triggers loss of
mitochondrial membrane potential to promote apoptosis (Scorrano et al.,
2003). Beyond the clearly established functions including oxidative
phosphorylation to supply ATP, as well as a critical role in calcium
homeostasis, mitochondria within neurons are also very dynamic. Indeed,
it has become clear that mitochondria can undergo fission and fusion
(Detmer and Chan, 2007) although the functional relevance of alterations
in mitochondrial morphology is still unclear. Nevertheless, even in the
absence of a solid understanding of the physiological characteristics of
mitochondrial dynamics, it is becoming clear that pathophysiologic events
can profoundly impact mitochondrial trafficking and morphology. A

variety of neurotoxic stimuli can halt mitochondrial movement, and
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separately there are factors that appear to trigger mitochondrial

fragmentation that are also associated with neuronal injury.
Previous work suggested that cells overexpressing a variant form of the
reticulon family, the reticulon protein-1C (RTN-1C), are more sensitized
to apoptosis, possibly as a consequence of ER stress (Di Sano et al.,
2003). To support the notion that RTN-1C triggers ER stress,
neuroblastoma cells overexpressing RTN-1C showed an enlargement of
the ER membranes that was associated to increased levels of cytosolic
Ca’* due to Ca’* leakage from the ER lumen to the cytosol. Interestingly
the same cells displayed mitochondrial ultrastructural alterations mainly
characterized by disruption of the matrix and the presence of few spared
cristae (Di Sano et al., 2007). Noteworthy, the specificity of RTN-1C-
mediated ER stress apoptosis induction is confirmed by the fact that
overexpression of another member of RTN family (RTN-3) is not able to
trigger the same apoptotic response.
Based on this, | have further investigated the impact of RTN-1C-
mediated ER stress on Ca?* dynamics and mitochondrial morphology in
human neuroblastoma cell line overexpressing RTN-1C. The human
neuroblastoma SH-SYS5Y cell line has been well characterized
previously and has been shown to endogenously express M3z muscarinic
acetylcholine receptor (M3;-AChR) ( Lambert et al., 1989; Lambert &
Nahorski, 1990; Wojcikiewicz et al., 1990; 1994; Willars et al., 1996).

For this, I will use the muscarinic M3 receptor pathway in SH-SY5Y

79


http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b19#b19
http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b20#b20
http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b20#b20
http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b36#b36
http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b38#b38
http://onlinelibrary.wiley.com/doi/10.1038/sj.bjp.0704229/full#b34#b34

cells as a model system for studying cytosolic and mitochondrial Ca**
dynamics induced by methacholine. Also, | will study cytosolic and
mitochondrial Ca®* signals in response to a capacitative Ca’* entry
protocol. Later, | will study mitochondrial morphology and
mitochondrial fission and fusion machinery. Measurements of cytosolic
and mitochondrial Ca®* signals will be done using standard
epifluorescence microscopy. And images of mitochondria will be
acquired using confocal microscopy.

Specifically, experiments will aim to:

3.2. Aims

1. Characterize cytosolic & mitochondrial Ca** responses to
methacholine (Mch) and a capacitative Ca®* entry protocol using SH-
SY5Y cells as a model system

2. Examine the effect of RTN-1C overexpression on cytosolic and
mitochondrial Ca?* signalling.

3. Study mitochondrial morphology in RTN-1C overexpressing cells and

analyze the expression of some mitochondrial morphology genes.
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3.3. Results

3.3.1. Characterization of muscarinic- induced cytosolic and
mitochondrial Ca** signals in SH-SY5Y cells

To identify the temporal profile of cytosolic Ca®* signals in fura-2
loaded SH-SY5Y cells, Ca?* fluxes were measured in response to
different concentrations of methacholine (Mch). The mean of basal
cytosolic Ca®* concentrations measured in 63 cells from 3 experiments
was 85+8 nM. Responses given by these cells indicate a biphasic profile
of Ca®* increases induced by all Mch concentrations applied (Fig. 3.1).
These responses exhibited a transient peak which dropped into a
sustained plateau level which continued until cells were washed with
KHB. Cytosolic Ca®* peak responses detected after 1 min of Mch
administration, were quantified and the mean peak values for treated
cells with Mch concentrations at 100, 10, 3, 1, 0.3, and 0.1 pM were:
543 + 26, 633 £ 20, 557 + 22, 220 + 15, 137 £ 9, and 98 = 8 nM,
respectively (Fig. 3.1). Mean plateau levels measured after 4 minutes of
agonist application were 204 + 17, 209 + 10, 209 + 22, 161 + 13, 119 +
7, and 85 + 5 nM, respectively (Fig. 3.1). Data are representative of 41
to 77 cells from 2 to 3 experiments for each condition, and are presented

as mean = S.E.M.
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In order to visualize mitochondria, SH-SY5Y cells were transfected with
ratiometric pericam (2mtRP) and imaged 48 h post- transfection on a
LSM510 confocal microscope using an x63 objective lens. Images
collected demonstrated a mitochondrial location for 2mtRP. These
mitochondria appeared as individual or groups of connected tubules
(Fig.3.2A)

Perfusion of Mch (10uM) for 5 min onto 2mtRP transfected SH-SY5Y
cells (see below for calculation of ratio) resulted in an increase of
pericam emission ratio signal, measured by epifluorescent microscopy.
The basal levels of mitochondrial Ca?* concentration are represented by
the blue pseudo-colour (Fig.3.2B) After Mch application, mitochondrial
Ca’* concentrations increase which was represented by a change in the
pseudo-colour to yellow or red (Fig.3.2.B).

Pericam is excited at two alternating excitation wavelengths, 485nm and
405nm. Perfusion of Mch (100 uM) induced a change represented by an
elevation of the emission signal after excitation at 485nm, and a drop in
405 nm emission signal (Fig.3.2C). The 485/405 ratio of emission
signals therefore indicates changes in mitochondrial Ca** levels in the
cell. Application of Mch (100puM) in 48 cells induced an elevation of
mitochondrial Ca®* levels of which the mean (peak-basal) value was
2.03 = 0.20 ratio units (48 cells from 8 experiments) (Fig3.2D). The
mean of basal levels for all mitochondrial Ca ** signals was 4.5 + 0.2

ratio units measured in 63 cells.
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In order to verify differences between mitochondrial and cytosolic Ca?*
responses, 2mtRP transfected cells were perfused with the same
concentrations of Mch which were applied on fura-2 loaded cells to
measure cytosolic Ca®" concentrations. Peak-basal values of
mitochondrial Ca®* responses were measured and plotted on a
concentration-response curve. The ECs, value for Mch-induced
mitochondrial Ca?* responses was 3.45 pM (Fig.3.3). This was higher
than that measured for cytosolic Ca?* responses (0.8 uM) (Fig. 3.3)
suggesting that cytosolic Ca*" responses are more sensitive to Mch

applications.

3.3.2. Mch induced ER- mediated cytosolic and mitochondrial Ca*
responses in RTN-1C overexpressing SH-SY5Y cells.

In our laboratory, it has been previously shown that RTN-1C
overexpression in SH-SY5Y cells leads to ER stress using Western blot
analysis of specific UPR markers such as GRP78 and GADD153 and
elevated basal cytosolic Ca®* levels, and that this event may contribute
to apoptosis (Di Sano et al., 2007). Based on this finding, here | wanted
to further characterize calcium homeostasis both at the cytosolic and
mitochondrial compartments. Initially, |1 determined whether transient
transfection of RTN-1C plasmid caused an increase in the expressed

protein level compared to control cells. SH-SY5Y cells were transfected
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with an expression construct carrying the cDNA for RTN1-C (1ug),
(Fazi et al, 2009) or the vector alone (CTR) for 24 and 48 hours. Cells
were then lysed, harvested and Western blot analysis was performed.
Membranes were probed with an anti-RTN-1C (1:1000) and GAPDH
(1:25000). Data are representative of 3 experiments (Fig.3.4).

Results suggest that there is a time dependent increase in the protein
expression levels of RTN-1C, most notable at 48 h post-transfection
(Fig.3.4). Thereby, Ca®*" imaging experiments were done with SH-SY5Y
cells overexpressing RTN-1C for 48 hours.

48h post RTN-1C transfected cells loaded with fura-2 and perfused with
Mch (10 uM) for 5 mins. Cells were then washed with KHB for 2 min
(Fig.3.5A). The means of peak cytosolic Ca** concentrations generated
by control and RTN-1C overexpressing cells were: 684 + 11 nM and
430 + 14 nM, respectively (P<0.05; Fig. 3.5B). However, basal Ca*
levels of RTN-1C overexpressing cells were elevated to controls (150 +
14, and 50 £ 16 nM,, respectively) (P<0.05), (Fig. 3.5B).

To assess the effect of RTN-1C overexpression on mitochondrial Ca**
signals, cells were co-transfected with 2mtRP and perfused with Mch
(10pM, 5min), (Fig. 3.5C). RTN-1C overexpressing cells generated
lower mitochondrial Ca** signals of which mean (peak-basal) values
were were 2.6 + 0.2 ratio units (50 cells from 8 experiments) compared
to control cells (5.6 + 0.1 ratio units, 48 cells from 8 experiments )

(P<0.05), (Fig. 3.5D).
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In summary, RTN-1C overexpressing cells exhibited higher basal Ca®*
levels in both mitochondrial matrix and cytosol. While cytosolic Ca?*
responses to an IP3 producing agonist (Mch 10 pM), were lower in
RTN-1C overexpressing cells, they produced higher cytosolic Ca®*
responses after Ca?* add back during capacitative Ca®* entry protocol.

However, mitochondrial Ca®* uptake was decreased in both protocols.

3.3.3. Effect of capacitative Ca’" entry on cytosolic and
mitochondrial Ca®* signals in SH-SY5Y cells

To investigate the role of capacitative Ca®* entry on cytosolic and
mitochondrial Ca?* signalling, fura-2 loaded cells were pre-treated with
thapsigargin (5 pM in 0 Ca*-KHB) for 15-30 min, which is a
pharmacological inhibitor of SERCA pumps (Szabadkai et al., 2004).
Cells were then mounted on an epifluorescent microscope and perfused
with KHB-Ca?* free for 30 s which was followed by 5 min application of
Ca’* at different concentrations (1, 1.8, 2.5, 4 mM). The mean (peak-
basal) values for cytosolic Ca®* concentration generated by Ca** addition
at (1, 1.8, 2.5, and 4mM) were: 205 + 43 (80 cells), 257 + 50 (61 cells),
339 + 27 (60 cells), and 356 £79 nM (80 cells), respectively (Fig. 3.6)
(data from 3 experiments for each condition).

To assess the effect of thapsigargin-induced capacitative Ca** entry on
mitochondrial Ca?* signals, similar treatments were applied to 2mtRP

transfected cells (Fig. 3.7A).
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The number of cells that demonstrated mitochondrial Ca®* responses
varied according to the concentration of Ca?* added back (Fig. 3.7A).
14% of cells demonstrated mitochondrial Ca®* responses when 1mM
Ca®* was added back to cells, whereas 41% showed mitochondrial
signals when 1.8 mM Ca*" was added back. 58%, and 53 % showed
mitochondrial Ca®* signals in response to addition of Ca®* at 2.5 and 4

mM, respectively (Fig. 3.7B).

3.3.4. Effect of RTN-1C overexpression on thapsigargin-mediated
cytosolic an mitochondrial Ca?* responses

To investigate the effect of RTN-1C overexpression on cytosolic and
mitochondrial Ca** signals after the application of a capacitative Ca®*
entry protocol, cells loaded with fura-2 were pre-treated with
thapsigargin (5 pM in 0Ca®* -KHB) for 15-30 min, and perfused with
KHB-Ca?* free for 30 s which was followed by 5 min application of
Ca’?* add-back at a concentration of 2.5mM (Fig. 3.8A). The mean of
(peak-basal) values for cytosolic Ca?* signals generated by Ca** added
back in RTN-1C overexpressing cells compared to control were 234 +
15 and 98 % 12 nM, respectively (P<0.05), (Fig. 3.8A). Data are
representative of 80 cells from 3 experiments for each condition. The
same protocol was used to assess the effect of RTN-1C overexpression
on mitochondrial Ca®* signals. Mean (peak-basal) values in RTN-1C

overexpressing cells compared to control were 1.1 £ 0.2 and 3.5 + 0.3
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ratio units, respectively (P<0.05) (Fig. 3.8B). Data are representative of

45 to 50 cells from 4 to 5 experiments.

3.3.5. Mitochondrial morphology in RTN-1C-activated SH-SY5Y
cells

To understand how Ca?* disruption may relate to alterations in
mitochondrial morphology, SH-SY5Y cells stably overexpressing RTN-
1C (SH-SY5YR™1€) (Di Sano et al., 2007) (that have been previously
characterized in our laboratory, and which upon induction with
doxycycline (1pg/ml), have been shown to express RTN-1C protein
levels at four different induction times (24, 48, 72, & 96h)), were
transfected with mito-GFP, and imaged on a LSM510 confocal
microscope. Control cells transfected with mito-GFP appeared as
individual or groups of interconnected mitochondrial tubules (Fig.3.9A,
left panel). However, mitochondria in stable cells treated with
doxycyline (1ug/ml, 48 h) appeared as elongated tubules or cactus-like
structures (Fig. 3.9). At 96 h of RTN-1C induction, mitochondria
underwent fragmentation possibly as a result of cell injury (Fig. 3.9A,
right panel). There was no effect of doxycyline on the mitochondrial
phenotype of control and RTN-1C overexpressing cells (data not
shown). Quantification of mitochondrial GFP signal suggested a

significant increase in mitochondrial area in SH-SY5Y"™C cells
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induced with doxycycline for 48h compared to control (388 + 3.8 vs
158 + 3.8, P< 0.05) and a significant decrease in mitochondrial area at
96 h compared to control (53 + 3.4 vs160 £ 4.2 , P< 0.05) (Fig. 3.9B).
Data were obtained from 30 cells for each experimental condition.

Electron microscopy analysis of stable cells overexpressing RTN-1C at
48 h and 96h confirmed the results obtained by confocal microscopy at
both RTN-1C activation times (48 h and 96 h). In fact, at 48 h of RTN-
1C activation, mitochondria appeared as cactus-like structures and
elongated tubules (Fig 3.10.B-D). Conversely, at 96 h the same cells
displayed fragmented puncta and aberrant cristae ultrastructure (Fig.

3.10.E&F).

3.3.6. RTN-1C overexpression alters the mitochondrial fission and
fusion machinery

To understand whether the observed mitochondrial phenotypes are
associated with differential expression of mitochondrial fission and

fusion gene levels, SH-SY5YR™1¢

cells were induced with doxycycline
1pg/ml and analyzed at four different activation times (24, 48, 72, 96
h).Cells were harvested at the previously mentioned activation times
and RNA was extracted using a Trizol protocol. mRNA expression

levels of hFIS-1, DNM1L, MFN1 and MFN2 were quantified by

quantitative real time PCR using HPRT1 as an internal control.
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The mRNA expression levels of hFIS1 have altered variably at the
different RTN-1C induction time points. While the dotted line represents
the control, against which all samples have been normalized to, hFisl
has slightly increased at 24h but its levels were decreased at 48h and 72,
which is consistent the mitochondrial elongation visualized by both
confocal and electron microscopy at 48h (Table 3.1). However, there
was a significant up-regulation of hFisl at 96h, which together with the
significant increase of DNML1 mRNA levels observed at 96h (Table
3.1.),(Fig.3.11), may explain the mitochondrial fragmentation shown by

confocal and electron microscopic analyses.

Further real time PCR data of mitofusins (1&2) suggest insignificant
variation across different time points. However, it is noteworthy that
MFN21 which is directly linked to the process of mitochondrial fusion
and elongation has significantly increased at all time points. Whereas,
MFN2 that is responsible for tethering mitochondria to ER and physical
proximity, has not changed and neither significantly up- or down
regulated ( Fig.3.11), which is consistent with Western blot analysis of

both proteins.
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3.3.7. RTN-1C induces changes in the protein expression levels of
mitochondrial fission and fusion machinery members

To further characterize the effect of RTN-1C overexpression on these
mitochondrial fission and fusion genes, | analyzed their protein
expression levels by Western blotting in the cytosolic and mitochondrial
fractions of SH-SY5YR™ € cells induced with doxycycline for different
times (24, 48, 72, 96 h).

To this aim, stable cells were lysed, harvested and pelleted, then a
fractionation protocol was applied to separate the mitochondrial and
cystosolic fractions. Later, Western blot analysis was performed on both
isolated fractions. Nitrocellulose membranes were probed with an anti-
RTN-1C (1:1000), anti-DNML1 (1: 1000), anti-Fis1 (1:500), and anti-p-
tubulin (1:1000), anti- oxphos complex 111 core2 subunit (1:2000) were
used as loading controls. Data are representative of 3 experiments (Fig.
3.12.A & B, Fig.3.13.A&B). In cells overexpressing RTN-1C, hFisl
and DNML1 accumulated in the mitochondrial compartment which
explains the observed mitochondrial fragmentation (Fig.3.12.C and
Fig.3.13.B) However, no significant change in MFN1 and MFN2
protein expression levels were observed consistent with the obtained

PCR data.
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To verify that RTN-1C overexpression induces a change in
mitochondrial fusion proteins expression levels, the same protocol in Fig
3.12 and Fig 3.13 was repeated. Membranes were probed with anti-
RTN-1C (1:1000), anti-MFN1 (1:500), anti-MFN2 (1:500), and anti-f-
tubulin (1:1000), anti- oxphos complex Il core2 subunit (1:2000) were
used as loading controls. Data are representative of 3 experiments (Fig

3.14 and Fig.3.15).
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3.4. Discussion

Reticulons are part of a family of integral membrane proteins that insert
into and shape the tubular ER (Schwab and Oertle, 2003). It has been
proposed that reticulons use a membrane insertion mechanism to
generate regions of high membrane curvature in the ER (Tang and Teng,
2008). This family of eukaryotic membrane-anchored essential proteins
of the ER is involved in a variety of biological functions such as
trafficking of material from ER to the Golgi apparatus and apoptosis
regulation (Yang and Strittmatter, 2007). In fact, it is well known that
the assembling of distinct signalling protein complexes at the ER
membrane controls several stress responses related to calcium
homeostasis, autophagy, ER morphogenesis and protein folding.

In the present chapter, | report that overexpression of the reticulon
family member protein RTN-1C, leads to disturbances of intracellular
calcium homeostasis and perturbation of mitochondrial dynamics.
Specifically, while a rapid release of Ca** from the ER was detected in
control cells upon treatment with the M3- receptor agonist
(methacholine), mutant cells displayed lower Ca** responses to agonist
stimulation. Moreover, | found elevated basal cytosolic and
mitochondrial Ca®* levels as a result of the reticulon isoform
overexpression. The effect of RTN-1C on calcium signalling may be

explained by its ability to facilitate Ca®* leakage from the ER lumen into
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the cytosol. Prolonged Ca** leakage in turn may lead to ER-Ca*
depletion, which over time can cause ER-stress that has been previously
evidenced by our laboratory in this model (Di Sano et al., 2007).
Interestingly, a capacitative Ca®* entry protocol obtained by pre-treating
cells with thapsigargin in a Ca®*-free medium followed by re-addition of
Ca®*, triggered higher cytosolic Ca?* levels in mutant cells vs control.
On the other hand, mitochondria were no longer capable of sequestering
further concentrations of Ca?* in RTN-1C overexpressing cells. In this
context, it has been shown that Bcl-2 protein can modulate ER Ca*
store by the functional interaction with the calcium pump SERCA (Kuo
et al., 1998), hence it could be postulated that RTN-1C overexpression
may be orchestrating an indirect modulation of the SERCA pump via the
Bcl-2 protein, allowing further Ca®* re-uptake into the ER after Ca®* re-
addition. Interestingly, Tagami et al. (2000) have demonstrated the
functional interaction between RTN-1C and Bcl-2 family proteins, thus
suggesting that reticulons could mediate cell death via the association
with different anti-apoptotic signalling molecules

It is well accepted that calcium is one of the main ions known to control
diverse physiological functions. Temporally and spatially defined Ca**
waves in the cytosol and mitochondria, are among the most commonly
recognized intracellular signals. However, alterations in Ca”* signalling
can lead to mitochondrial dysfunction and activation of pro-apoptotic

factors (Hajnoczky et al., 2003). Among the organelles playing a pivotal
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role in Ca”* regulation is the ER, being the main site of intracellular Ca®*
storage. Accordingly, ER-stress, a condition that can be caused by
disruption of ER function, has severe consequences for the cell (Ron and
Walter, 2007). Indeed, prolonged ER stress has been associated with
either apoptotic programmed cell death pathways (Tabas and Ron,
2011), or to cell death mediated by autophagy (Yorimitsu and Klionsky,
2007). Recent reports also implicate the involvement of mitochondria in
ER stress-induced apoptosis (Masud et al., 2007). Indeed, several
proteins that have either a pro- or an anti-apoptotic role are located on
both the ER membrane and the outer mitochondrial membrane, such as
Bcl-2, Bax, Bak and Bcl-XL.

However, my results on Ca®* perturbations drove me to hypothesize that
mitochondrial Ca?* mishandling may be correlated with changes in
mitochondrial morphology, which indeed is considered essential for
normal cellular function.

In fact, at the time mitochondria exhibited altered capability of buffering
calcium (around 48 h), they also manifested an elongated phenotype in
cells overexpressing RTN-1C. Interestingly, analysis of mitochondrial
dynamics by confocal and electron microscopy revealed a time-
dependent regulation of mitochondrial morphology. However, RTN-1C
overexpression triggered mitochondrial fragmentation that became
progressively more evident at later stages (72-96 h). These findings were

paralleled by derangement of the mitochondrial fission and fusion
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machinery protein expression levels, as revealed by Western blot and
PCR analyses.

Supporting evidence suggests that mitochondrial fusion may be a
compensatory mechanism that allows mitochondria to cope with cellular
energy deprivation (Twig et al., 2008). In line with this, it was recently
demonstrated that mitochondria elongate in conditions of starvation, and
this phenotype seems to be required to sustain cellular ATP levels and
protect cells from autophagic degradation. Conversely, when
mitochondrial elongation was blocked, nutrient deprivation led to cell
death (Gomes et al., 2011). On the other hand, fragmentation of the
mitochondrial network plays a crucial role in the progression of the
intrinsic apoptotic cascade, a condition classically associated with
neuronal injury (Youle and Karbowski, 2005). Consistent with my data,
fragmentation of the mitochondrial network plays a crucial role in the
progression of the intrinsic apoptotic cascade, a condition classically
associated with neuronal injury (Youle and Karbowski, 2005).
Accordingly, it was shown that overexpression of human mitochondrial
fission protein 1 (hFisl) reduced selectively the mitochondrial mass, and
that overexpression of dynamin related proteinl (DRP1)- another
mitochondrial pro-fission protein, facilitated mitochondrial elimination
under various pro-apoptotic stimuli (Arnoult et al., 2005). In conclusion,

based on the findings of this chapter, | decided to investigate the
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occurrence of autophagy in this model and dissect one of the relevant

signalling cascades involved with ER stress and autophagy.
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Chapter 4

Characterization of RTN-1C induced autophagy and

JNK activation in SH-SY5Y cells
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The results shown in this chapter have been submitted to a peer- reviewed

journal.

Thanks to Dr. Tiziana Borsello, and Dr. Marco Feligioni at the Institute of Mario
Negri in Milan-Itlay, for allowing me to carry out experiments with the novel
pharmacological inhibitor (DJNKI1) in their laboratory for patent purposes.

All experiments were carried out at University of Rome Tor Vergata except:
1. LC3-GFP based characterization of autophagy in RTN-1C overexpressing cells
was carried out at University of London, UK.

2. DINKI1 pharamacological inhibition of JNK and their characterization were

conducted at Mario Negri Institute, Milan, Italy.
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4.1. Introduction

Autophagy is connected to a surprising range of cellular processes,
including the stress response, developmental remodeling, organelle
homeostasis, and disease pathophysiology. It was recently discovered that,
whereas low levels of autophagy promote survival, uncontrolled autophagy
can promote caspase-independent cell death when cellular stress conditions
become excessive (Gozuacik and Kimchi, 2004). In this context, prolonged
ER stress can trigger either apoptotic programmed cell death pathways (Ma
et al., 2002), or cell death mediated by autophagy (Yorimitsu and Klionsky,
2007). On this line, it has been shown that classical ER stressors, such as the
ER Ca?*—ATPase inhibitor thapsigargin, as well as tunicamycin, can cause
the conversion of microtubule-associated protein 1 light chain 3 (LC3)
(Kabeya et al., 2000), through an autophagy-dependent process to LC3-11
(Ogata et al., 2006; Kouroku et al., 2007). Cells undergoing ER stress
display the appearance of multiple punctate structures in the cytosol labeled
with GFP-tagged LC3 (GFP-LC3); the appearance of these GFP-LC3-
labeled structures is used as one hallmark of autophagy induction in
mammalian cells, indicating that ER stress stimulates autophagosome
formation.

Mitochondrial dysfunction is suggested to play a central role in several

pathological settings such as Alzheimer's disease, Parkinson's disease and
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aging. In these conditions, accumulation of dysfunctional mitochondria
leads to oxidative stress and impaired cellular functions (Manczak et al.,
2006). Diverse mechanisms enable the turnover of damaged or misfolded
mitochondrial proteins. Among these, turnover of a mitochondrion as a
whole organelle is mediated by mitochondrial autophagy or mitophagy
(Klionsky, 2005). Large scale autophagy of mitochondria has been
described during apoptosis where opening of the PTP was found to be
essential for mitochondrial autophagy to proceed. Autophagy has been
associated with the dissipation of mitochondrial membrane potential (Aym)
(Priault et al., 2005; Kim et al., 2007; Twig et al., 2008), thus targeting
dysfunctional mitochondria would help to maintain the bioenergetic
efficiency of the cell. Since mitochondrial fission occasionally generates
depolarized mitochondria it is expected to feed autophagy. Consistent with
this, it was shown that overexpression of hFisl reduced selectively the
mitochondrial mass, and that overexpression of DRP1 facilitated
mitochondrial elimination under various pro-apoptotic stimuli (Arnoult et
al., 2005). Interestingly, a similar relationship between mitochondria
fragmentation and autophagy is found in Alzheimer's disease where a
chronic and progressive oxidative stress correlates with mitochondrial
fragmentation that is accompanied by a selective increase in mitochondrial
mass in autophagosomes (Moreira et al., 2007). On the other hand,
knockdown of FIS1 (by siRNA) or overexpression of a dominant negative

isoform of DRP1 (DRP1%®*), reduced mitochondrial autophagy (Barsoum
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et al., 2006; Arnoult et al.,, 2005). Hence, mitochondrial fusion was
suggested as a complementation mechanism through which mitochondria
compensate for the maintenance of the bioenergetics efficiency under
certain metabolic depletions. In line with this, it was recently demonstrated
that mitochondria unexpectedly elongate during induction of autophagy.
This elongation is triggered by PKA-mediated inhibition of DRP1 and is
required to sustain cellular ATP levels and viability in conditions of
starvation.  Conversely, when elongation was genetically or
pharmacologically blocked, mitochondria precipitated starvation-induced
cell death (Gomes et al., 2011).

Among the proposed mechanisms that contribute to regulate autophagy is
the c-Jun N-terminal kinase (JNK) pathway. JNK activation can modulate
autophagy through specific modes. Firstly, JNK activation results in
phosphorylation of Bcl-2 which enhances autophagy by disruption of the
interaction between Bcl-2 and beclin 1, an autophagic protein (Bassik et al.,
2004). In addition, through its ability to phosphorylate c-Jun transcription
factor, JNK activation promotes the upregulation of autophagic genes such
as beclin 1 (Park et al.,, 2009). Finally, the JNK pathway has been
demonstrated to contribute to the induction of autophagy by prolonged ER
stress. Importantly, ER stress-induced autophagy can be inhibited in cells
treated with a JNK inhibitor (Ogata et al., 2006). As the activation of INK
pathways is critical for pathological death associated with

neurodegenerative diseases, it became evident that targeting the JNK
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cascade may offer a promising therapeutic approach to prevent cell death. In
particular, several compounds have been generated (such as SP600125, CC-
401, CEP-1347) that block JNK activity by interfering with the ATP
catalytic pocket or on upstream activators (Bogoyevitch et al., 2004). Other
types of inhibitors were subsequently designed. These are known as cell
penetrating JNK inhibitor peptides (CPPs). Among these, D-JNKI1 has
proven useful in several experimental models of disease including cerebral
ischemia (Borsello et al., 2003; Repici et al., 2007) and Alzheimer’s disease
(Colombo et al., 2007 and 2009). A previous publication from our
laboratory at University of Rome Tor Vergata, showed that RTN-1C
overexpression caused the upregulation of ER stress specific markers
(GRP78 and GADD153) ( Di Sano et al., 2007). Prompted by this evidence,
in this chapter | will verify the potential contribution of RTN-1C mediated
ER-stress in autophagy and how this relates to mitochondrial dynamics. In
addition I have assessed whether RTN-1C activates the JNK pathway and

validated the potential of D-JNKI 1 in reversing cell death.

102



4.2. Aims

1. ldentify if RTN-1C —induced ER stress causes autophagy in SH-SY5Y cells.

2. Verify whether JNK pathway plays a role in RTN-1C- ER stress and
autophagy.

3. Examine the pharmacological potency of DINKI1 (novel pharmacological

inhibitor) in RTN-1C-mediated cell death.
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4.3. Results

4.3.1. RTN-1C overexpression at 48h induces autophagosome formation
To investigate whether RTN-1C overexpression at 48h leads to autophagy,
SH-SY5Y cells were co-transfected with RTN-1C and LC3-GFP plasmids.
Cells were imaged on LSM510 confocal microscope 48h post-transfection.
Images of control cells overexpressing LC3-GFP only, show a bright GFP
signal and almost equal cytosolic distribution of the signal over the
cell(Fig.4.1.A1). Whereas, RTN-1C overexpressing cells display green
puncta which suggest migration of LC3 from the cytsol to the formed
autophagosomes inside the cell (Fig.4.1.A,). It is noteworthy to mention that
while control cells have a healthy morphology demonstrated by the
extended structure and the neuritis, RTN-1C overexpressing cells exhibited
a rounded shape which is typical of apoptotic cells or of that undergoing
apoptosis. Statistical analysis of LC3-GFP signal measurements suggest that
RTN-1C overexpression at 48h induces significant autophagy of which the
mean of (SD/ mean) values was (0.40 = 0.02), (Fig.4.1.B ). Data are
representative of 33 cells, compared to control cells which displayed a mean

of (0.27 £ 0.01) obtained from 28 cells (Fig.4.1.B ).
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4.3.2. Induction of LC3 protein levels in RTN-1C overexpressing cells

To confirm the observed autophagy by confocal microscopy in RTN-1C
overexpressing cells, Western blot analysis was performed using the
autophagy marker LC3. To this aim, SH-SY5Y cells were transfected with
RTN-1C, lysed, harvested and Western blotting was performed on cell
lysates 48 h post-transfection, positive (starved cells) and negative (Ctrl)
controls. Controls were cells that were transfected with an empty vector
(negative control), while starved cells served as a positive control. Cells
were starved from serum for 18 hours. Membranes were probed with anti-
LC3-1 (1:500) and anti-B-tubulin (1: 1000). As expected, data revealed a
significant decrease of LC3I levels in RTN-1C cells which is comparable to

starved cells (Fig. 4.2). Results are representative of 3 different experiments.

4.3.3 RTN-1C overexpression induces acidic vesicular organelles using

acridine orange staining.

The process of autophagy starts with the pre-autophagic vesicle formation
and then progresses to autophagolysosomes through their fusion with acidic
lysosomes (Hippert et al.,, 2006). Therefore, to verify whether the
accumulation of autophagic vesicles observed upon induction of RTN-1C

expression was indicative of an increased autophagic flux, the acidification
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of lysosomes was analyzed by acridine orange staining of neuroblastoma
live cells 24 and 48 h post transfection.

To this aim, SH-SY5Y cells overexpressing RTN-1C and controls were
trypsinized, washed with PBS, then stained with acridine orange (1 pg/ml)

for 15 mins and analyzed by FACS flow cytometry.

As shown in Figure 4.3, RTN-1C overexpression at 24h markedly elevated
the amount of acidic compartments in the cells, providing further evidence
that the autophagic process was completed in RTN-1C cells compared to
controls (26 £ 4 vs 12 + 3).

In addition, RTN-1C overexpression at 48h produced cytoplasmic
acidification as measurements suggested, compared to control (19.5 £0.8 vs
8.2+0.6; Fig.4.3). Data are represented as means + SD of three independent
determinations. (**) Statistically significant (p <0.01) compared to control

cells.

4.3.4. BAPTA-AM mediated Ca’" chelation reduces autophagy in RTN-
1C overexpressing cells

Having demonstrated Ca** mishandling is followed by autophagy in RTN-
1C overexpressing cells at 48h post-transfection, | hypothesized whether the
observed autophagy may be Ca** dependent. To test this hypothesis, SH-

SY5Y cells were co-transfected with RTN-1C and LC3-GFP, and treated
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with BAPTA-AM (5uM, 15 mins), then imaged on LSMS510 confocal
microscope.

Images in Figure.4.4.A; and A, show a clear decrease in the number of
puncta and autophagosome structures post-BAPTA-AM treatment. In fact,
the mean of LC3-GFP signal (SD/Mean) values in RTN-1C overexpressing
cells pre-BAPTA-AM treatment was (0.32+0.02) and was reduced
(0.24+0.01) following BAPTA-AM administration. There was no significant
effect of BAPTA-AM on control cells (data not shown). Data are

representative of 9 cells, ( P<0.05) (Fig. 4.4.B).

These data were further supported by the Western blot analysis of LC3I
expression. In fact, RTN-1C overexpressing SH-SY5Y cells at 48h, treated
with BAPTA-AM (5uM, 15 min), RTN-1C overexpressing cells 48h only,
and controls were all lysed and harvested for Western blot analysis.
Nitrocellulose membranes were probed with anti-LC3Il, anti-RTN-1C
antibodies, and an anti-GAPDH as a loading control. Results revealed a
decrease of LC3I levels in RTN-1C overexpressing cells which was

prevented by BAPTA-AM treatment (Fig. 4.5).

4.3.5. lonomycin augments autophagy in RTN-1C overexpressing cells
To verify whether treating RTN-1C overexpressing cells with ionomycin, a
pharmacological tool that allows Ca** entry thus increasing cytosolic Ca®*

concentrations, would have an effect on RTN-1C induced autophagy, SH-
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SYS5Y cells were co-transfected with RTN-1C and LC3-GFP, treated with
ionomycin  (Ium, 15mins), then imaged on an LSM510 confocal
microscope. Imaging data suggest an increase in autophagy in RTN-1C
overexpressing cells, as the mean of LC3-GFP signal (SD/Mean) values was
0.3 £ 0.01 which was increased to 0.4 + 0.02 post ionomycin administration.

Data are representative of 19 cells, (P<0.05), (Fig.4.6.).

These data together with BAPTA-mediated reduction of autophagy, suggest
that the observed LC3-marked autophagy may be a Ca®* dependent process

in the RTN-1C-induced ER stress model.

4.3.6. Assessment of cell viability in RTN-1C overexpressing cells

To investigate how cell viability is compromised in this model, SH-
SY5YR™IC cells and SH-SY5Y controls were exposed to 1pg/ml
doxycycline for (24, 48, 72, & 96h) and used for an MTT assay. Absorbance
data at 490nm suggest that cell viability has significantly decreased between
48 h and 96 h post-activation of RTN-1C with doxycycline 1pg/mi

compared to control (Fig.4.7).
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4.3.7. RTN-1C-mediated ER stress causes JINK phosphorylation

It has been reported that active Ca”* leakage leads to sustained JNK
activation, which correlates with apoptotic features (Brnjic et al, 2010).
Moreover, it has been demonstrated that JNK activation occurs during ER
stress (Urano et al., 2000). Therefore, | determined to test whether RTN-1C
overexpression and the subsequent ER stress, led to the phosphorylation of
JNK. To this aim, control and RTN-1C transfected SH-SY5Ycells (48h)
were lysed, harvested and Western blotting was performed. Nitrocellulose
membranes were probed with anti-p-JNK (1:4000), anti-JNK (1:4000)
antibodies, and an anti-actin antibody (1:10000) as a loading control.
Results suggest a phosphorylation of JNK, and an induction of p-JNK levels
in RTN-1C overexpressing cells at 48h (Fig.4.8.A). In fact, densitometric
analysis of Western blots indicates an increased ratio of pJNK/JNK which
expresses the increased phosphorylation of JNK in RNT-1C overexpressing
cell compared to control (1.05 = 0.05 vs 0.79 £ 0.03; respectively, P<

0.05), (Fig.4.8.B).

4.3.8. DINKI1 mediated inhibition of p-JNK in RTN-1C overexpressing
cells

To test whether inhibition of the activity of p-JNK would rescue RTN-1C-
overexpressing cells from cell death, | used a novel pharmacological
inhibitor that has been shown previously to block the activity of p-JNK,

(DJNKI1), and to promote neuroprotection in rat cerebral ischemia (Repici
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et al., 2007). First | needed to establish that DINKI1, actually blocks JNK
phosphorylation. To this aim, RTN-1C overexpressing cells, controls, and
RTN-1C overexpressing cells treated with DINKI1 (20uM, 48h) were lysed,
harvested and Western blotting was performed. Untreated, vehicle only
transfected cells were considered as a control. Membranes were probed with
an anti-JNK (1: 4000), anti-p-JNK (1: 4000), and actin (1: 1000) as a
loading control (Fig.4.9.A). Results demonstrated that 20uM DJNKII,
caused a decrease in p-JNK levels in RTN-1C overexpressing cells
(Fig.4.9.B). In fact, densitometric analysis reveals a significant decrease in
the phosphorylation of JNK (control: 0.79£0.03; RTN-1C: 1.05+0.05; RTN-
1C+DJNKI1: 0.49+0.03, P< 0.05, fig.4.9.B) and in the normalized total INK

protein levels post D- JNKI1 treatment .

4.3.9. DINKI1 increases cell viability in RTN-1C overexpressing cells

Next, to understand whether early pharmacological intervention targeting
the JNK pathway could be beneficial and rescue the RTN-1C induced cell
death over time, an MTT assay was carried out using SH-SY5YX™1C cells
and SH-SY5Y controls which were exposed to 1ug/ml doxycycline for (
24, 48, 72, & 96h). Absorbance data at 490 nm suggest that cell viability has
significantly decreased between 48 h and 96 h post-activation of RTN-1C
(Fig. 4.10). Importantly, cell viability was rescued by application of D-

JNKI1 (20 uM), further confirming that JNK activation is among the
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mechanisms contributing to RTN-1C induced cell death. Data are
representative of at least 6 experiments for each condition. Statistically
significant (** p <0.01) (***p <0.001).Only bars marked with asterisk are
statistically significant. Two-way ANOVA test was used for statistical

analysis.
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4.4. Discussion

In this chapter, | demonstrate the activation of the autophagic system
during ER stress mediated by RTN-1C overexpression in SH-SY5Y cells.
My hypothesis that RTN-1C-mediated ER stress induces autophagy is
supported by the following points: first, RTN-1C overexpression at 48h
activated autophagosome formation, which was examined by confocal
miscroscopy of LC3-GFP puncta formation; second, LC3 was converted
from LC3-I to LC3-II in response to RTN-1C overexpression in a time
dependent manner, third, cytoplasm acidification was demonstrated in
cells overexpressing RTN-1C using acridine orange staining and FACS
analysis. In RTN-1C overexpression model, autophagy may be serving as
a pro-survival mechanism in response to ER stress and the accumulation
of unfolded or misfolded proteins. Thus, autophagy is activated perhaps on
one hand to degrade the UPR proteins. It is conceivable that autophagy
after ER stress also allows for maintenance of energy homeostasis to
protect against cell death. While my results highlight the induction of
autophagy in RTN-1C overexpression-mediated ER stress in SH-SY5Y
cells, a previous report (Ogata et al., 2006) demonstrated similar induction
of autophagy in SK-N-SH neuroblastoma cells challenged with various
ER stressors.

In addition, my experiments provide some basis for Ca?* dependency of

autophagy induction in my studied model (of RTN-1C overexpressing
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cells). In fact, | found that BAPTA-AM suppressed while ionomycin
enhanced autophagy as indicated by confocal microscopy analysis of LC3-
GFP labeled structures and Western blot analysis of RTN-1C
overexpressing cells. These findings are in line with previous work, which
showed similar results in a nutrient deprivation model of autophagy
(Hoyer-Hansen et al., 2007). In accordance with this concept, my Ca®*
experiments on RTN-1C model suggest that high basal cytosolic Ca**
levels and higher capacitative Ca** entry may also feed into the activation
of the autophagic system in these cells.

The link between Ca?* signalling and autophagy is poorly understood.
However, autophagy can be dependent on the filling of the ER Ca®" store.
In this context, ER targeted Bcl-2 appeared to be the most potent inhibitor
of autophagy by lowering ER luminal Ca®* levels ([Ca?']e) (Gastaldello et
al., 2010). Along these lines, several further works demonstrated that ER
Ca®* depletion, a condition frequently observed in cellular stress
conditions is an effective inducer of autophagy (Gastaldello et al., 2010).
In addition, activating the UPR by ER-stress leads to a release of Ca**
from the ER into the cytosol, which, in turn, can activate various kinases
and proteases possibly involved in autophagy signalling (Kouroku et al.,
2007, Hoyer-Hansen et al., 2007). Thapsigargin that induces ‘classical’
ER stress as well as other compounds that increase cytosolic [Ca®*], such
as the active form of vitamin D and its pharmacological analog EB1089,

ATP and ionomycin, induce Ca** -dependent autophagy as analyzed by
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LC3 translocation, electron microscopy and degradation rate of long-lived
proteins (Kouroku et al., 2007, Gastaldello et al., 2010).

In addition, it has been reported that active Ca?* leakage leads to sustained
JNK activation which marks late phases of apoptosis (Brnjic et al., 2010).

| also show evidence that JNK pathway is involved in the RTN-1C-
mediated ER cell death, where an increase of p-JNK levels occured in
RTN-1C overexpressing cells and was blocked after pharmacological
inhibition with DINKIL1. In line with these data, several reports have
shown that the induction of autophagy relies on JNK signalling and that
JNK activates an array of downstream target genes to influence many
cellular processes, such as apoptosis, and morphogenesis (Jasper et al.,
2002; Jasper et al., 2001). Furthermore, JNK regulates the defense
mechanisms against adverse environmental insults and can restrict the
damage to cell physiology caused by oxidative stress (Wang et al., 2003).
Moderately elevated JNK activity, either globally in the whole organism
or in neurons, can protect drosophila from oxidative stress (Wang et al.,
2003). Importantly, D-JNKI1 was able to rescue cell death in RTN-1C
overexpressing cells, clearly showing that JNK is a positive regulator of
ER stress and cell death in this model. In this context, previous work from
another laboratory showed that the autophagy induced by ER stress in
SK-N-SH cells treated with c-Jun N-terminal kinase (JNK) inhibitor was
inhibited, indicating that the JNK pathway is required for autophagy

activation after ER stress (Ogata et al., 2006). On another note, an
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interesting report revealed the involvement of Ca** signalling in sustained
INK activation during late phases of apoptosis. Moreover, Ca®" release
activated calmodulin kinase 11, apoptosis signalling kinase 1, and JNK (
Brnjic et al., 2010), which is consistent with my results of high basal
intracellular Ca* signals in RTN-1C overexpressing cells. Considering the
essential role of autophagy in various cellular homeostatic processes it is
essential for this pathway to be tightly-regulated (Bolland and Nixon,
2006). Previous findings suggest that mammalian autophagy can be
regulated through an important component of this pathway, beclin 1,
which is part of a class Il PI3K complex that is essential for
autophagosome formation in the ER (Tassa et al, 2003). Recently, it has
been shown that the dissociation of beclin 1 from Bcl-2 involves
phosphorylation of Bcl-2 by JNK (Wei et al, 2008). Consistently, transient
JNK activation has also been reported to promote cell survival (Svensson
et al, 2011). However, prolonged JNK activation can mediate apoptosis
(Liu & Lin, 2005). Activation of JNK is a common response to many
forms of stress and is known to influence the cell-death machinery through
the regulation of Bcl-2 family proteins (Middleton et al., 2000). For
example, phosphorylation of Bcl-2 by JNK, which occurs primarily at the
ER, suppresses the anti-apoptotic activity of Bcl-2. Besides Bcl-2, INK
also phosphorylates BH3 (Bcl-2 homology domain 3)-only members of
the Bcl-2 family such as Bim, which enhances their pro-apoptotic

potential. It may be speculated that my findings are in accordance with the
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observation that autophagy induced by the JNK1-Bcl-2 phosphorylation
pathway ultimately fails to protect cells from apoptosis. It would be
interesting to understand at what point ER-stressed cells and by which
mechanism escape autophagic protection and commit to apoptosis.
Previous studies have shown that Bcl-2 multi-site phosphorylation occurs
after two hours of autophagy induction reaching peak levels at 16 hours
after starvation (Wei et al., 2008). Of note, in RTN-1C overexpressing
cells, caspase activation is first detected 24 hours indicating the onset of
apoptosis in stressed cells (Di Sano et al., 2007).

Altogether these findings indicate that the modulation of autophagy at the
ER level is dependent by a complex interplay among the different
members of the RTN family that despite the similarity in their structural
features display opposite effects in the regulation of this phenomenon. In
fact, inhibition of RTN-3 in mouse neuroblastoma induces autophagy via
the enhanced interaction between Bcl-2 and beclin 1, which favors Bcl-2-
mediated inhibition of beclin 1-dependent autophagy (Chen et al., 2011).
Future studies should define the molecular details dictating these
alternative behaviours in the regulation of autophagy. It is therefore
tempting to speculate that the RTN-1C mediated ER stress condition not
only induces alterations in Ca®* homeostasis and mitochondrial dynamics
but also is capable to induce an autophagic response. This is accompanied
by mitochondrial elongation and reduced mitochondrial Ca** uptake,

which may count as a pro-survival attempt that fails drastically after 48
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hours of RTN-1C overexpression. It is noteworthy to mention that it is still
unclear whether autophagy is occurring as a result to Ca®* perturbations in
RTN-1C overexpressing cells, or as a repair mechanism of Ca®*-induced

damage.

In conclusion, considering the emerging important role played by RTN-1C
in neurodegenerative diseases, my data indicate a possible mechanism by
which this structural ER protein may modulate the neuronal stress at the

basis of these pathologies.
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Chapter 5

Characterization of RTN-1C induced ER Stress and Cell
Death in SH-SY5Y Cells and Neurodegeneration in RTN-

1C Transgenic Mice

118



The results shown in this chapter were previously published in the Journal of
Neurobiology of Disease 2010 Dec; 40 (3): 634-44, entitled “Characterization of
gene expression induced by RTN-1C in human neuroblastoma cells and in mouse

brain.”
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5.1. Introduction

Neuronal cell death by apoptosis may be observed in normal physiological
conditions during development or in pathological conditions during
diseases. Cell death is a component of a number of psychiatric and
neurological diseases such as schizophrenia, Alzheimer's and Parkinson's
diseases (Katayama et al., 2004). Neuronal cell death may occur through
different mechanisms and may exhibit morphological features of
apoptosis, autophagy or necrosis (Yuan et al., 2003). The best understood
mechanism is apoptosis which is regulated by the two classical pathways:
the extrinsic pathway which is triggered by the activity of cell membrane
death receptors or the intrinsic one which is activated by different stressors
or insults and converges on mitochondria. Although many of the previous
studies have focused on analysis of mitochondria and the nucleus, recent
studies reported that neuronal death occurring in several brain disorders
has its origin also in the endoplasmic reticulum and could arise from
dysfunction of this organelle (Ogawa et al., 2007; Lindholm et al., 2006).
In fact, blocking the processes in the ER is sufficient to cause cell damage,
indicating that they are crucial for normal cell function. Accumulation of
unfolded proteins or changes in calcium homeostasis causes an ER

response characterized by translational attenuation, induction of ER

120



chaperones and degradation of unfolded protein. When this stress
condition becomes prolonged, cells activate several signals leading to cell
death (Lindholm et al., 2006).

Reticulons (RTNs) have been shown to play an important role in the
nervous system both in normal and pathological settings. In fact, studies
carried out on post-mortem brain tissues have revealed changes in the
reticulons expression in the temporal and frontal cortex of patients with
Alzheimer's disease (Wildasin, 2004). Accordingly, disturbances in
calcium homeostasis are also one of the earliest molecular changes that
occur in AD patients, alongside alterations in calcium-dependent enzymes
in the post-mortem brain (Green et al., 2007). Interestingly, it was found
that all four human reticulon proteins can modulate BACE1 enzymatic
activity (He et al., 2004), thought to contribute to early synaptic loss
leading to the initial cognitive decline. In particular, reticulon proteins
block access of BACE1 to APP and reduce the cleavage of this protein
(Murayama et al., 2006). Thus, changes in the expression of reticulon
proteins in AD brain, are likely to affect cellular AB and the formation of
amyloid plaques in AD (He et al., 2004; Tang and Liou, 2007). RTNs may
also contribute to the pathogenesis of schizophrenia (Novak et al., 2002)
Despite the plethora of evidence supporting a role for aberrant
neurodevelopment in schizophrenia, a number of researchers suggest that
schizophrenia is an ongoing degenerative process (Lieberman, 1999; Ashe

et al., 2001). On this line, a role for neurodegeneration is evidenced by
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progression of symptoms, especially negative symptoms which are more
difficult to treat (Lieberman, 1999) and are directly correlated with
ventricular enlargement, frontal gray matter reductions, hippocampal
volume reduction (Davatzikos et al., 2005) and abnormal striatal volume
(Goldman et al., 2008). One of the genes over-expressed in schizophrenia
was recently identified as Nogo (also known as reticulon 4, RTN4, NI
250, or RTN-X), a myelin-associated protein which inhibits the outgrowth
of neurites and nerve terminals, highlighting a pivotal role for a reticulon
family member in altered neurodevelopment in schizophrenia (Budel et
al., 2008; Novak and Tallerico, 2006).

The changes in the levels of RTNs that have been associated with the
reported neurodegenerative processes, makes RTNs potentially significant
as diagnostic markers and important targets for therapeutic development.
In this chapter, by using a mouse model overexpressing RTN-1C (Fazi et
al., 2010), I will investigate the in vivo relevance of brain specific RTN-
1C expression. In particular, I will evaluate the expression of genes with a
variety of molecular functions, including calcium-mediated signalling,

apoptosis, transmission of nerve impulse and neuronal disease.
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5.2. Aims

1. Investigate RTN-1C-induced modification in gene expression by using
cDNA microarray technique.

2. Study the expression profiles of 4 selected genes (DARPP32, NOS2a,
CAMKIIbeta, S100A11) by real-time RT-PCR and also by in vivo
analysis of brains from RTN-1C transgenic mice.

3. Characterize the occurrence of ER stress and cell death in RTN-1C

overexpressing transgenic mice.
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5.3. Results

5.3.1. RTN-1C-induced changes in gene expression in SH-SY5Y cell
overexpressing cells

Four genes were selected from a conducted microarray analysis for further
investigation (Table 5.1). These included: DARPP32, a cAMP-regulated
protein known to be regulated by the Ca®* calcineurin pathway (Desdouits
et al., 1998); NOS2a, the inducible isoform of nitric oxide synthase whose
expression has been correlated to neuronal damage and apoptosis (Chung
and David, 2010); CaMKlIbeta, a Ca”**-calmodulin-dependent kinase I
beta, suggested to play a critical role in ER stress-induced apoptosis of
neuronal cells through the JNK pathway and the release of ER calcium
stores (Timmins et al., 2009); S100A11, calgizzarin, a member of Ca®*-
binding S100 protein family which has also been shown to be involved in
neurodegenerative diseases (Zimmer et al., 2005). Changes in the
expression of these mRNA were confirmed by performing single
quantitative real-time RT-PCR. RNA extracted from SH-SY5Y and RTN-
1C over-expressing cells was used under the previously described
experimental conditions.

The results obtained by real-time RT-PCR showed a trend in the changes
of gene expression with respect to doxycycline treatment which was

superimposable with that of microarray analyses. The exception was
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CaMKIlbeta mRNA, which showed no statistically significant changes in
RTN-1C over-expressing cells versus control (Fig.5.4.).
To quantify changes in the expression levels of DARPP32 and NOS2a, in

Y RTN-C calls were

SH- in response to increase RTN-1C expression, SY5
treated with doxycycline (1pg/ml) for 6 and 18 h and changes in the
expression of these mMRNA determined by quantitative real time PCR
relative to L34 housekeeping gene . Results suggest that DARPP32
MRNA levels were significantly decreased at both 6 and 18 h of RTN-1C
overexpression compared to controls (Fig.5.1.) Results are means+SD of
three independent experiments. Statistically significant (p<0.01) compared
to control cells.

Similarly, RTN-1C overexpression induced a down regulation of NOS2a
MRNA levels at 2 different time points 6 & 18 h compared to controls
(Fig.5.2.). For both DARPP32 and NOS2a experiments, controls were
non RTN-1C- transfected, treated cells with doxycycline at 6 and 18 h,
together with non RTN-1C- transfected, non-doxycycline treated cells.
Results are presented as meanstSD of three independent experiments.

Statistical analysis was performed by Student’s t test (*). Statistically

significant (p<0.01) compared to control cells.
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5.3.2. RTN-1C induces an upregulation of SI00A11 mRNA levels

To quantify expression levels of S100A11 in SH-SY5YR™1C cells, treated
with doxycycline (1ug/ml), for two different times of induction (6 and 18
h) compared to controls obtained at similar time points, mMRNA was
subjected to quantitative real time PCR relative to L34 mRNA level.
Results demonstrate that SI00A11 mRNA levels significantly increase at
both 6 and 18 h post RTN-1C induction compared to controls (Fig.5.3.)
Results are represented as means+SD of three independent experiments.

Statistically significant (p<0.01) compared to control cells.

5.3.3. RTN-1C protein expression levels in RTN-1C transgenic mice

It was important to verify whether the detected changes in the expression
of the transcripts identified by cDNA microarray, were reflected in an
alteration of the relative protein products in RTN-1C transgenic mice.
Prior to this aim, | characterized the expression of RTN-1C protein in
RTN-1C overexpressing transgenic mice used, to prove the validity of the
used model system in my experiments. The generation of RTN-1C
transgenic mice was performed in our laboratory where a characterization

has been described by Fazi and colleagues (Fazi et al., 2010), (Fig.5.5).
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Tissues obtained from wild type and Cre’/RTN-1C* mice were
homogenized, and different amounts of total protein were separated by
electrophoresis through SDS-PAGE gels and blotted onto nitrocellulose.
Membranes were probed with an anti-RTN-1C (1: 1000), and anti- B-
tubulin (1: 3000) as a loading control.

Densitometric quantitative analysis of Western blot suggests that RTN-1C
is expressed significantly in Cre*/RTN-1C" interbred mice compared to wt
mice ( 3.5, 2.3, 2.3, 2.2, 2.0 fold vs wt), (Fig.5.6.).

To show the expression of B-Galactosidase in Wt and Cre*/RTN-1C*
mice, the previous protocol in (Fig.5.6.) was repeated, and Western
blotting was performed. Membranes were probed with an anti- p-
galactosidase (1: 500), and anti- B-tubulin (1: 3000) as a loading control.
Results demonstrate that p-galactosidase is expressed in Cre’/RTN-1C”

mice, while none appeared in Wt mice (Fig.5.6.).

5.3.4. Induced changes in protein levels of DARPP32, NOS2a, and

S100A11 in RTN-1C transgenic mice

Tissues obtained from wild type and Cre'/RTN-1C* mice were

homogenized, and different amounts of total protein were separated by
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electrophoresis through SDS-PAGE gels and blotted onto nitrocellulose
Membranes were probed with an anti-DARPP32 (1:5000), anti-NOS
(1:500), anti- S100A11 (1:200), anti- CaMKIllIbeta (1:1000) and anti- -

tubulin (1: 3000) as a loading control.

Quantitative Western blot analyses showed that RTN-1C over-expressing
mice, displayed a significantly reduced expression of NOS and DARPP32
proteins (Fig.5.7. and Fig.5.8.) and an increase of S100A11 compared to
controls (Fig.5.9.). By contrast, analysis of CaMKIlbeta did not show

significant differences in transgenic mice vs controls (data not shown).

5.3.5. Immunofluorescence analysis of NOS and DARPP32 expression
in RTN-1C transgenic mice

To confirm the previously obtained results on the expression of NOS and
DARPP32 by Western blotting, immunofluorescence analysis was
performed on brain sections from Cre*/RTN-1C* and Wt mice. Sections
were incubated with either 1:50 anti-NOS, or 1:500 anti-DARPP-32, for
1 h at RT, washed and then incubated with an anti-rabbit antibody (Alexa-
Fluor 568), diluted 1:1000. Cell nuclei were stained with 10 uM Hoechst-
33342. After immunoreaction, slides were mounted with AQUATEX and

observed on a Zeiss LSM 510 microscope.
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Images revealed significant differences in the number of NOS and
DARPP32 positive neurons (Fig.5.10). In fact, the red signal distribution
of (Alexa-Fluor 568) for both NOS and DARPP32 was decreased in

Cre’/RTN-1C" mice, compared to signal distribution in Wt mice.

5.3.6. Immunohistochemical localization of DARPP32 and NOS in

RTN-1C transgenic mice neocortex

To evaluate neocortical thickness in Cre+/ RTN-1C" mice, as compared to
their Wt littermates, five comparable H&E stained sections per animal
were examined, and the distance measured from the pial surface to the
corpus callosum, in five fields of parietal cortex, using ImageJ software
(Fig.5.11.A). Densitometric analysis of immunohistochemical staining for
DARPP32, and NOS was performed by Image] software on five
comparable sections of Cre*/ RTN-1C* and Wt animals. In each section,
five fields of parietal cortex were examined.

DARPP32 immunoreactive neurons were detected throughout the brain of
both Cre’/RTN-1C*" and Wt animals, in agreement with the widely
described distribution of this protein. However, the whole neocortex
showed remarkable differences in the abundance and distribution of
immuno-positive neurons. In particular, in the Cre’/RTN-1C" neocortex,
DARPP32 staining was mainly confined to layer VI, while in Wt is

extended to the superficial layers (Fig. 5.11.A). Densitometric analysis of
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DAB staining supports this observation, demonstrating a significantly
decreased immunoreactivity in Cre"/RTN-1C" cortex, as compared to Wt
(Fig. 5.11.B). In addition, a faint NOS immunoreactivity of Cre’/RTN-1C*
cortex was observed, while the neocortex of Wt mice contained several
NOS immuno-positive neurons, scattered in all the layers, as supported by
densitometric analysis of DAB staining (Fig. 5.11.B).These genotype-
dependent differences proved to be statistically significant, when

densitometrically evaluated (Fig. 5.11.B).

Statistical analyses for morphometric and densitometric results suggest
were performed by Student's t-test, using GraphPad Prism 4 software.

P < 0.05 was considered as statistically significant.

5.3.7. Brain-specific RTN-1C transgenic mice show ER stress and cell
death

Considering the pro-apoptotic role of RTN-1C (Di Sano et al., 2007), then
it was relevant to investigate whether the over-expression of the reticulon
protein was able to induce cell death in the brain of the transgenic
Cre’/RTN-1C* mice. To this end, cortices of wild type and RTN-1C
overexpressing mice were analyzed with TUNEL assay using the in Situ
Cell Death Detection Kit TMR red. Nuclei were stained with Hoechst

33342, and sections were analysed under a Zeiss LSM 510 Microscope.

130


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0045#bb0045

Interestingly, in Cre*/RTN-1C" mice, a positive staining of several cortical
neurons was revealed indicating DNA fragmentation (Fig. 5.12.).

To confirm the ER stress-mediated pro-apoptotic role of the reticulon
protein, the expression of specific UPR markers (GADD153/CHOP and
Grp78/BiP) was investigated. To this aim, brain cortex of Wt and
Cre’/RTN-1C* was homogenized, and Western blot analysis was
performed. Membranes were probed with anti Grp78 (1: 1000), anti-
GADD153 (1: 1000), and an anti-p-tubulin (1: 3000) as a loading control
(Fig.5.13). Interestingly, both proteins were up-regulated in the brain of
RTN-1C overexpressing mice (Fig. 5.13) indicating an ongoing ER stress

status.

5.3.8. Degeneration of cortical neurons in RTN-1C transgenic mice

The observed expression of ER stress markers urged me to
morphologically analyze the brain cortex of Cre*/RTN-1C" transgenic
mice. To achieve this aim, small pieces of mouse neocortices were
postfixed in 1% OsO, in 0.1 M phosphate buffer, dehydrated, and
embedded in Epon. Semi-thin sections were stained with toluidine blue
and photographed, and ultrathin sections were briefly contrasted with
uranyl acetate. Grids were observed in a Philips CM120 electron
microscope equipped with a Philips Megaview 11l camera, and electronic

images were captured.
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Morphological analysis revealed signs of mild to severe degeneration
highlighted by neuronal condensation. In fact, whereas semi-thin cortical
sections from control animals show basophilic neuronal cells with
homogeneously euchromatic nucleus and one or more nucleoli, the
transgenic mouse cortex display many compacted damaged neurons (30—
40%) with dark nuclei (Fig.5.14.A-D). As compared to control animals,
the ultrastructural analysis of the transgenic mice brains revealed many
neurons showing various degrees of degeneration, including shrinkage,
cytoplasmic and nuclear condensation. More specifically the cytoplasm
and the nucleus appeared strongly electron dense while nuclear membrane
invaginations are also evident in profoundly altered neurons. Degenerated
glial cells are also detected (Fig.5. 14.C and D). The Cre’/RTN-1C" and
W1 brains showed similar gross anatomical features; however, when H&E
stained sections were comparatively analysed, the neocortex of Cre*/RTN-
1C" mice appeared remarkably thinner than that of Wt animals (data not
shown). Morphometric analysis confirmed this observation, showing
statistically significant (8.33% £2.09 vs control) genotype-based

differences in the thickness of the parietal cortex.
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5.4. Discussion

Reticulons are a family of transmembrane proteins that have been recently
related to important biological functions such as apoptosis, membrane
trafficking and nuclear envelope formation (Di Sano et al., 2007; Wakana
et al., 2005; and Anderson and Hetzer, 2007). The most promising frontier
for the reticulons research, however, is in the field of neurodegenerative
diseases. In fact, recent studies have shown their involvement in diseases,
such as schizophrenia and Alzheimer's disease (Novak et al., 2002; Kim et
al., 2000; and Wang et al., 2002). In particular it has been proposed that
altered RTNs expression is directly correlated to significant effects on
cellular trafficking and abnormality in exocytosis or endocytosis, even
though how reticulons control cellular functions which ultimately lead to
the pathogenesis of human diseases is still poorly understood.

Previous studies focused on RTN-1C function in ER stress-induced cell
death and provided compelling evidence that this reticulon is able to
trigger apoptosis by a mechanism regulated by its acetylation coupled to
inhibition of HDAC activity (Fazi et al., 2009).

It is interesting to note that the current literature revealed associations
between ER stress and different diseases which have as common sign
accumulation of misfolded proteins or changes in calcium homeostasis;
these events affects various cell signalling such as neuronal connectivity

and cell death (Lindholm et al., 2006).

133


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0045
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0175
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0175
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0005
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0145
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0090
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0055
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WNK-50S2R6R-1&_user=9565874&_coverDate=12%2F31%2F2010&_rdoc=1&_fmt=high&_orig=search&_origin=search&_sort=d&_docanchor=&view=c&_acct=C000043220&_version=1&_urlVersion=0&_userid=9565874&md5=862ce739661b6282e0c624b9266bae73&searchtype=a#bb0115

It has been recently demonstrated that RTN-1C function is correlated to
inhibition of histone deacetylases (HDACSs) (Fazi et al., 2009), enzymes
which play an important role in the control of gene expression. This
prompted me to explore the effect of RTN-1C on the gene expression
profile in a neuroblastoma cell line. 1 used a tetracycline-regulated system
screening for potential downstream target genes. | was particularly
interested in early molecular events and revealed a number of changes in
the expression of RTN-1C-regulated transcript encoding proteins involved
in different cellular networks including nervous system development,
transmission of nerve impulse, intracellular calcium homeostasis and
apoptosis. Among these and mainly on the basis of their biological
functions, a representative group of two up-regulated and two down-
regulated genes were selected. These genes are related to synaptic
plasticity events, calcium signalling, ER stress and neuronal diseases (i.e.,
DARPP32, NOS2a, S100A11 and Camkllbeta). Real-time RT-PCR
confirmed and validated the microarray gene expression data. It is worth
noting that the selected genes were also modulated in the cortex of the
RTN-1C transgenic mice.

Finally I demonstrated that a moderate over-expression of RTN-1C in the
cerebral cortex results in ER stress leading to significant apoptosis. In fact,
the analysis of the transgenic brain revealed the presence of several
neurons exhibiting characteristic morphological features of apoptosis such

as cytoplasm and nuclear condensation and evident alteration of the
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nuclear membrane. These results suggest an important in vivo function for
reticulon-1C in the mechanism of cell death induction mediated by ER
stress.

Dynamic changes in calcium concentration within the ER and alteration of
ER calcium homeostasis may be important in regulation of cell function
and survival and may trigger various forms of neurodegeneration and/or
neuropathy (Verkhratsky and Petersen, 2002; and Paschen, 2003). In fact
disruption of the ER calcium homeostasis triggers ER stress response,
which in turn may lead to a cascade of events leading to survival or death
of neuronal cells.

Interestingly, the expression of the selected genes has been demonstrated
to be affected in schizophrenia with a common thread related to Ca**
signalling (Lidow, 2003). It has been shown that schizophrenic patients
displayed elevated mobilization of Ca?* from intracellular stores in
response to receptor stimulation suggesting that increased cytosolic
calcium may be the primary molecular abnormality in this pathology
(Bardo et al., 2006). In keeping with this finding, it has been previously
demonstrated in our laboratory that the reticulon protein controls the
cytosolic Ca?* levels by depleting the ER Ca** stores (Di Sano et al.,
2007).

Although many studies have reported that perturbation of Ca®*

homeostasis may play a key role in ER stress-induced apoptosis (Pinton et
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al., 2001), the mechanism by which changes in cytosolic Ca®* level
trigger cell death is still largely unknown.

Taken together these results provide the first evidence for a novel role of
reticulon-1C protein in the mammalian brain and its potential as molecular
target for wuse in therapy and as specific marker for several

neurological/neurodegenerative diseases.
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Chapter 6

General Discussion
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6.1. Conclusions

Calcium is a universal messenger, which controls diverse physiological
functions, such as muscle contraction, secretion, metabolism and gene
transcription (Berridge et al., 2003). The versatility of ca* signalling is
represented by the distinct spatio-temporal profiles and the magnitude of
Ca®" responses (Bootman, 2001). Temporally and spatially organized Ca**
waves in the cytosol, mitochondria, and nucleus are among the most
commonly recognized intracellular signals. However, prolonged
disturbances in calcium homeostasis can initiate signalling cascades that
eventually lead to cell death (Hajnoczky et al., 2003). Endoplasmic
reticulum (ER) is the main site of intracellular calcium storage. Given its
prominent role in protein folding and its influence on Ca**-dependent
signalling pathways, disruption of ER function, a condition called ‘ER
stress’, has severe consequences for the cell (Ron and Walter, 2007).
Indeed, sustained ER stress has been linked to either apoptotic
programmed cell death pathways (Tabas and Ron, 2011), or to cell death
mediated by autophagy (Yorimitsu and Klionsky, 2007).

Over recent years, the role of mitochondria in Ca?* signalling has been
under the spotlight for its paramount importance in regulating
physiological and pathological conditions (Duchen, 2004). Several reports
implicate the involvement of mitochondria in ER stress-induced apoptosis

(Masud et al., 2007). Beyond the clearly recognized functions including
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oxidative phosphorylation to supply ATP, as well as a crucial role in
calcium homeostasis, mitochondria within living cells are also highly
dynamic organelles, meaning that they constantly fuse with each other,
divide and move. A fundamental question that has arisen from the
previous studies is whether mitochondrial fission and fusion machineries
impact neuronal survival and function. Indeed, in healthy cells,
mitochondrial fission and fusion are vital processes, which orchestrate the
regulation of mitochondrial morphology (Detmer and Chan, 2007). The
disruption of this dynamic equilibrium may contribute to cell injury or
death underlying developmental and neurodegenerative disorders. It
appears that mitochondrial fusion may be a compensatory mechanism that
allows mitochondria to cope with reduced mitochondrial bioenergetics
efficiency under conditions of energy deprivation (Twig et al., 2008). On
the other hand, fragmentation of the organellar network plays a crucial
role in the progression of the intrinsic apoptotic cascade, a condition
classically associated with neuronal injury (Youle and Karbowski, 2005).

Reticulons (RTNs) are a family of proteins that are mainly localized to the
endoplasmic reticulum (Teng and Tang, 2008). Previous studies focused
on RTN-1C function in ER stress-induced cell death and provided
compelling evidence that this reticulon is able to trigger apoptosis (Di
Sano et al., 2003) by a mechanism regulated by its acetylation coupled to
inhibition of HDAC activity (Fazi et al., 2009). To support the notion that

RTN-1C induces ER stress, neuroblastoma cells overexpressing RTN-1C
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showed an enlargement of the ER membranes that was paralleled to
enhanced levels of cytosolic Ca**, possibly due to Ca?* leak from the ER
lumen to the cytosol. Interestingly, the same cell line displayed
mitochondrial ultrastructural alterations mainly characterized by
disruption of the matrix and the presence of spared cristae (Di Sano et al.,

2007).

Based on these findings, in the present study, | report that overexpression
of RTN-1C results in elevated basal cytosolic and mitochondrial Ca?* level
and hypo-responsiveness to methacholine application in both
compartments. This could be explained by ER store depletion, which
causes a rise in the cytosolic Ca** concentration not allowing further Ca®*
accumulations into the cytosol via protocols inducing ER-Ca®" release.
Nevertheless, RTN-1C overexpressing cells that were pre-treated with
thapsigargin, followed by a re-addition of Ca®*, were capable of exhibiting
on the one hand further cytosolic Ca®* increases, on the other
mitochondria were no longer capable of sequestering further
concentrations of Ca*".

Most captivatingly, | observed an interesting alteration in mitochondrial
phenotypes exhibited by cells stably overexpressing RTN-1C. Analysis of
mitochondrial morphologies by confocal microscopy and electron
microscopy revealed a time-dependent regulation of mitochondrial

dynamics. Whereas mitochondria appeared clearly elongated at early
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stages (24-48 h) prolonged ER stress triggered mitochondrial
fragmentation and cell death that became progressively more evident at
later stages (72-96 h). These findings were paralleled by dynamic re-
arrangements of the mitochondrial fission and fusion machinery protein

expression levels, as revealed by Western Blot and PCR analysis.

It is well recognized that mitochondrial tubule integrity leads to a more
homogeneous propagation of Ca?* waves (Frank et al., 2001), a process
that could be interrupted by few mitochondrial fission proteins such as
Drp-1. It was shown that overexpression of hFisl reduced selectively the
mitochondrial mass, and that overexpression of DRP1 facilitated
mitochondrial elimination under various pro-apoptotic stimuli (Arnoult et
al., 2005). On the other hand, mitochondrial fusion could represent a
mechanism through which mitochondria compensate for the maintenance
of the bioenergetics efficiency under certain metabolic depletions. In line
with this, it was recently demonstrated that mitochondria elongate in
conditions of starvation, and this phenotype seems required to sustain
cellular ATP levels and protection from autophagic degradation.
Conversely, when elongation was genetically or pharmacologically
blocked, mitochondria precipitated starvation-induced cell death (Gomes
etal., 2011).

Although many studies have reported that perturbation of Ca®*

homeostasis and disruption of mitochondrial network may play a key role
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in ER stress-induced apoptosis, the molecular mechanisms by which these
events trigger cell death is still largely unknown. Among the proteins that
have been suggested to play a role in the mechanism of apoptotic cross-
talk between ER and mitochondria are the Bcl-2 family members (Hacki
et al. 2000). Interestingly, they have been demonstrated to interact with
RTN-1C (Tagami et al. 2000), thus further supporting the view that this
protein may function as a molecular switch among different cell death
pathways. Noteworthy, the specificity of RTN-1C-mediated ER stress
apoptosis induction is confirmed by the fact that overexpression of another
member of RTN family (RTN-3) is not able to trigger the same apoptotic

response.

It is well known that prolonged ER stress can trigger either apoptotic
programmed cell death (Ma et al., 2002), or cell death mediated by
autophagy (Yorimitsu and Klionsky, 2007). Among the proposed
mechanisms that contribute to both autophagy and cell death is the c-Jun
N-terminal kinase (JNK) pathway. Whereas JNK1 and JNK2 have a broad
tissue distribution, JNK3 is mainly localized in neurons where it controls
brain functions under both normal and pathological conditions. Under
pathological conditions, JNK3 has been considered as a degenerative
signal transducer. The JNK3 knockout mice showed reduced apoptosis of
hippocampal neurons, reduced seizures induced by kainic acid (Yang et

al.,, 1997) and protection against ischemia (Pirianov et al., 2007).
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Furthermore, JNK3 activation is associated with  chronic
neurodegenerative diseases, including Parkinson’s disease (Hunot et al.,

2004) and Alzheimer’s disease (Antoniou et al., 2011).

These findings encouraged me to verify the potential contribution of RTN-
1C on JNK phosphorylation and autophagy. | found that overexpression of
RTN-1C at 48 h activates the JNK pathway, and this effect is associated
with autophagy. Interestingly, the induction of autophagy was calcium-
dependent, supporting the view that disruption of calcium homeostasis by
RTN-1C mediated ER stress can indeed contribute to these events.

As the activation of the JNK pathway is essential for pathological death
associated with neurodegenerative diseases, it became evident that
targeting the JNK cascade may offer a promising therapeutic approach to
prevent cell death (Resnick and Fennell, 2004). On this line, several
compounds that block JNK activity, by interfering with the ATP catalytic
pocket or on upstream activators, have been designed (Bogoyevitch et al.,
2004). More recently, other types of cell penetrating JNK inhibitor
peptides have been identified. Among these, D-JNKI1 has proven useful
in several experimental models of disease including brain ischemia
(Borsello et al., 2003; Repici et al., 2007) and Alzheimer’s disease
(Colombo et al., 2007, 2009).

For these reasons, | wanted to verify the potential neuroprotective effect of

D-JNKI1 on the RTN-1C mediated cell death. In cells stably expressing
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RTN-1C pre-treatment with D-JNKI1 was able to rescue cell death at all
time frames observed. Importantly | show that this effect was associated
with a decrease of JNK phosphorylation during early stages, supporting
JNK as a promising pharmacological target in neurodegenerative diseases,
being an important player for the recruitment of deleterious cascades

leading to cell demise.

Neuronal cell death is a component of a number of psychiatric and
neurological diseases such as schizophrenia, Alzheimer's and Parkinson's
disease. Although many of the previous studies have focused on analysis
of mitochondria and the nucleus, recent studies reported that neuronal
death occurring in several brain disorders has its origin also in the
endoplasmic reticulum and could arise from dysfunction of this organelle
(Ogawa et al., 2007; Lindholm et al., 2006). In this scenario, also RTNs
have been shown to play an important role in the nervous system under
pathological settings. In fact, studies carried out on post-mortem brain
tissues have revealed changes in the RTNs expression in the temporal and
frontal cortex of patients with Alzheimer's disease and RTNs may also
contribute to the pathogenesis of schizophrenia (Novak et al., 2002), even
though how these proteins control cellular functions which ultimately lead

to the pathogenesis of human diseases is still poorly understood.
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A crucial question arising from the in vitro experimental models here
adopted is whether the findings linked to abnormal Ca®* homeostasis and
mitochondrial morphology can directly relate to disease manifestation in
neurodegenerative diseases. In fact, a limit deriving from my evidence
may rely on the system in isolation, outside the context of the entire tissue.
Nevertheless, a neuroblastoma cell line provides an ideal model to study
the biological significance of Ca®" signalling and mitochondria against a
well-defined genetic background. These findings further encouraged me to
expand the biological function of RTNs by exploring the in vivo
consequences of RTN-1C overexpression in a transgenic mouse (Fazi et
al., 2010). I finally demonstrated that a moderate over-expression of RTN-
1C in the cerebral cortex results in ER stress leading to significant
apoptosis. In fact, the analysis of the transgenic brain revealed the
presence of several neurons exhibiting characteristic morphological
features of apoptosis such as cytoplasm and nuclear condensation and
evident alteration of nuclear membrane. Interestingly, | found alterations
in the expression of selected genes that have been linked to schizophrenia
with a common thread related to Ca?* signalling (Lidow, 2003). It has
been shown that schizophrenic patients displayed elevated mobilization of
Ca®* from intracellular stores in response to receptor stimulation
suggesting that the increased cytosolic calcium may be the primary
abnormality in this pathology (Bardo et al., 2006). In keeping with this

finding, 1 have here demonstrated that this reticulon protein controls Ca**
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homeostasis. These results suggest an important in vivo function for
reticulon-1C in the mechanism of cell death induction mediated by ER

stress.

Despite major advances in our understanding of the initiating factors that
trigger many neuropsychiatric diseases, to date, no reliable diagnostic
marker or effective therapy has been shown to provide significant benefit
for patients who suffer from these devastating disorders.

To rationally develop new disease modifying therapies we first need to
refocus our basic research efforts on identifying the precise steps in the
pathological cascade that lead to neuronal death. Next, we will need to
determine which of these steps are potentially targetable. Finally, we will
need to develop novel therapies that interfere with these steps and
demonstrate that such therapies alone, or in combination with therapies
that target the trigger of these devastating diseases, have clinical benefit.
Overall, the use of cell lines and mouse model overexpressing RTN-1C
could contribute to unveil the emerging pathophysiological role of RTNs
at the cellular and molecular level, thus providing new insight in the
relation between RTNs, ER-stress, Ca®* responsiveness and mitochondrial
morphology in living cells.

Most importantly, these in vitro and in vivo findings may have broad

implications for the design of novel drugs targeting RTNs to limit and
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reverse neuronal loss associated with a wide range of neuropsychiatric

disorders, as well as developing more sensitive diagnostic methods.

6.2. Future Directions

In this thesis | demonstrate how increased levels of RTN-1C are
associated with cellular and molecular alterations in vitro and with
neurodegenerative features in the mouse brain in vivo. Thus, defining the
normal cellular function of RTNs will be central to the future elucidation
of the role of RTNs in the pathogenesis of neurodegenerative diseases. For
this endeavor, using a multidisciplinary approach, my future experimental
plan will address the following aims:

1. Checking for alterations of gene expression of mitochondrial fusion and
fission proteins and of autophagy-related genes in the RTN-1C
overexpressing mouse model.

2. ldentifying mediators, molecular mechanisms and regulation of cell death
pathway induced by RTN-1C mediated ER stress in vitro and in vivo.

3. Analyzing the structural and functional consequences of RTN-1C
overexpression in the transgenic mouse brain. Specifically, future work
will aim to characterize structural plasticity (dendritic spines) using
morphological analysis and functional synaptic plasticity using

electrophysiological recordings. These experiments will be supported by
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behavioral phenotyping of transgenic mice to better understand the
contribution of altered RTN-1C expression in in vivo conditions.

Silencing of RTN-1C expression using RNA interference (RNAI)-based
gene silencing in order to better understand the complex physiological
relevance of this reticulon family member and its contribution to
pathological conditions. This could be achieved in specific brain regions
using transgenes driven by regional specific promoters.

My confocal images of LC3-GFP labeled vesicles in RTN-1C
overexpressing cells, showed a tendency for LC3-GFP marked
autophagosomes to be concentrated near the vicinity of mitochondria.
Whether this observation may serve as a valid reason for further
investigating the potential occurrence of mitophagy, additional
experiments are needed to provide adequate information to test this
hypothesis.

Create mouse models with conditional knockout strategies in different
areas at different developmental stages to better understand the
physiological role of this protein family member.

Investigating the possibility to detect in the cerebrospinal fluid (CSF) of
transgenic models of AD and plasma of AD patients, changes in reticulon
expression profile. This analysis could trace the pathway of the earliest
pathologic events leading to specific neurodegeneration, identifying novel
biomarkers for early diagnosis or monitoring the disease progression;

Developing and validating in vivo novel RTN-1C synthetic peptides on the
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basis of RTN-1C aa sequence. This will be achieved by the use of

biochemical and computational methods.

Overall, these studies might contribute to unveil the emerging role of
RTN-1C at the cellular, molecular and functional level. Furthermore, the
study on AD transgenic mice and on human samples, might unmask RTN-
1C as potential biomarker and therapeutic target in cognitive disorders.
This being the case, pharmacological interventions targeting RTNs to limit
and reverse neuronal degeneration may then become possible in both

preventive and treatment-related approaches.
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