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Abstract

The growth-arrest-specific gas7 protein is involved in neuronal development. Its role in
neuronal differentiation and its potential neuroprotective activity were investigated in
PC12 and NT2 cells. gas7 overexpression in PC12 cells promoted neurite outgrowth and
potentiated nerve growth factor-induced expression of the neuronal markers BIII-tubulin,
synaptotagmin, a7 subunit of the acethylcholine receptor, and dihydropyrimidinase
related protein-3. This effect was exerted independently of cellular proliferation, as gas7
did not affect cell cycle progression. Endogenous gas7 expression was induced during
neuronal differentiation of NT2 cells with retinoic acid, suggesting a role for gas7 in
neuronal development. Finally, gas7 overexpression in PC12 cells did not protect against
toxicity triggered by oxygen-glucose deprivation, the calcium ionophore A23187 or
sodium nitroprusside. The ability of gas7 to potentiate neuritogenesis and neuronal
differentiation makes it a potential therapeutic target to promote re-establishment of

neuronal connections in the injured or diseased brain, such as following stroke.
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CHAPTER 1

INTRODUCTION



1.1 Some genes are preferentially expressed during growth arrest

1.1.1 The cell cycle

The cell cycle concept was introduced in 1953 by Howard and Peic (Howard & Pelc,
1953). They showed, using **P-labelled sodium phosphate as a precursor for DNA, that
replication occurs only during a specific phase of the cell proliferation cycle (Howard &
Pelc, 1953). Since DNA synthesis is completed hours before cells start to divide, there is
a time gap after replication of the genetic material. Another gap occurs after cell division
and before the next round of DNA synthesis. Therefore, the cell cycle is divided into 4
different phases, called G1 (first gap), S (DNA synthesis), G2 (second gap), and M
(mitosis) (Lodish et al., 1996). During the G1 phase, cells increase in size, produce RNA,
and synthesize proteins. Initiation of DNA replication characterizes the transition to the S
phase, at the end of which the cellular genetic material has doubled. Following DNA
synthesis, cells continue to grow in the G2 phase and produce new proteins. Cell division
takes place during mitosis, which is characterized by chromosome condensation,
segregation of the sister chromatids to opposite poles, and division into two sister cells
(Lodish et al., 1996). Under appropriate conditions, cells can exit the cell cycle and stop
growing. They then enter the GO state, also called resting or quiescent state. This

transition occurs during the G1 phase (Lodish et al., 1996).

Balanced mechanisms regulate whether cells will advance to the G1/S transition, or will
leave the cell cycle and become quiescent. Control of cell proliferation thus mainly
occurs in G1, and growth arrest of mammalian cells can be accomplished in this phase by

depletion of growth factors or serum (Schneider et al., 1988). The majority of the cells in



an organism spend a coﬁsiderable part of their life span in the resting state (Philipson,
1998). Unless they have reached an end stage of development into a post-mitotic cell
type, such as neuronal differentiation, cells can re-enter the cell cycle and proliferate,
following appropriate stimulation (Ciccarelli ef al., 1990). Regulation of the cell cycle,
and in particular of cell cycle exit, is critical for embryonic development, during which

growth and differentiation must be tightly regulated (Mullor & Altaba, 2002).

1.1.2 Studying the exit of the cell cycle

A balance between negative and positive stimuli governs the cell cycle (Ciccarelli ef al.,
1990; Schneider et al., 1988). However, in previous years, major emphasis has first been
to study the mechanisms involved in induction of growth from an arrested state, assuming
that growth control is positively regulated through transcriptional activation (Ciccarelli et
al., 1990). Molecular analysis in mammalian cells then led to the characterization of
growth factors involved in the induction of cell division and DNA synthesis (Ciccarelli et
al., 1990). Even though a detailed cross-hybridization study carried out in 1975
anticipated the existence of mRNAs specifically expressed during growth arrest, it is only
about 15 years ago that studies have begun dealing with the complex pathways involved
in cell cycle exit (Williams & Penman, 1975). In 1988, Schneider and coworkers
designed a subtraction library enriched in sequences preferentially expressed during
growth arrest of murine NIH3T3 fibroblasts. They cloned a set of 6 non-homologous
genes whose expression is repressed upon growth stimulation, and called them the

growth-arrest-specific genes, or gas genes (Schneider ef al., 1988).



1.1.3 The growth-arrest-specific genes

Following Schneider and colleagues’ differential screening for growth-arrest-specific
genes, other members have been added in the gas family. Eleven gas genes (gasl-11)
have now been identified, gasl1 being the human version of the murine gas8 gene (Ju et
al., 1998; Lih et al., 1996; Schneider et al., 1988; Whitmore et al., 1998; Yeh et al.,
2002). Messenger RNAs of the gas genes accumulate when cells reach density inhibition,
are induced to exit the cell cycle, or are exposed to a variety of stresses including serum
removal and inadequate nutrition (Ciccarelli et al., 1990; Fleming et al., 1998; Fontanier-

Razzaq et al., 2002; Schneider ef al., 1988).

Other than gas4 and gasl0, for which neither the gene nor the product have been
characterized, a variety of diverse functions have been attributed to the different gas
genes. They include regulation of growth, differentiation, cytoskeletal organization,
apoptosis, and cell adhesion. The gas genes are heterogeneous in terms of steady-state
levels of expression and there is no sequence or structural similarity among them
(Colombo et al, 1992). Their genomic locations, widely dispersed on different
chromosomes, are in agreement with the picture of a diverse group of genes (Colombo et
al., 1992). The various roles assigned to the characterized gas genes are discussed below,

and illustrated in Figure 1.

1.1.3.1 The growth-arrest-specific gene 1 (gasl)
The first identified growth-arrest-specific gene codes for a membrane protein expressed

in most organ systems and its expression is upregulated in a variety of growth-arrested



cells (Lee et al., 2001b; ‘Ruaro et al., 2000; Schneider er al., 1988; Stebel er al., 2000).
gasl expression was also observed to be induced in hippocampal neurons subjected to
mild excitotoxic insults, in which it is thought to participate to neuronal death (Melistrom
et al., 2002). gasl reduces cell proliferation and inhibits apoptosis in different cell types
(Del Sal et al., 1992; Mellstrom et al., 2002; Ruaro et al., 2000; Schneider ef al., 1988;
Zamorano et al., 2003). Due to its ability to negatively regulate growth, gasl has been
suggested to be a tumor suppressor gene (Del Sal et al., 1992; Evdokiou & Cowled,
1998; Mullor & Altaba, 2002). However, a knockout mouse model for the gasl gene
raised some controversy regarding its anti-proliferative role. In the retina of mutant
animals, cellular overproliferation supported the role for gasl in inhibiting proliferation,
but gasl was also shown to be required for normal cell proliferation in the cerebellum
and the limbs (Liu ef al., 2001; Liu et al., 2002). Overall, evidence suggests that gasl

functions might be tissue-specific (Lee et al., 2001a; Mullor & Altaba, 2002).

1.1.3.2 The growth-arrest-specific gene 2 (gas2)

The gas2 gene codes for a component of the microfilament architecture (Brancolini et al.,
1992). Upon serum stimulation of quiescent cells, gas2 becomes hyperphosphorylated
and this event correlates with the GO to G1 transition in the cell cycle, as well as with the
formation of membrane ruffles (Brancolini et al., 1992; Brancolini & Schneider, 1994).
In addition, gas2 expression induces susceptibility to apoptosis and its cleavage by some
members of the caspase family of enzymes is thought to regulate morphological changes
during programmed cell death (Benetti et al., 2001; Brancolini et al., 1995; Lee et al.,

1999; Sgorbissa et al., 1999). gas2 was also suggested to be involved in regulating



cartilage and skeletal muscle differentiation (Cowled et al., 1994; Lee et al., 1999). In
opposition to what was observed in murine fibroblasts, gas2 expression is upregulated
during exponential cell growth in certain cell types, suggesting a cell-specific regulation

of its expression, as previously mentioned for gasl (Manzow et al., 1996).

1.1.3.3 The growth-arrest-specific gene 3 (gas3)

The product of the gas3 gene is a murine transmembrane glycoprotein preferentially
expressed in Schwann cells of myelinated fibers in the peripheral nervous system (Kuhn
et al., 1993; Manfioletti ef al., 1990; Snipes ef al., 1992). Its human and rat homologues
are known as peripheral myelin protein-22 (PMP-22) (Snipes et al., 1992). Defects in the
gas3/PMP-22 gene are responsible for a set of inherited peripheral neuropathies
characterized by demyelination of the peripheral nerves (Fabbretti et al, 1995;
Hanemann et al, 1994). The role of gas3/PMP-22 in such diseases was linked to
Schwann cell differentiation (Magyar et al., 1996; Spreyer et al., 1991). Overexpression
of gas3/PMP-22 reduces proliferation, inhibits DNA synthesis, and induces apoptosis in
various cells (Fabbretti ef al., 1995; Karlsson et al., 1999; Zoidl et al., 1995; Zoidl et al.,
1997). In addition, gas3/PMP-22 alters cell shape and cell spreading, and proper exposure
at the cell surface would be essential for its biological functions (Brancolini ef al., 2000;
Brancolini ef al., 1999). Finally, gas3/PMP-22 expression could alter intracellular protein
trafficking, by triggering trapping of membrane proteins into vacuoles (Chies et al.,

2003).



1.1.3.4 The growth-arrest-specific gene 5 (gas5)

Tﬁe gas5 gene codes for different spliced mRNAs, with very short open reading frames
(ORFs) and no homology to known sequences, or without any ORF (Raho et al., 2000;
Vacha et al., 1997). Hence, it was recognized that gas5 does not code for a protein (Raho
et al., 2000; Smith & Steitz, 1998; Vacha et al., 1997). However, gas5 spliced mRNAs
are thought to act as small nucleolar RNAs involved in ribosomal RNA processing (Raho
et al., 2000; Smith & Steitz, 1998). Upregulation of the gas5 transcripts was seen in a
variety of growth-arrested cells, as well as in cultured mouse cortical neurons subjected
to hypoxia (Coccia et al., 1992; Jin et al., 2002; Rozental et al., 2000; Smith & Steitz,
1998). Functions suggested for the gas5 gene include roles in the inhibition of cell
proliferation and reg}}lation of cytoskeleton genes (Feldker et al., 2003; Rozental et al.,
2000). In addition, differential analysis of gene expression in two murine strains known
to differ in their genetic suceptibility to hyperthermia-induced neural tube defets showed
a specific expression of gas5 mRNA in the highly sensitive strain, suggesting a role for

gas5 in the susceptibility to hyperthermia (Vacha et al., 1997).

1.1.3.5 The growth-arrest-specific gene 6 (gas6)

The product of the gas6 gene is a vitamin K-dependent ligand for the tyrosine kinases
Sky, Axl and Mer, and shows significant homology to the human protein S, a negative
regulator of blood coagulation (Manfioletti et al., 1993; Nagata et al., 1996; Ohashi et al.,
1995; Stitt et al., 1995). Even though gas6 was first shown to be preferentially expressed
in quiescent cells, its overexpression induces cell proliferation in a wide variety of cell

types (Goruppi et al., 1996; Li et al., 1996; Schneider et al., 1988; Yanagita et al., 2002).



gas6 has been suggested to be involved in many other cellular phenomena such as cell-
cell interactions, anti-inflammatory processes, phagocytosis of apoptotic cells,
development/progression of mammary tumors, platelet aggregation and secretion, bone
loss, and spermatogenesis (Allen ef al., 1999; Angelillo-Scherrer et al., 2001; Avanzi et
al., 1998; Bellosta et al., 1997; Goruppi et al., 1996; Ishimoto et al., 2000; Jiang et al.,

2001; Katagiri et al., 2001; Lu et al., 1999; McCloskey et al., 1997; Nakano et al., 1996).

1.1.3.6 The growth-arrest-specific gene 7 (gas7)

Since the product of the gas7 gene is the main focus of this thesis, its characteristics are
described in detail in a subsequent section (Section 1.2). The main function attributed to
the gas7 protein is to be essential for neurite formation in neuronal cells (Chao ef al.,

2003; Ju et al., 1998; Lazakovitch et al., 1999).

1.1.3.7 The growth-arrest-specific genes 8 and 11 (gas8/gasil)

The gas8 gene was identified in growth-arrested murine NIH3T3 fibroblasts, and gas11
was later shown to be the human counterpart of gas8 (Brenner et al., 1989; Whitmore ef
al., 1998; Yeh et al., 2002). gas8 is predominantly expressed in the testes of adult mice,
and the gasll protein was detected in human sperm flagella (Yeh er al, 2002).
gas8/gasl1 was suggested to be involved in force-generating tasks, and specifically in

sperm motility (Whitmore et al., 1998; Yeh et al., 2002).



1.1.3.8 The growth-arrest-specific gene 9 (gas9)

gas9 codes for a previously known and characterized protein, the platelet-derived growth
factor (PDGF) alpha receptor (PDGFaR) (Lih ef al., 1996). PDGFoR can bind all three
isoforms of PDGF, and signaling through this receptor induces migration and
proliferation of different cell types (Claesson-Welsh, 1996; bLaurent et al., 2003).
Treatment of growth-arrested cells with PDGF stimulates their re-entry into the cell
cycle. Preferential expression of PDGFaR in quiescent cells would thus enable them to

re-enter the cell cycle upon appropriate stimulation (Lih et al., 1996).

1.2 The growth-arrest-specific gas7 protein

1.2.1 Identification of gas7

The gas7 gene was first cloned in 1989, following a retrovirus-based gene search, which
also led to the identification of gas8 (Brenner et al., 1989). Basically, a promoter-less
reporter gene, LacZ, was introduced into a Moloney murine leukemia virus (Mo-MuLV)
construct, which has the ability to fuse with the host genome, at diverse locations but at a
single site in each cell (Brenne} et al., 1989). Expression of the reporter gene, also called
portable exon, in an infected cell shows that the construct has been inserted into an
expressed chromosomal gene. This strategy allows the study of gene expression and
regulation under different conditions. For the present case, murine NIH3T3 fibroblasts
were infected with the LacZ Mo-MuLV construct and two clones showed increased
expression of the reporter gene when cells were subjected to serum deprivation, or grown

to confluence (Brenner et al., 1989). This indicated that the genes into which the portable



Figure 1. The growth-arrest-specific genes are involved in diverse functions

As suggested by their family name, many gas genes are involved in regulating the cell
cycle. gas2, gas6, and gas9 support cell proliferation, whereas gas3 and gas5 promote
growth arrest. Some functions of the gas genes can also be tissue-specific. For example,
gasl was shown to have either a positive or negative effect on cell cycle progression,
depending on the cell type in which it is expressed. gas2 and gas3 were suggested to be
pro-apoptotic molecules and to be involved in regulation of cell differentiation (cartilage
and skeletal muscle cells for gas2, and Schwann cells for gas3). gas8 and gasl1, which
are respectively murine and human homologues, together with gas6, are thought to be
involved in cell motility and spermatogenesis. The main role suggested for gas7 is in

neuronal differentiation.
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exon had been inserted were upregulated during growth arrest. Therefore, the two loci
identified were designated as new members of the growth-arrest-specific family. The
genomic DNA portions flanking the retrovirus inserts were sequenced and named gas7
and gas8 (Ju et al., 1998; Yeh ef al., 2002). In humans, the gas7 gene maps to the short
arm of chromosome 17 (Ju et al., 1998). Its genomic sequence contains 14 exons and
codes for a 412-amino acid protein (accession number O60861; Swiss-Prot), which

shares 97% homology with the gas7 proteins from the mouse and rat species.

1.2.2 Homologies with other proteins or conserved domains

As previously mentioned, no structural similarity is observed among the different gas
genes. However, some regions of the gas7 protein present homologies with known
sequences or domains (Figure 2). The amino-terminal region of gas7 contains a WW
(Trp-Trp) motif, known to modulate protein-protein interactions through proline-rich
regions (Ilsley et al., 2002; Ju et al., 1998; Lazakovitch ef al., 1999). The N-terminal
portion of gas7 also shows similarities to a region of the synapsins Ia and Ib, proteins
involved in the attachment of synaptic vesicles to the cytoskeleton (Ju et al., 1998). In its
C-terminal region, gas7 contains a potential coiled-coil domain, which is similar to the
region of the cytoskeleton-associated protein PSTPIP responsible for its localization in
microfilament-rich structures (Chao et al., 2003; Lazakovitch et al., 1999). Moreover,
gas7 has a Fes/CIP4 homology (FCH) domain, often part of proteins involved in
regulation of cytoskeleton rearrangements (Chao et al., 2003; Fujita et al., 2002). These
features support a potential involvement for gas7 in cytoskeleton-dependent mechanisms.

Finally, gas7 has also been observed to be part of a fusion protein with the mixed lineage

11



Figure 2. Homologies of the mouse gas7 protein with other proteins or domains

Although analysis of gas7’s sequence does not allow the attribution of specific functions,
some regions of the protein present homologies with known sequences or domains.
Numbers refer to the amino acid sequence, from the amino terminal to the carboxy

terminal end.
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leukemia (MLL) protein, following translocation during treatment-related acute myeloid
leukemia (Megonigal ef al., 2000). The MLL-gas7 fusion protein impairs differentiation

and enhances growth of murine hematopoietic cells (So et al., 2003).

1.2.3 gas7 expression is enriched in the brain

The expression of gas7 in primary tissues was mainly characterized in mice (Ju et al.,
1998). Northern analysis, using the murine gas7 full-length cDNA as a probe, showed a
preferential expression of gas7-related RNA in the brain (Ju ef al., 1998). Furthermore,
in situ hybridization and immunohistochemistry of brain sections showed that gas7 is
expressed in the cerebellum, cerebral cortex, and hippocampus (Ju et al., 1998). Some
gas7 RNA sequences were also detected, to a much lower extent, in the heart and testes,
but not in spleen, lung, liver, muscle, or kidney tissues (Ju et al, 1998). In mouse
cerebella, gas7 was shown to be specifically expressed in neurons, but not in astrocytes,
as gas7 expression was observed to colocalize with the neuron-specific microtubule
associated protein II (MAPII), but not with the glia marker glial fibrillary acidic protein
(GFAP) (Ju et al, 1998). The expression of gas7 was selectively detected in the

cytoplasm of both cell bodies and neurites of MAPII-expressing cells (Ju et al., 1998).

1.2.3.1 Differential expression of two gas7 isoforms wi'thin the mouse brain

gas7 is expressed in several isoforms (Chao ef al., 2003; Ju et al., 1998; Lazakovitch et
al, 1999). In the mouse brain, the gas7 gene was shown to produce two different
mRNAs, specifying two protein isoforms: gas7 (also called full-length gas7 or gas7-fb)

and gas7-cb (Ju et al., 1998; Lazakovitch et al., 1999). The former codes for a 48-kDa
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protein mainly found in the forebrain, whereas the latter codes for a 38-kDa protein
preferentially expressed in the cerebellum (Lazakovitch ef al., 1999). Both proteins share
the same C-terminal domain of 321 amino acids (Lazakovitch ef al., 1999). The tissue-
specific expression of the two isoforms suggested that different promoters might regulate
the expression of the two transcripts, but the possibility of alternative splicing could not
be ruled out (Lazakovitch ef al., 1999). The exon/intron organization of the human gas7
genomic sequence is similar to that of the mouse, and human homologues have been

identified for both the gas7 and gas7-cb transcripts (Lazakovitch et al., 1999).

1.2.4 The expression of gas7 is associated with neuronal development

The developmental pattern of expression of gas7 has not been characterized. However,
gas7 expression was shown to be induced during neuronal differentiation of cultured pre-
neuronal rat pheochromocytoma cells (PC12 cells) (Chao ef al., 2003). Treatment of
PC12 cells with nerve growth factor (NGF) led to a rapid and transient increase in the
endogenous production of a 60-kDa gas7 isoform (Chao et al., 2003). The induction of
this gas7 protein, which reached its maximum levels within 3 hours, occured prior to any
morphological signs of differentiation, suggesting a role for gas7 in the early stages of

NGF-induced PC12 neuronal differentiation (Chao et al., 2003).

1.2.4.1 gas7 is essential for and promotes neurite outgrowth
Downregulation and overexpression studies have shown that gas7 is involved in neurite
outgrowth in different neuronal cell systems (Chao et al, 2003; Ju et al., 1998).

Antisense-mediated knockdown of gas7 was shown to prevent the formation of neurites
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in maturing Purkinje cells and in PC12 cells treated with NGF. gas7 was thus suggested
to be essential for neurite outgrowth in developing neurons (Chao et al., 2003; Ju et al.,
1998). Accordingly, overproduction of the gas7 protein resulted in an expanded cellular
morphology and in the extension of neurite-like processes in NIH3T3 murine fibroblasts
and in proliferating Neuro 2A and PC12 cells, two pre-neuronal cell lines (Chao et al.,
2003; Ju et al., 1998). Moreover, in gas7-overexpressing PC12 cells, these membrane
projections were enhanced in both number and length upon addition of NGF (Chao et al.,

2003).

However, the gas7-mediated morphological changes in Neuro 2A cells were not
accompanied by biochemical evidence of neuronal differentiation, such as MAPII
expression (Ju et al., 1998). It has been suggested that gas7 expression may lead to

morphological, but not biochemical, neuronal differentiation (Ju et al., 1998).

1.2.5 gas7 regulates cell morphology partly through binding of F-actin

gas7-induced changes in cellular morphology were hypothesized to depend on actin
microfilament reorganization (She et al., 2002). Destruction of microfilaments by the
actin depolymerizing agent cytochalasin D was shown to prevent the induction of
morphological changes following gas7 overexpression in NIH3T3 fibroblasts (She e? al.,
2002). This suggested that actin polymerization is required for the formation of gas7-
induced membrane extensions (She et al., 2002). Moreover, cell-free assays showed that
gas7 directly binds to F-actin and promotes its polymerization (She et al., 2002).

Colocalization of gas7 with microfilaments in membrane ruffles of NIH3T3 fibroblasts
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further supports the association of gas7 with the actin cytoskeleton (She er al., 2002).
Therefore, gas7 could induce neurite outgrowth through reorganization of the

cytoskeleton.

1.2.5.1 Binding of gas7 to actin is mediated through its C-terminal region

The carboxy-terminal domain of gas7 was shown to mediate its interactions with F-actin
(She et al., 2002). She et al. (2002) showed that the C-terminal region of gas7 was
sufficient to induce actin assembly and crosslinking of microfilaments into bundles. In
contrast, the N-terminal region of gas7 did not bind to actin (She et al., 2002). The
carboxy-terminal requirement for gas7-induced actin reorganization is consistent with the
presence of FCH and coiled-coil domains, respectively known to mediate cytoskeleton
rearrangements and localization in microfilament-rich structures (Fujita et al., 2002;
Iisley et al., 2002). However, even though the C-terminal domain was sufficient for gas7
localization at the membrane and for gas7-induced actin reorganization, the full-length
protein was shown to be necessary to stimulate morphological changes (She ef al., 2002).
Therefore, the association of gas7 with microfilament is not sufficient for gas7’s role in

neurite outgrowth.

1.2.6 Summary of gas7’s function

In brief, gas7 was shown to dramatically alter cellular morphology, inducing the
formation of membrane extensions similar to those observed during neuronal
differentiation (Chao et al., 2003; Ju et al., 1998; She et al., 2002). Downregulation

experiments in different neuronal cell types showed that gas7 expression is required for
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the acquisition of a neuronal phenotype, during neuronal development (Chao et al., 2003;
Ju et al., 1998). Finally, the demonstrated interactions between gas7 and F-actin suggest a
potential involvement for gas7 in cytokeleton remodelling and associated neurite

plasticity (She et al., 2002).

1.3 Neuronal differentiation

The generation of differentiated neurons is a complex process involving interactions
between intrinsic cellular molecules and extrinsic cues, such as growth factors.
Understanding the mechanisms by which precursor cells become neurons is of major
interest in the treatment of neuronal degeneration. The complete intracellular pathways
controlling neuronal differentiation have not been elucidated, but many components have
been identified. Some of the principal events occuring during this cellular process, and in

which gas7 could potentially be involved, are discussed below.

1.3.1 Neuronal cell fate and the cell cycle

During the vertebrate neuronal development program, various differentiative signals
dictate the formation of structures containing neuronal layers made of different types of
neurons (Cremisi ef al., 2003; Ohnuma & Harris, 2003). Cellular proliferation and
differentiation are both tightly regulated at different times during development, and this
requires appropriate control of the cell cycle (Cremisi et al., 2003; Ohnuma & Harris,
2003). Work from McConnell and Kaznowski (1991) indicated that the cell cycle status

has some influence on cellular differentiation. The number of cycles that a proliferating
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cell has been through, as well as the length of the final cycle, are also important factors
(Caviness, Jr. et al., 1999; Ohnuma et al., 2001). Some fates, such as whether to be a
neuronal or a glial precursor, may be determined when a cell is actively proliferating,
whereas other decisions, such as which type of neuron to form, may be made around the
time of the final cycle (Ohnuma et al, 2001). In order for neurons to differentiate,
precursor cells need to leave the cell cycle in G1 and enter GO (Ohnuma & Harris, 2003).
For example, proteins of the retinoblastoma gene family were shown to be essential for
neuronal differentiation, by promoting cell cycle exit (Slack et al., 1998). The time at
which a neuronal precursor exits the cell cycle is the neuron’s “birth date”. Hence,
control of cell cycle exit is highly involved in regulating neuronal differentiation. Cell
cycle progression is“controlled by many positive and negative cues, and different gas
genes have been identified as modulators of the cell cycle (Brancolini et al., 1992;
Brancolini & Schneider, 1994; Claesson-Welsh, 1996; Goruppi ef al., 1996; Laurent et
al., 2003; Li et al., 1996; Liu et al., 2001; Liu et al., 2002; Vacha et al., 1997; Zoidl et
al., 1995). The possibility that gas7 plays such a role in the nervous system has not been

investigated.

1.3.1.1 Coordinated regulation of cell cycle exit and neuronal differentiation

Bidirectional mechanisms are involved in coordinating cell cycle exit with the process of
neuronal differentiation (Caviness, Jr. et al, 1999; Ohnuma et al., 2001). Many
regulators of the cell cycle are known to be involved in neuronal cell fate, and several
differentiation factors were shown to modulate cell cycle progression (Caviness, Jr. et al.,

1999; Cremisi et al., 2003; Ohnuma et al., 2001; Ohnuma & Harris, 2003). For example,
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downregulation of the cell cycle progression effectors, CDK2 and CDC2, was sufficient
to induce neuronal differentiation of PC12 cells (Dobashi et al., 2000). Accordingly,
overexpression of some cell cycle inhibitors, such as p73, was also shown to induce
differentiation (De Laurenzi ef al., 2000). These results suggest that cell cycle arrest can
lead to differentiation of neuronal progenitors. However, overexpression of the PC3
protein, a negative regulator of the cell cycle, was not effective in triggering neuronal
differentiation of PC12 cells (Corrente et al., 2002). Nevertheless, PC3 potentiated NGF-
induced differentiation of these cells, supporting the correlation between cell cycle exit
and neuronal differentiation (Corrente et al., 2002). In vivo, PC3 is transiently expressed
in the developing neural tube, when the neuroblast undergoes the last proliferative cycle
that precedes its diffsrentiation into a mature neuron (lacopetti et al, 1994). PC3’s role as
an inducer of growth arrest would be required for neuronal differentiation and PC3 was
suggested to be a marker for neuronal birth (Tirone, 2001). It might also be involved in
differentiaiton of non-neuronal cells, such as muscle and germ cells (Tirone, 2001). The
naturé of gas7, as a growth-arrest-specific gene, suggests a possible function in regulating
cell cycle progression. This could be part of the mechanism by which gas7 acts on

neuronal differentiation and/or neurite outgrowth.

1.3.2 Neurons develop a particular morphology

The mature nervous system coordinates the different functions of an organism through a
complex arrangement of neurons, which transport information to the various organ
systems (Irwin & Madsen, 1997; Nikolic, 2002). For the nervous system to function

correctly, each neuron must make appropriate connections with hundreds to thousands of
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other cells, and the growth of about one million miles of processes, or neurites, is
required for normal wiring of the human brain (Da Silva & Dotti, 2002; Irwin & Madsen,
1997). This underlines the importance for neurons to develop a proper morphology.
Round neuronal precursors lose their symmetry upon stimulation of morphological
differentiation. The sprouting of neurites, which will later become axons and dendrites, is
an important event in early neuronal differentiation (Da Silva & Dotti, 2002). Elongation
of neuronal processes, at the right time and in the right direction, forms the basis for
neuronal connectivity and, consequently, brain function (Da Silva & Dotti, 2002). Since
the gas7 protein was shown to promote neurite outgrowth, better understanding of its role
may lead to an improved comprehension of neurite formation.

1.3.2.1 Initiation of neurite outgrowth

More than 100 years ago, Ramon y Cajal (1890) revealed that growing neurites have at
their endings actively motile structures, involved in protrusion of membrane extensions.
He called them growth cones (Ramon y Cajal, 1890). Their periphery is enriched in actin
microfilaments, whereas their central cytoplasmic domain is rich in microtubules and
connects with the cell body. These specialized structures are guided by extracellular cues
to elongate neurites, change their direction, branch, or retract. They probe their
environment for guidance cues, which can be surface-bound molecules or diffusible
factors (Landmesser, 1994; Suter & Forscher, 2000). Signals, which are often regulated
through members of the small Rho family of GTPases, are then sent to the actin
cytoskeleton and result in membrane extension or retraction at the leading edge of

neurites (Landmesser, 1994; Van Veen & Van Pelt, 1994).
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1.3.3 Actin dynamics during neurite outgrowth

Neurites’ shape and motility are regulated by proteins of the cytoskeleton (Wills et al.,
1999). Specifically, microtubules are essential for structural integrity and organelle
transport to growth cones, and actin filaments are the basis for neurite motility and
extension (Mikoshiba et al., 1999; Suter & Forscher, 2000; Van Veen & Van Pelt, 1994).
Actin assembly in growth cones causes the formation of lamellipodia, which are thin
protrusive sheets filled with actin meshworks, and filopodia, which are finger-like
projections made of actin bundles (Da Silva & Dotti, 2002; Meyer & Feldman, 2002).
These highly motile structures are found at the leading edge of neurites, and act as
sensors for extracellular cues. The elogation of filopodia into growing neurites is
mediated through re?rganization of the actin cytoskeleton (Letourneau, 1996). Neurite
formation and extension is thus directly linked to actin dynamics in growth cones, such as
polymerization, crosslinking, and bundling (Letourneau, 1996). These events are locally
regulated by a vast array of actin binding proteins, and the gas7 protein could be one of

them (Jay, 2000; She et al., 2002).

1.3.3.1 Important roles for actin binding proteins

The actin cytoskeleton is central to every step of morphogenic changes in neurons. More
than 100 actin binding proteins control filament dynamics, and many of them have been
implicated in the regulation of neurite extension (Hu & Reichardt, 1999; Letourneau,
1996; Pollard & Borisy, 2003). In general, proteins that induce actin assembly, either
through polymerization, nucleation of new actin branches, or crosslinking of actin

filaments, are believed to increase neurite outgrowth (Goldmann et al., 1999; Hu &
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Reichardt, 1999; Meyer & Feldman, 2002; Varnum-Finney & Reichardt, 1994).
However, some proteins that promote disassembly of actin filaments, such as the actin
depolymerising factor (ADF) and cofilin, have also been shown to facilitate neurite
extension (Furnish et al., 2001; Kuhn et al., 2000; Meberg & Bamburg, 2000; Meyer &
Feldman, 2002). Consequently, it is thought that increased actin turnover, rather than
polymerization per se, drives neurite outgrowth mediated by actin binding proteins
(Cooper & Schafer, 2000; Kuhn et al., 2000; Meyer & Feldman, 2002). As previously
mentioned, gas7 was shown to bind to F-actin and to induce its assembly in in vitro cell-
free assays (She ef al., 2002). Microfilament reorganization was suggested to play an
important role in gas7-promoted neurite outgrowth (She et al., 2002).

1.3.4 Neuronal differentiation and neuroprotection

Many neurotrophic factors, such as NGF, cyclic adenosine monophosphate (cAMP), and
retinoic acid (RA), have been shown to be pro-survival molecules, in addition to their
role in neuronal differentiation (Boniece & Wagner, 1995; Kimura & Schubert, 1992).
Several other molecules, such as the cell cycle inhibitor PC3, the Ras-like Rit GTPase,
and the neural cell adhesion molecule (NCAM), were also shown to promote
differentiation and/or neurite outgrowth, as well as neuroprotection (Corrente ef al., 2002;
El Ghissassi et al., 2002; Pedersen et al., 2004; Spencer et al., 2002). Therefore, there is a
correlation, although not absolute, between the processes of neuronal differentiation and

neuroprotection.
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Few studies have suggested that NGF-induced differentiation and survival would occur
through distinct mechanisms, respectively involving the extracellular signal related
kinase (ERK) and the phosphatidylinositol-3 kinase (PI3-kinase) pathways (Barnabe-
Heider & Miller, 2003; Klesse et al., 1999). However, others have shown that convergent
pathways might lead to differentiation and protection (Boniece & Wagner, 1995; Spencer
et al., 2002). For example, blocking the ERK pathway inhibited both Rit-induced survival
and differentiation of neuronal pheochromocytoma cells (Spencer et al., 2002). In
addition, the ERK and PI3-kinase pathways have common upstream regulators, such as
several tyrosine kinases, linking the neuronal differentiation and neuroprotection
processes (Barnabe-Heider & Miller, 2003). Hence, the role of the gas7 protein in
neuronal developmer‘l_t' could uncover a potential neuroprotective role. The stimulation of
neuronal differentiation and rescue of damaged neurons is an attractive strategy for the

treatment of neurodegenerative diseases, such as stroke.

1.4 Promoting neuronal plasticity and neuronal differentiation to repair

the brain

Before the 1950’s, the scientific community believed that the adult human brain was
controlled by static connections and had no regenerative capability. Damage to the brain
was therefore thought to result in permanent loss of function (Ramon y Cajal, 1913).
However, many clinical observations showing progressive recovery of function following
brain injury were in disagreement with this hardwired view of the brain. The concept of

brain plasticity, which involves dynamic changes in the brain circuitry, emerged in 1949
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when Hebb proposed that cortical connections could be remodeled by experience (Hebb,
1949). Growth of neurites was proposed to continue in the life of a neuron and to be
important for memory (Hebb, 1949; Jenkins & Merzenich, 1987). It was also shown that
the functional role of a damaged brain region could be “taken over by still intact
portions” of the cortex, suggesting that cortical representations could reorganize (Cole &
Glees, 1954). Complimentary to the discovery of brain plasticity, Joseph Altman and his
colleagues showed, in the late 1960’s, that the adult rat brain could also produce new
neurons (Altman, 1969; Altman & Das, 1965). Many studies have since dealt with
neuronal differentiation in adult brains of different species, including monkeys and
humans (Eriksson et al., 1998; Kirschenbaum er al., 1994). These newly-generated
neurons were recentlz shown to form functional connections, suggesting their integration
into the existing circuitry (Van Praag er al., 2002). About 10 years ago, neuronal
precursor cells were isolated from the adult mammalian central nervous system,
providing a cellular mechanism for the production of new neurons in the adult

mammalian brain (Gage et al., 1995; Reynolds & Weiss, 1992; Richards et al., 1992).

It is now accepted that cortical map remodeling and neuronal differentiation are
continuous, ongoing, normal processes (Eriksson et al., 1998; Jenkins & Merzenich,
1987, Van Praag et al, 2002). Understanding and enhancing the adaptative and
regenerative abilities of the brain may lead to improved rehabilitative therapies for
neurodegenerative conditions, such as stroke. Recent data raise the possibility that
amplification of neuronal plasticity and neuronal differentiation might be of therapeutic

value (Adkins-Muir & Jones, 2003; Biernaskie & Corbett, 2001; Jin et al., 2004,
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Nakatomi et al., 2002; Plautz et al., 2003; Steiner et al., 1997; Stroemer et al., 1995;
Zhang et al., 2001). According to its role in neuronal development, gas7 could be a target

for such brain repair approaches.

1.4.1 Brain plasticity: a repair strategy

As previously mentioned, brain injury can result in cortical reorganization. Surrounding
areas gain new receptive fields to control the tissues formerly represented by the infarcted
zone and this re-emergence of the lost representation is believed to partially account for
functional recovery following brain damage (Jenkins & Merzenich, 1987; Merzenich et
al., 1983; Merzenich et al., 1984; Stroemer et al., 1998; Wall et al., 1986). Adult human
brains also use plastigity to cope with aging. Regions of the brain presenting age-related
neuronal loss were shown to undergo extensive dendritic proliferation as a compensatory
response to death of neighbouring neurons (Coleman & Flood, 1986; Van Ooyen & Van
Pelt, 1994). In vitro and in vivo experiments have suggested that stimulation of neurite
outgrowth can accelerate functional recovery (Adkins-Muir & Jones, 2003; Biernaskie &
Corbett, 2001; Keyvani & Schallert, 2002; Plautz er al., 2003; Steiner et al., 1997,
Stroemer et al., 1995). Chemical induction of neuritogenesis was shown to promote
morphological and functional recovery from sciatic nerve lesion in rats, and to induce
dopamine fiber reinnervation to the striatum in models of Parkinson’s disease in rats and
mice (Steiner ef al., 1997). Studies conducted with monkeys have also shown that cortical
electrical stimulation and enriched environments lead to increased cortical dendritic
surface area, associated with greater functional recovery from cortical ischemia (Adkins-

Muir & Jones, 2003; Biernaskie & Corbett, 2001; Keyvani & Schallert, 2002; Plautz et
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al., 2003). In all cases, increased dendritic branching would provide more surface area for

axodendritic connections (Stroemer et al., 1995).

1.4.2 Neuronal differentiation and brain recovery

As for many tissues, such as skin and muscle, it was suggested that the brain could have
repair mechanisms allowing the replacement of dying cells (Kokaia & Lindvall, 2003).
Various brain insults, including ischemia and epileptic seizures, were shown to
upregulate the formation of new neurons in adult mammalian brains. Even though
neurogenesis following epileptic insults might play a pathophysiological role,
differentiation of neuronal precursors following ischemia was strongly suggested to be
involved in functiongl recovery (Liu et al., 1998; Nakatomi et al., 2002; Parent et al.,
1997; Takagi et al., 1999). Administration of growth factors, such as fibroblast growth
factor-2 (FGF-2) and epidermal growth factor (EGF), and of nitric oxide was shown to
promote the differentiation of new neurons, which was accompanied by functional
improvement (Nakatomi et al., 2002; Zhang et al., 2001). The induction of neuronal

differentiation is thus an interesting strategy against neurodegeneration.

1.5 The PC12 cell system as a model to study the role of the gas7 protein

Clonal cell lines expressing neuronal properties are useful models to study the nervous
system at the molecular level. The PC12 cell line was established in 1976 and is derived
from a pheochromocytoma (tumor of the adrenal gland) passaged subcutaneously in New

England Deaconess Hospital strain white rats (Greene & Tischler, 1976). These cells can
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be differentiated into neurons by treatment with nerve growth factor (NGF). PC12 cells
were chosen as the main cell model for this study for multiple reasons. First, cell lines are
easy to transfect and to infect, allowing overexpression and downregulation experiments
for functional studies. In addition, neuronal differentiation of this cell model has been
extensively characterized, and many neuroprotective strategies have been explored in
PC12 cells, two cellular processes in which gas7 could be involved. Finally, as previously
mentioned, endogenous expression of gas7 has recently been observed in PC12 cells and

was shown to be important for their neuronal differentiation (Chao et al., 2003).

1.5.1 Characteristics of undifferentiated PC12 cells

PC12 cells can be grown in standard serum-containing media, in which they undergo
mitosis with an apparent doubling time of 48 to 92 hours (Fujita et al., 1989; Greene &
Tischler, 1976). They have a round or polygonal shape, tend to grow in small clumps,
attach loosely to plastic culture surfaces, and are not viable in serum-free media (Fujita et
al., 1989; Greene, 1978; Greene & Tischler, 1976). PC12 cells present characteristics of
chromaffin cells, as they contain intracellular dense core granules and have the ability to
synthesize, store, and release the catecholamines dopamine and norepinephrine (Greene,

1978; Greene & Tischler, 1976).

1.5.2 NGF-induced neuronal differentiation of PC12 cells
NGF is a polypeptide involved in the development and maintenance of sympathetic and
certain sensory neurons (Gunning et al., 1981). Upon treatment with NGF (usually

around 50 ng/mL), PC12 cells cease to divide and extend long, fine, and branching
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neuronal-like processes within a week (Greene, 1978; Greene & Tischler, 1976; Gunning
et al., 1981). These fibers contain small vesicles, which accumulate in process
varicosities and endings (Greene & Tischler, 1976). The PC12 neuronal-like phenotype
resembles that of cultured primary sympathetic neurons (Greene & Tischler, 1976).
Moreover, NGF treatment of PC12 cells induces electrical excitability. In the absence of
NGF, cells express a variety of ion channels (sodium, calcium, potassium), but show low
excitability. In the presence of NGF, there is an increase in the density of sodium
channels and cells acquire neuronal excitability (Fujita et al., 1989; Greene, 1978;
Gunning et al., 1981). Other factors, such as cyclic adenosine monophosphate (cAMP)
and basic and acidic fibroblast growth factors (bFGF and aFGF), have also been shown to
have neuronal differentiative effects on PC12 cells (Greene & Tischler, 1976; Rydel &
Greene, 1987). In contrast, EGF was shown to promote persistent proliferation of PC12

cells (Boonstra et al., 1985).

Briefly, PC12 cells can display characteritics of either chromaffin cells or sympathetic
neurons, two neuronal cell types of the adrenal medulla, under appropriate conditions.
They therefore possess a certain pluripotency and may be analogus to precursor cells

derived from the neural crest (Greene, 1978; Greene & Tischler, 1976).

1.5.2.1 Expression of neuronal markers in differentiating PC12 cells
The neuronal differentiation process is accompanied by the expression of neuron-specific
proteins, involved in various roles. For example, the ability of neurons to contact each

other and to receive or send information is in part controlled by the expression of
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cytoskeleton proteins and neurotransmitter receptors and vesicles. Also, neurons maintain
specific membrane properties partly through the expression of tightly regulated ion
channels. NGF-mediated neuronal differentiation of PC12 cells induces the expression of
several neuronal proteins, or neuronal markers. Cytoskeleton elements, like
neurofilament proteins, BIlI-tubulin (TUJ-1), and the microtubule associated protein II
(MAPII), axonal proteins, like the dihydropyrimidinase-related protein 3 (DRP-3),
vesicular proteins, like synaptotagmin (STG), synapsins, and the 25 kDa synaptosomal
associated protein (SNAP-25), and receptors, like the alpha-7 subunit of the acetylcholine
receptor (AChR-a7) are upregulated by NGF (Byk et al., 1998; Dobashi et al., 2000a;
Henderson et al., 1994; Hepp et al., 2001; Minturn et al., 1995; Ohuchi et al., 2002;
Romano et al., 1987, Takahashi et al., 1999; Tao-Cheng et al., 1995; Xiao et al., 2002).
The physiological roles of the four neuronal markers used in this study, TUJ-1, STG,

AChR-a7, and DRP-3 are described below.

TUJ-1 is the only neuron-specific beta tubulin isoform and its expression was shown to
increase following stimuli for neurite growth. It is therefore thought to be involved in
microtubule dynamics during neurite formation (Moskowitz et al., 1993). STG is a
membrane protein of synaptic vesicles and is believed to function as a calcium sensor that
triggers calcium-dependent exocytosis (Meldolesi & Chieregatti, 2004). Following
depolarization, increases in intracellular levels of calcium would induce conformational
changes of STG and allow it to interact with pre-synaptic membrane proteins, resulting in
the fusion of vesicles with the plasma membrane (Meldolesi & Chieregatti, 2004).

AChR-a7 is a subunit found in neuronal nicotinic acetylcholine receptors. These
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receptors are ligand-gated cation channels activated by the neurotransmitter
acetylcholine, or by nicotine or other nicotinic agonists (Avila ef al., 2003). They are
expressed throughout the central nervous system and play a key role in synaptic
transmission and information transfer (Avila er al, 2003; Henderson er al, 1994).
Finally, DRP-3 (also called TUC-4, CRMP-4, ULIP-1, or TOAD-64) is an axonal protein
almost exclusively expressed in the brain and its expression is differentially regulated
during development (Byk et al., 1998). DRP-3 was suggested to be involved in neurite

outgrowth and axonal guidance (Quinn et al., 1999).

1.5.3 PC12 cells as a model to assess neuroprotection

Even though in vitro models are not an exact representation of physiology, they are
useful to study the effects of potential clinical drugs on cell biology and biochemistry.
Cell cultures can be easily used for screening, characterization, and validation of new
protective compounds. PC12 cells have been a popular model in neuroscience research
on diseases such as Parkinson’s, Alzheimer’s, and stroke (Tabakman et al., 2002).
Moreover, many signaling pathways have been well characterized in this neuronal cell
line. It is therefore possible to dissect mechanisms of cell death involved in different
pathological conditions, while the heterogeneity of primary neuronal cultures often
complicates the analysis of neuronal death or survival pathways. To reproduce
neuropathophysiological situations, different toxicity assays have been developed with
both undifferentiated and NGF-differentiated PC12 cells. This study focused on three

different insults: oxygen-glucose deprivation (OGD), calcium overload induced by the
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calcium ionophore A23187, and oxidative stress mediated by the nitric oxide donor

sodium nitroprusside (SNP).

1.5.3.1 Physiological relevance of cytotoxicity induced by OGD, A23187, and SNP in
PC1I2 cells

OGD has been extensively used to mimic ischemic insults. This in vitro model of
ischemia combines hypoxia/anoxia with glucose deprivation and eventually results in cell
death. PC12 cells have been widely used to test the neuroprotective capacities of various
compounds (growth factors, antioxidants, and others) against such an insult (Abu-Raya et
al., 1999; Abu-Raya et al., 2002; Boniece & Wagner, 1993; Boniece & Wagner, 1995;
Tabakman et al., 20(12; Tabakman et al., 2004). Calcium is an important signaling agent
in mammalian cells. However, sustained high intracellular calcium concentrations initiate
cascades of signals leading to activation of phospholipases, endonucleases, and calcium-
dependent proteases, which ultimately threaten cell viability (Ray ef al., 2000). Calcium
overload is known to be part of the pathology of neurodegenerative diseases such as
Alzheimer’s, Parkinson’s, and stroke (Tabakman et al., 2002). The calcium ionophore
A23187 is a transporter for divalent cations that gets inserted in the cell membrane and
induces calcium influx in the cells (Ray et al., 2000). Finally, exogenous application of
SNP is a source of nitric oxide (NO). As for Ca®>*, NO is involved in many signaling
pathways as a second messenger. Elevated levels of NO combine with cellular
superoxide anions (O;") to form a transient metabolite, peroxynitriate (OONO") (Sarker et
al., 2003). As well, NO can induce iron release from ferritin, disrupting iron homeostasis

and leading to increased levels of reactive oxygen species (Desole et al., 1998). NO-
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induced oxidative stress is known to participate in cell death involved in ischemia and

Parkinson’s (Sarker et al., 2003).

Studies in PC12 cells using these three toxicity paradigms are not consistent in defining
the type of cell death induced. In either undifferentiated or differentiated PC12 cells,
OGD was mostly shown to induce apoptosis (Tabakman et al., 2004). However, while
some experiments involving calcium or nitric oxide toxicity have shown the presence of
apoptotic features, such as caspase-3 activity, DNA fragmentation, and chromatin
condensation, others have suggested that the apoptotic pathway is not involved (Desole et
al., 1998; Michel et al., 1994; Ray et al., 2000; Sarker et al., 2003; Umegaki ef al., 1996;
Wada et al., 1996).:l"herefore, it is not clear if A23187 and SNP induce apoptotic or

necrotic cell death in PC12 cells.

1.6 Goals of this thesis

1.6.1 Statement of the problem

The regenerative capacities of the brain are far from being understood. New strategies for
brain repair include the exploitation of the brain’s intrinsic plasticity and neurogenesis
abilities. Identification and characterization of factors and conditions regulating the
mechanisms involved in neuritogenesis, neuronal differentiation, and survival are of great
importance. Such information could lead to the application of new approaches to repair
injured or diseased neuronal tissues. Better understanding of the functions of the gas7

protein might thus come to be of therapeutic value in the treatment of neurodegenerative
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conditions. The gas7 gene itself may be a direct therapeutic target or alternatively
studying the actions of this gene may lead to a better comprehension of

neurodegeneration.

1.6.2 Hypotheses and Objectives

Hypothesis 1: Overexpression of gas7 will enhance neuronal differentiation

The expression of gas7 was shown to be essential for neuronal differentiation of cultured
PC12 cells (Chao et al., 2003). In addition, overexpression of gas7 in different neuronal
cell lines induces morphological changes similar to those observed during neuronal
differentiation (Chao et al., 2003; Ju et al., 1998). Many molecules involved in the
process of neuronal differentiation are known to have the ability to potentiate this cellular
phenomenon, when overexpressed (Corrente et al., 2002; Liu et al., 2003; Zhou et al.,
2003). Therefore, it was proposed that overexpression of gas7 would potentiate neuronal

differentiation.

In order to assess this hypothesis, the first objective of this thesis was to determine the
effects of gas7 overexpression on the neuronal differentiation of PCI12 cells.
Overexpression of the gas7 protein aimed at reproducing the published data, suggesting
that gas7 induces neurite outgrowth (Chao et al., 2003; Ju et al., 1998). The effects of
gas7 on neuronal differentiation, at both the morphological and biochemical levels, were

also evaluated in the absence or presence of NGF.
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Hypothesis 2: gas7 is differentially regulated during neuronal differentiation

Proteins’ functions are often accompanied by changes in their expression. Depending on
its function, a protein can be downregulated to reduce inhibitory signals, or upregulated
to increase stimulatory signals. During neuronal differentiation, molecules involved in
different aspects of the phenomenon are differentially expressed at different stages of

differentiation.

The second objective of this thesis was therefore to determine the pattern of endogenous
gas7 expression during neuronal differentiation. In addition to PC12 cell extracts, cDNA
and protein samples from human NT2 cells, at different time points during the course of
neuronal differentiatiqn, were also analyzed for the expression of gas7. This cell system

is a relevant human model of neuronal differentiation

Hypothesis 3: gas7 can act as a neuroprotective molecule

As previously discussed, various effectors of neuronal differentiation have been shown to
be pro-survival molecules (Boniece & Wagner, 1995; Corrente et al., 2002; El Ghissassi
et al., 2002; Kimura & Schubert, 1992; Pedersen et al., 2004; Spencer et al., 2002). It
was thus hypothesized that gas7 could protect cells from lethal insults, possibly through

mechanisms common with the neuronal differentiation process.

To verify this last hypothesis, the third objective of this thesis was to assess the potential
protective role of gas7 in the PC12 cell model. The first step of this objective was to

design toxicity paradigms. In order to test neuroprotective strategies, the various toxicity

34



assays had to generate a mild insult (about 50% cell death), which can be attenuated by
the presence of pro-survival molecules. Then, the gas7 protein was overexpressed prior to

the insults, to evaluate its ability to protect the cells.
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CHAPTER 2

METHODS



2.1 Cell culture

2.1.1 PC12 cell culture

Rat pheochromocytoma cells (PC12; ATCC, CRL-1721) were provided by Dr. Balu
Chakravarthy [National Research Council, Institute for Biological Sciences (NRC, IBS),

Ottawa, ON, Canada] and used at passages 5-30. Cells were plated in plastic dishes or
multiwell plates (VWR International, Chicago, IL, USA) coated with poly-L-lysine
(Sigma, St. Louis, MO, USA). Surfaces were treated with 25 pg/mL of poly-L-lysine in
phosphate buffered saline (PBS: 140 mM NaCl, 4 mM KCl, 0.5 mM Na,HPO4, 0.15 mM
KH,PO4, pH 7.2; all reagents from Sigma) for 3 hours and washed twice in water.
Growth media consisted of high glucose Dulbecco’s modified Eagle’s medium (HG-
DMEM,; Invitrogen, Bethesda, MD, USA) supplemented with 10% heat-inactivated horse
serum (HS; HyClone, Logan, UT, USA) and 5% heat-inactivated fetal bovine serum
(FBS; Wisent Inc., St. Bruno, QC, Canada), and cultures were maintained in a humidified
atmosphere of 5% CO, at 37°C. Cells at low passage were frozen in growth media
supplemented with 5% dimethylsulfoxide (DMSO; Sigma) at -80°C overnight, and
transferred to liquid nitrogen for long-term storage. When starting a culture, cells were
rapidly thawed in a water bath a room temperature and resuspended in growth media.
Media was replenished 2-3 times a week and subcultures were performed using trypsin-
EDTA (Invitrogen). Cells were washed twice in PBS, to remove all serum proteins which
could inhibit the trypsin, and incubated with 0.05% trypsin at 37°C for 5 minutes. Growth
media was added to the resulting cell suspension (1:1), to inhibit the trypsin, and
repetitive pipetting was used to further dissociate the cells. Cells were then collected by

centrifugation (200g, 1 minute), resuspended in growth media, and counted with the use
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of a Levy Hemacytometer (VWR International). Specific densities of plating depended
on the experiments performed and most treatments were done 16 to 24 hours after plating

(see the different experimental sections).

2.1.2 PC12 neuronal differentiation

For neuronal differentiation, PC12 cells were plated at a density of 5 x 10* cells/cm? in
poly-L-lysine-coated plates or dishes. Differentiation media was made up of HG-DMEM
supplemented with 2% HS, 1% FBS, and 50 ng/mL of nerve growth factor (NGF, 2.5S;
Alomone Labs, Israel) and was added to cultures 16 hours after plating. This media was
replenished every 48 hours and observations and treatments were performed at different

time points, until up to 5 days.

2.1.3 NT2 culture conditions

cDNA preparations and protein samples from human embryonic teratocarcinoma
Ntera2/D1 cells (NT2; Stratagene, La Jolla, CA, USA), extracted at different time points
during neuronal differentiation triggered by all-frans retinoic acid (RA; Sigma), were
provided by Dr. Dao Ly and Kirsty Malone (NRC, IBS), respectively. Briefly, the NT2
precursor cells were plated in 75-cm? flasks (VWR International) at 2 x 10* cells/cm? and
the differentiation process involved a 4-week treatment in HG-DMEM supplemented
with 10% FBS and 10 uM RA. This differentiation media was replenished 3 times a
week and at the end of the fourth week, both neuronal and astrocytic cells and cell
precursors were present in the cultures (Sandhu ef al., 2002; Sandhu ef al., 2003). At this

stage, cells were harvested by trypsinization, as described for PC12 subcultures, and
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plated at a 1:5 dilution in HG-DMEM and 10% FBS without RA. After 2 days, neuronal
cells and cell precursors were separated from the underlying astroglia by gentle
trypsinization (0.01% trypsin) and seeded into dishes coated with matrigel (Collaborative
Research/Becton Dickinson, Bedford, MA, USA). Cells were placed in HG-DMEM and
10% FBS supplemented with the DNA synthesis inhibitors 1-B-D-
arabinofuranosylcytosine (1uM), 5-fluoro-2’-deoxyuridine (10 pM), and uridine (10 uM)

(all from Sigma).

2.2 gas7 overexpression in PC12 cells

To study the effects-of the gas7 protein on neuronal differentiation and neuroprotection,

the gas7 protein was overexpressed in PC12 cells using adenovirus infections.

2.2.1 The gas7 adenovirus

A replication-defective adenovirus expressing the green fluorescent protein (GFP) and
containing the coding sequence for the murine gas7 full-length protein (mRNA sequence
accession number U19860, NCBI) was the kind gift from Dr. Sheng T. Hou and Dr. Deqi
Huang (NRC, IBS). Briefly, gas7 cDNA was ligated into a transfer vector (PQBI-
AdCMV5-GFP; Qbiogene, Inc., Montreal, QC, Canada) (Figure 3), and the resulting
contruct was linearized and introduced into HEK293A cells (Qbiogene), together with
linear viral DNA (Qbiogene). The subsequent homologous recombination yielded

recombinant viral particles expressing the gas7 gene, which was verified using PCR and
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Figure 3. The transfer vector used to create the gas7 adenovirus

A replication-defective adenovirus containing the murine full-length gas7 ¢cDNA was
produced for overexpression studies. The gas7 sequence (mRNA sequence accession
number U19860, NCBI) was introduced into the construct PQBI-AdCMVS5-GFP
(Qbiogene, Inc., Montreal, QC, Canada), after digestion with Pme I and Bgl II. The
construct also coded: .for the green fluorescent protein (GFP) and both gas7 and GFP
expression were under independent cytomegalovirus promoters (CMV). Both coding
sequences were also followed by a polyadenylation signal (PA). A portion of the
adenovirus 5 DNA (AdS5) allowed homologus recombination with additional viral DNA,
for the production of viral particles. Finally, the transfer vector also contained an origin
of replication (ori), a gene for ampicillin resistance (Amp"), and inverted terminal repeats
(ITR). The PQBI-AdCMVS5-GFP construct, without the insertion of the gas7 cDNA

sequence, was also used to produce the control GFP adenovirus.
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Western blotting. The recombinant adenovirus was propagated in HEK293A cells,
purified using a cesium chloride gradient, and titrated using a standard plaque assay. To
evaluate non-specific effects resulting from the infection process itself, a similar
adenovirus construct without the gas7 cDNA sequence (GFP adenovirus; provided by Dr.

Hou and Dr. Huang) was also used.

2.2.2 Adenovirus infection

PC12 cells were plated at 10° cells/cm” and allowed to adhere to culture dishes for 24
hours before infection. For toxicity experiments with differentiated cells, cells were first
incubated for 5 days in differentiation media and replated 24 hours before infection, at
the same density as tl“l_e undifferentiated cells. For all of the following steps, differentiated
cells were kept in differentiation media, whereas growth media was used for
undifferentiated cells. Cells were incubated for 16 hours with the virus diluted in the
appropriate media (see Section 2.2.3 for virus concentrations), after which time the media
was replenished to remove extra viral particles. Morphological observations and protein
extractions were made at different time points and toxicity assays were performed 48

hours post-infection (Section 2.7).

2.2.3 Multiplicities of infection (MOIs)

MOIs of 1, 3, 5, and 10 plaque-forming-units (pfu) per cell were tested to determine the
best conditions of infection, for both the GFP and the gas7 adenoviruses. The infection
efficiency was evaluated by counting the number of infected cells, or GFP-expressing

cells, and dividing by the total number of cells. As shown in Figure 4A-B, 3 MOIs of the
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Figure 4. Efficiency of the infection process

PC12 cells were incubated with viral suspensions of the control GFP adenovirus (3
MOIs) or the gas7 adenovirus (1 MOI) and observations were made 48 hours post-
infection. A. Micrographs of cells infected with the GFP adenovirus (a, b) or the gas7
adenovirus (c, d). a and c (transmitted light) show the same fields as b and d (GFP
fluorescence), respectively. B. Percentages of infectivity. The infection conditions led to
37% of cells infected with the GFP adenovirus and 40% with the gas7 adenovirus. Data
are shown as means * SEM. Results represent 3 independent experiments performed in
duplicate and a total of at least 600 cells were counted per condition. Means were
compared by ¢ test and were not significantly different (p > 0.05). C. Analysis of gas7
protein expression following infection. Cells infected with the gas7 adenovirus showed a
marked increase in gas7 protein as shown by Western blotting with the gas7 full-length
antibody (p <0.05). Similar results were obtained with the gas7 C-terminal antibody
(data not shown). gas7 protein levels were normalized to that of GAPDH and results
represent 3 independent experiments. Data was analyzed by ANOVA and when

significant differences were observed, Tukey’s test was used for multiple comparisons.

The asterisk indicates a mean significantly different from the other conditions.
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GFP adenovirus and 1 MOI of the gas7 adenovirus resulted in an infectivity of about

40%, 48 hours post-infection. The gas7 adenovirus was also very efficient in
overexpressing the gas7 protein (Figure 4C). The observed gas7 band corresponded to the
predicted molecular weight for the murine full-length gas7 protein, of 48 kDa (Ju et al.,
1998). These conditions were chosen for subsequent infections, as higher MOIs (3 and 5
for the gas7 and GFP adenoviruses, respectively) resulted in some cellular toxicity 3 days

after infection (data not shown).

2.3 Evaluation of protein expression

2.3.1 Protein extraction

Cells were rinsed once with PBS, collected in the same buffer by scraping, and pelleted
by centrifugation (200g, for 1 minute at 4°C). Cells were then resuspended in hypotonic
lysis buffer (1 mM NaHCOs;, 5 mM MgCl,, pH 7.5; all reagents from Sigma),
supplemented with protease inhibitors (protease inhibitor cocktail, 1:500; Sigma)
vortexed for 1 minute, and sonicated for 5 seconds. Cell lysates were centrifuged at
1000g for 10 minutes at 4°C, and supernatants, containing membrane and cytosolic
proteins, were transferred to fresh tubes. One-third the volume of 4X modified Salter’s
buffer (4X MSB; 200 mM Tris-HCI, 4% NP-40, 2% sodium deoxycholate, 0.4% SDS,
600 mM NaCl, 4 mM EDTA, 1:125 protease inhibitor cocktail, pH 7.4; all reagents from

Sigma) was added and membrane proteins were allowed to solubilize for 30 minutes at
4°C. Protein concentrations were determined by the Bradford method (Bio-Rad Protein

Assay; Bio-Rad, Hercules, CA, USA).
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2.3.2 Protein separation and Western blotting

Twenty-five ug of proteins in loading buffer [5S mM Tris-HCI, 5% glycerol (Bio-Rad),
5% B-mercaptoethanol (BME; Invitrogen), 3% sodium dodecylsulfate (SDS; Sigma),
0.5% bromophenol blue (Anachemia, Rouses Point, NY, USA), pH 6.8] were separated
by denaturating polyacrylamide gel electrophoresis (SDS-PAGE) on 10% acrylamide
gels [separating gel: 375 mM Tris-HCI, 10% polyacrylamide (Sigma), 0.1% SDS,
0.125% ammonium persulfate (APS; Sigma), 0.125% tetramethylethylenediamine
(TEMED; Sigma), pH 8.8; stacking gel: 125 mM Tris-HCl, 6% polyacrylamide, 0.1%
SDS, 0.1% APS, 0.2% TEMED, pH 6.8], for about 1 hour at 150 volts. Proteins were
then transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad) by

electroblotting for 16 hours at 100 milliamperes.

Membranes were blocked in 1% bovine serum albumin (BSA; Sigma) and 1% dry milk
powder in tris-buffered saline Tween-20 [TBS-T: 10 mM Tris-HCI, 150 mM NacCl,
0.05% Tween-20 (Sigma), pH 8.0] for 1 hour at room temperature and incubated
overnight at 4°C with the appropriate primary antibody, diluted in blocking solution (see
Table 1 for dilutions). After 3 washes of 10 minutes in TBS-T, membranes were
incubated with horseradish peroxidase-conjugated secondary antibodies diluted in TBS-T
buffer for 1 hour at room temperature. Goat anti-rabbit IgG and sheep anti-mouse IgG

(both from Sigma) were used at 1:60,000 and bovine anti-goat IgG (Santa Cruz

Biotechnology, Inc., Santa Cruz, CA, USA), at 1:10,000. After 3 washes in TBS-T, the
proteins of interest were visualized with chemiluminescence reagents (ECL-Plus;

Amersham Biosciences, Piscataway, NJ, USA). To re-probe a membrane with a different
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Table 1. Working dilutions for the different primary antibodies

Target Molecular Antibody Source
protein weight Dilution
AChR-a7 40-60 kDa 1:1,000 Santa Cruz Biotechnology, Inc.

Santa Cruz, CA, USA

DRP-3 64 kDa 1:20,000 BD Biosciences
Mississauga, ON, Canada

GAPDH 34 kDa 1:40,000 Chemicon International, Inc.
Temecula, CA, USA

gas? - T 1:4,500 T
(full-length) 60 kDa in Dr. Sue Lin-Chao
PC12 cells Institute of Molecular Biology
Academica Sinica, Nankang
47-48 kDa in Taipei, Taiwan
gas7 primary tissues 1:10,000
(C-terminal) e _l_
STG 65 kDa 1:5,000 Novus Biologicals, Inc.

Littleton, CO, USA

TUJ-1 53 kDa 1:40 Dr. William Staines
University of Ottawa
Ottawa, ON, Canada

All primary antibodies were diluted in TBS-T supplemented with 1% BSA and 1% dry

milk powder.
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antibody, the following stripping procedure was followed. Membranes were washed once
in TBS-T, incubated in stripping buffer (62.5mM Tris-HCI, 100 mM BME, 2% SDS, pH
6.7) for 1 hour at 55°C, and washed 3 times in TBS-T. The usual blotting protocol was

then performed, starting at the blocking step.

2.3.3 The gas7 antibodies

Two different antibodies for the study of gas7 expression were kindly provided by Dr.
Sue Lin-Chao (Institute of Molecular Biology, Academica Sinica, Nankang, Taipei,
Taiwan). One of them was directed against the full-length murine gas7 protein. Briefly, a
plasmid containing a histidine-tagged sequence of the mouse full-length gas7 cDNA
(mRNA sequence accession number U19860, NCBI) was expressed in E. coli, purified,
and introduced into rabbits to produce the rabbit polyclonal anti-gas7 full-length antibody
(Ju et al., 1998). The second antibody was directed against the C-terminal portion of the
murine gas7 protein. The peptide NKTEEDIKKARRKSTQAGD, from the carboxy domain
of gas7, was introduced into rabbits to produce the rabbit polyclonal anti-gas7 C-terminal

antibody (Dr. Sue Lin-Chao, not published).

2.4 Evaluation of mRNA expression

2.4.1 RNA extraction
RNA was isolated by means of the TriReagent method, according to the manufacturer’s
protocol (Molecular Research Center, Inc. Cincinnati, OH, USA). Cells were

homogenized in the extraction reagent and addition of chloroform (1:5, 5 minutes at room
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temperature) allowed the separatation of RNA from DNA and protein, after
centrifugation (12,000g, 15 minutes, 4°C). RNA was then precipitated from the aqueous
phase with isopropanol (1:1, 10 minutes at room temperature) and isolated by
centrifugation (12,000g, 10 minutes, 4°C). RNA pellets were washed in 75% ethanol
(7,500g, 5 minutes, 4°C) and finally dissolved in water. RNA concentrations were

determined by reading the absorbance at 260 nm (1 unit of absorbance = 40 pg/mL).

2.4.2 RT-PCR

To produce single-stranded cDNA, 2 pg of RNA was added to a 10-uL reaction
containing 1X reaction buffer (Invitrogen), 200 units of Superscript II reverse
transcriptase (Invitrogen), 5 uM of random hexamers (Applied Biosystems, Foster City,
CA, USA), 1 mM of deoxynucleotide triphosphate (ANTPs; MBI Fermentas, Hanover,
MD, USA), and 10 mM of dithiothreitol (DTT; Applied Biosystems). Tubes were
incubated for 10 minutes at room temperature, to allow binding of the random primers to
the RNA template, followed by 60 minutes at 42°C, for cDNA synthesis, and 5 minutes at
80°C, to stop the reaction. These cDNA preparations were finally diluted 10-fold in
water. Each 25-puL PCR reaction contained 1 pL of diluted cDNA (about 1 pg of cDNA),
1X reaction buffer (Applied Biosystems), 0.4 uM each of forward and reverse primers
(see Table 2 for sequences), 200 uM of dNTPs (MBI Fermentas), 1.5 mM of MgCl,
(Applied Biosystems), and 1 unit of Taq polymerase (Applied Biosystems). All PCR
amplifications were carried out for 42 cycles. Each cycle consisted of 1 minute at 94°C

(denaturation), 1 minute at 58°C (annealing), and 1 minute at 72°C (elongation). PCR

47



Table 2. Primer sequences used for PCR reactions

Target Gene Sequence Product size
(bp)
Cyclophilin® Fwd: 5’-TGGACCAAACACAAACGGTT-3’ 161
Rev: 5’-TGATCTTCTTGCTGGTCTT-3’
gas7° Fwd: 5’-AAGTCCACTCAGGCAGGAGA-3’ 204
Rev: 5’-CTCGACTGTGCTTTGGTTGA-3’
gas7° Fwd: 5’-TAGTGCAGAGTCTCATGGCTGTAGG-3’ 287
Rev: 5°-GCTGCCCAAAGGTCCAAGATTAGTA-3’
gas7¢ “Fwd: 5°-GCTGGAGATCAAGCTGAGCAA-3’ 81

Rev: 5’-AGGTCGTCTCCAGCCTGTGT-3’

a: Used for RT-PCR with samples from PC12 cells.

b: Used for RT-PCR with samples from PC12 cells; target: coding region of gas7

mRNA.

¢: Used for RT-PCR with samples from PC12 cells; target: 3’-untranslated region of
gas7 mRNA. Sequence from Chao et al., 2003.

d: Used for Q-PCR with samples from NT2 cells.
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products were separated by electrophoresis on agarose gels (1.5%) and stained with

ethidium bromide (EtBr, 0.2 pg/mL; Sigma).

2.4.3 Real-time quantitative PCR (Q-PCR)

Q-PCR reactions were performed with 1.5 ng of cDNA template from NT2 samples
added to a reaction of 20 puL containing 1X reaction mix (ABI, Foster City, CA, USA)
and 0.15 pM each of forward and reverse primers (see Table 2 for sequences). Thermal
cycling was initiated with a 2-minute incubation at 50°C followed by a first denaturation
step of 10 minutes at 95°C. Forty cycles of PCR amplification, each consisting of 15
seconds at 95°C (denaturation) and 1 minute at 60°C (annealing and extension), were
followed by dissociation of the product (60-90°C) to verify the specificity of
amplification. Data were collected continuously during the Q-PCR reactions and were

analyzed with the Sequence Detection System (ABI).

For quantification, a threshold amount of amplified product was arbitrarily selected
within the linear phase of amplification and the threshold cycle (Ct: number of cycles
after which the amount of amplified product reached the threshold) was evaluated for the
~ different conditions. Ct values for the different samples were subtracted from the Cr
value for control (undifferentiated) cells (ACt) and changes in expression were calculated

using the term 2-ACT
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2.5 Quantification of protein and mRNA expression

Protein and DNA bands, respectively obtained by Western blotting and RT-PCR, were
scanned with a digital camera and band intensities were analyzed with the Northern
Eclipse software (Empix, North Tonawanda, NY, USA). The gray scale was inversed,
thereby attributing high values to dark pixels, and total gray values were measured for
each band. Background values were also measured for each band and subtracted from the
band intensities. Results were normalized to that of an internal control (expression of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for Western blots or of
cyclophilin for RT-PCRs) and values were expressed as fold-increase compared to a

control condition arbitrarily set to a value of 1.

2.6 Isolation and sequencing the 60-kDa gas7 isoform expressed in PC12

cells

2.6.1 Immunoprecipitation

Four hundred pg of proteins from PC12 cells incubated in differentiation media for 3
hours were incubated with 1 pL of the gas7 C-terminal antibody in modified Salter’s
buffer (MSB; 50 mM Tris-HCI pH 7.4, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, 150 mM NaCl, 1 mM EDTA, 1:500 Sigma protease inhibitor cocktail) for 3 hours
at 4°C, in a final volume of 550 pL. This allowed the formation of antibody-antigen
interactions. Fifty pL of protein A sepharose bead slurry (Protein A Sepharose CL-4B;

Ambhersham Biociences) prepared in MSB buffer were then added and the incubation was
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continued for another hour, to allow interactions between beads and antibody molecules.
Bead-antibody-protein complexes were collected by centrifugation (14,000g, 1 minute at
4°C) and washed 3 times in MSB buffer. The pulled-down proteins were finally
solubilized in 40 pL of loading buffer and separated by SDS-PAGE, 10%. After
separation on polyacrylamide gels, the immunoprecipitated proteins were -either
transferred to PVDF membranes and probed with the gas7 C-terminal antibody or stained

with silver nitrate and sent for mass spectrometry.

2.6.2 Silver staining

Gels were fixed in 50% ethanol and 5% acetic acid for 30 minutes, washed with 50%
ethanol for 10 minutes, and washed 2 times 10 minutes with water. Gels were then placed
in a sensitizing solution (0.02% sodium thiosulfate; BDH, Poole, UK) for 2 minutes and
washed again twice with water, before a 30-minute incubation at 4°C in the staining
solution (0.1% silver nitrate; BDH). Stained gels were briefly washed with water and
developed in 0.04% formaldehyde and 2% sodium carbonate (both from BDH). To stop
the developing reaction, gels were quickly put in 5% acetic acid and stained gels were

stored in 1% acetic acid, at 4°C.

2.6.3 Mass spectrometry analysis

Digestion of the bands of interest and mass spectroscopy analysis of the products (Q-Tof
nano-LC-MS/MS) were done by Dr. John Kelly (NRC, IBS). The bands were first
excised from the gels and destained with chemical reducers to remove precipitated silver

particles. Specifically, gel pieces were incubated in 15 mM potassium ferricyanide and
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50 mM sodium thiosulfate (both from BDH) for 3-5 minutes, until the colour
disappeared. After 3 washes in water, samples were submitted to in-gel protein digestion.
Gels were dried in acetonitrile (5 minutes) and rehydrated in a trypsin solution (Promega,
Fitchburg, WI, USA) at 20 ng/mL in 50 mM ammonium bicarbonate (BDH). Digestion
was performed overnight at 37°C and digested peptides were transferred to 96-well
plates. Peptide fragments were analyzed by nano-LC-MS/MS using a Q-tof Ultima mass
spectrometer (Waters, Milford, MA, USA). Samples were separated on a capillary
column at a flow rate of about 250 nL/min before being introduced in the Q-tof by elution
with an acetonitrile gradient (5 to 50%). The MS/MS spectrum generated was then
submitted to database searching using the Mascot Daemon application for protein

identification (Matrix Science Inc., Ohio, USA).

2.7 Toxicity assays

Toxicity assays were performed 48 hours post-infection with undifferentiated and

differentiated PC12 cells plated in 12-well plates.

2.7.1 Oxygen-glucose deprivation (OGD)

Cells were washed twice in a glucose-free buffer (140 mM NaCl, 5 mM KCl, 1 mM
CaCl,-2H,0, 0.03 mM glycine, 0.8 mM MgCl,, pH 7.4; all reagents from Sigma) and
500 pL this buffer was added to each well. Lid-free plates were introduced in small
hermetic metal chambers, which were placed in a 37°C water bath. Nitrogen (95% N,

5% CO,) was allowed to circulate through the chambers for 30 minutes to purge the
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oxygen and sealed chambers were then incubated at 37°C for the indicated periods of
time (3-6 hours). Following the OGD insult, plates were removed from the chambers, the
glucose-free buffer was replaced with reduced-serum media (HG-DMEM, 3% HS, 2%
FBS, with or without 50 ng/mL NGF, for undifferentiated and differentiated cells,
respectively), and cells were returned to normoxic conditions at 37°C. Cell viability was
assessed 16 hours after reoxygenation. Sister cultures not subjected to the insult were
incubated in normoxic conditions with glucose-free buffer supplemented with 3 mM of
glucose for the duration of the OGD insult. This was followed by a 16-hour incubation in

reduced-serum media.

2.7.2 A23187 and sodium nitroprusside (SNP) toxicity

A23187 and SNP (both from Sigma) were diluted to their final concentrations (3-15 uM
for A23187; 0.1-0.75 mM for SNP) in growth or differentiation media, for
undifferentiated and differentiated cells, respectively, and added to the cells. Viability

was assessed 16 hours later.

2.8 Assessment of cell proliferation and viability

2.8.1 Alamar Blue assay for cell proliferation and viability

The Alamar Blue assay (Medicorp, Montreal, QC, Canada) allowed the quantification of
cell growth rates. Basically, reduction of growth media, resulting from cell activity,
induced fluorescence and color changes of an oxidation-reduction indicator. To assess the

effects of gas7 overexpression on cell proliferation, culture media was supplemented with
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10% Alamar Blue 72 hours post-infection and cells were incubated at 37°C for 1 hour.
Aliquots of media were then transferred to 96-well plates and the fluorescence intensity
(excitation: 530 nm, emition: 590 nm) was measured with a Cytofluor 2350 (Millipore,
Beford, MA, USA). Values for non-infected cells were arbitrarily considered as 100%

proliferation and were used to normalize the results for the infected cells.

The Alamar Blue assay was also used to quantify cell viability following various insults.
To use this proliferation assay for viability assessment, data from the different conditions
were normalized to that of sister cultures not subjected to the insults, for which the
viability was arbitrarily set to 100%.

2.8.2 KI-67 Immunocytochemistry

KI-67 is a nuclear protein found in proliferating cells. KI-67 is expressed during the G1,
S, G2, and M phases of the cell cycle, but not in GO (Bruno & Darzynkiewicz, 1992).
Therefore, positive staining is an indication of cellular proliferation. KI-67
immunocytochemistry was performed 72 hours post-infection to assess the effects of

gas7 overexpression on cell cycle progression.

Cells were washed twice for 5 minutes in PBS and fixed in a 10% formalin solution
(Sigma) for 10 minutes at room temperature. Cells were then washed in PBS,
permeabilized in 0.1% Triton X-100 (Sigma) in PBS for 5 minutes, washed again, and
incubated in a serum-free protein block solution (DakoCytomation, Mississauga, ON,

Canada) for 60 minutes. The rabbit monoclonal anti-KI-67 antibody (Medicorp) was
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added at 1:500 in an Antibody Diluting Buffer (ADB; DakoCytomation) and incubated
overnight (16-20 hours) at 4°C. Following incubation with the primary antibody, cells
were washed twice and the donkey anti-rabbit Alexa Fluor 568 secondary antibody
(Molecular Probes, Eugene, OR, USA) was added at 1:200 in ADB for 1 hour at room
temperature. Cells were finally washed and kept at 4°C in 0.01% sodium azide (Sigma)

in PBS, to prevent microbial growth until observation.

2.9 Statistical analysis

Data are presented as the mean * standard error of the mean (SEM) and statistical
analysis was perforn{éd with the GraphPad Prism software (GraphPad Software, Inc., San
Diego, CA, USA). Comparisons between 2 means, in a population of only 2 groups, were
made with a two-tailed ¢ test. To compare data from a population of more than 2 groups,
one-way analysis of variance (ANOVA) was performed and when significant differences
were observed, Tukey’s or Dunnett’s tests were used for multiple comparisons. Statistical

significance was inferred at p < 0.05.
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CHAPTER 3

RESULTS



3.1 Morphological and biochemical characteristics of PC12 neuronal

differentiation

To study the effects of the gas7 protein on neuronal differentiation of PC12 cells, this
model first had to be characterized. PC12 cells, derived from the rat adrenal medulla,
display specific morphological and biochemical features characteristic of sympathetic
neurons when exposed to NGF (Greene & Tischler, 1976). To use specific phenotypic
and molecular changes as indicators of the progression of neuronal differentiation, it was

necessary to establish the conditions leading to these typical traits.

3.1.1 NGF-treated PC12 cells develop a neuronal morphology

NGF has been wider used to differentiate PC12 cells into neurons and lowering the
serum concentration in the media helps the process, mainly by reducing proliferation
stimuli (Rudkin et al., 1989). The differentiation media used in this study contained five
times less serum than the growth media, and NGF was added at a final concentration of
50 ng/mL. As seen in Figure 5A, undifferentiated PC12 cells grew in small clusters.
Within three days of differentiation, cells showed a broad and flattened morphology (sign
of growth arrest) and short spike-like membrane protrusions started to extend from the
cell bodies (Figure 5B). After five days, these small spikes had elongated into neurite-like
outgrowths and most cells displayed such processes (Figure 5C). PC12 cells
differentiated for seven days showed very long and thin neurites, with the presence of
small blebbings (Figure 5D). These boutons, found within the processes and mainly at

their endings most probably corresponded to previously described synaptic-like vesicles
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Figure 5. NGF-induced morphological neuronal differentiation of PC12 cells

Transmitted light micrographs of PC12 cells at different time points during
differentiation: 0 days (A), 3 days (B), 5 days (C), and 7 days (D). The differentiation
media consisted of HG-DMEM supplemented with 2% HS, 1% FBS, and 50 ng/mL NGF

and the PC12 neuronal phenotype was characterized by long, thin neurite-like extensions.
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in NGF-treated PC12 cells (Greene & Tischler, 1976). This progression of PC12
morphological differentiation was similar to previous reports (Abu-Raya et al., 1999;

Abu-Raya et al., 2002; Greene & Tischler, 1976).

3.1.2 Differentiation of PC12 cells is accompanied by the expression of neuronal
markers

As previously mentioned, neuronal differentiation of PC12 cells can be characterized by
the induced expression of several neuronal proteins. Monitoring changes in the
expression of these markers, following different treatments, is a useful strategy to
determine the effects on the process of neuronal differentiation. The markers of
biochemical neuronal differentiation used for the present work were the neuron-specific
class III beta-tubulin (PIII-tubulin, or TUJ-1), the pre-synaptic protein synaptotagmin
(STG), the alpha-7 subunit of the acetylcholine receptor (AChR-a7), and the
dihydropyrimidinase-related protein 3 (DRP-3). The expression of these four proteins is
known to be upregulated in PC12 cells during neuronal differentiation with NGF (Byk et

al., 1998; Henderson et al., 1994; Ohuchi et al., 2002; Takahashi et al., 1999).

Proteins were extracted at different times during PC12 neuronal differentiation, and the
expression of the neuronal markers was analyzed by Western blotting. Within 24 hours,
the differentiation conditions (low serum and 50 ng/mL NGF) triggered a significant
induction in the expression of TUJ-1, STG, AChR-a7, and DRP-3 (p < 0.05; Figure 6).

By 48 hours, the expression of all 4 neuronal proteins had increased by close to 2-fold
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Figure 6. NGF-mediated differentiation of PC12 cells is accompanied by the
expression of neuronal markers

PC12 proteins were extracted at different time points during differentiation in low serum
(2% HS and 1% FBS) and 50 ng/mL NGF, and the expression of TUJ-1, STG, AChR-a7,
and DRP-3 was analyzed by Western blotting. By 24 hours in differentiating conditions,
the expression of the studied neuronal proteins was significantly induced (p < 0.05). Data
are shown as means + SEM. Protein levels were normalized to that of GAPDH, and
results represent 3 independent experiments. Data were analyzed by ANOVA and when
significant differences were observed, Dunnett’s test was used for multiple comparisons.
The asterisk indicates means significantly different from control values (before

differentiaiton, time = Oh).
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compared to control (undifferentiated) cells. However, as previously mentioned, cells did
not show any morphological indication of differentiaiton before 72 hours (Figure 5). The
neuronal proteins studied here could therefore be involved in the induction of the
neuronal phenotype. Alternatively, their expression might be concomittant with the

activation of signaling pathways leading to morphological changes.

3.2 gas7 potentiates neuronal differentiation of PC12 cells

To evaluate the role of gas7 in neuronal differentiation, the murine full-length gas7
protein was overexpressed in PC12 cells using an adenoviral construct. A control virus,
referred to as the GFP adenovirus, was used to assess non-specific effects due to the
infection process. Following gas7 overexpression, changes in morphology and in the
expression of biochemical markers of neuronal differentiation were assessed in both
growing and differentiating conditions. Infected cells were identified by the expression of

the green fluorescent protein (GFP).

3.2.1 gas7 promotes neurite-like outgrowth

Studies on the function of the gas7 protein have reported that overexpression of gas7
leads to dramatic morphological changes in different cell types (Chao et al., 2003; Ju et
al., 1998; She et al., 2002). Specifically, gas7 expression in neuroblastoma cells was
shown to promote neurite outgrowth (Chao et al., 2003; Ju et al., 1998). In this study,
overexpression of gas7 in PC12 cells resulted in the formation of short, spike-like

membrane extensions, which could be observed 72 hours post-infection (Figure 7E-F).
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These changes were specifically due to the overproduction of gas7, since infection with
the GFP adenovirus did not have any effect on cell morphology (Figure 7A-B).
Moreover, gas7-overexpressing cells were of larger diameter than control cells, which
correlates with the documented expanded cell shape characteristic of PC12 cell
differentiation (Greene & Tischler, 1976). These observations suggest that gas7 might

induce neuronal differentiation.

3.2.1.1 In the presence of NGF, gas7 promotes neurite branching and extension

To further evaluate the ability of gas7 to induce neurite growth, the effects of gas7 on cell
morphology were studied in differentiating PC12 cells. Sixteen hours after infection,
differentiation medig was added. As shown in Figure 7C-D, cells infected with the
control virus extended simple and short neurites after 4 days. However, overexpression of
gas7 triggered a different morphology. Cells were bearing more neurites, which were
longer, highly branched, and displayed many vesicle-like boutons (Figure 7G-H). The
expression of gas7 thus sped up the neuronal differentiation process at the morphological

level.

3.2.2 gas7 potentiates NGF-induced biochemical neuronal differentiation

The next step in studying the effects of gas7 on neuronal differentiation was to determine
if gas7 overproduction affects the expression of neuronal markers, another hallmark of
differentiation, in addition to induce morphological changes. PC12 cells were infected
with the gas7 adenovirus and incubated in either growing or differentiating conditions.

Proteins were extracted after 72 hours and analyzed by Western blotting for the
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Figure 7. Overexpression of gas7 induces neurite-like outgrowth

Undifferentiated PC12 cells were infected with the GFP (A, B, C, D) or gas7 (E, F, G, H)
adenovirus for 16 hours and incubated in either growing or differentiating media (low
serum and 50 ng/mL NGF). In growth conditions, overproduction of gas7 resulted in the
formation of short membrane extensions 72 hours post-infection (E, F), whereas infection
with the GFP adenovirus did not affect cell morphology (A, B). After 4 days in
differentiation conditions, gas7-overexpressing cells developed a very complex branching
pattern (G, H), whereas cells infected with the control virus showed simple neurite
outgrowth (C, D). A, C, E, and G (transmitted light) respectively show the same fields as

B, D, F, and H (GFP fluorescence, showing infected cells).
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expression of the neuronal markers TUJ-1 and STG. This time point was selected because
it is when gas7 induced morphological changes in growing conditions (Figure 7E-F).
Although the expression of TUJ-1 and STG was not affected by gas7 overexpression
alone (p > 0.05) in differentiating conditions (low serum and 50 ng/mL NGF), gas7
overexpression potentiated the induction of the expression of neuronal markers (Figure
8). After 72 hours, the expression of TUJ-1 increased by 2.2-fold in cells infected with
the control adenovirus and this induction was significantly augmented to 4.3-fold in gas7-
overexpressing cells (p < 0.001) (Figure 8). Similarly, the expression of STG went from a
1.6-fold increase in GFP-infected cells, to a 2.3-fold increase in gas7-infected cells
(p <0.05) (Figure 8). Therefore, even though gas7 did not induce biochemical neuronal
differentiation on its own, it potentiated the induction of neuronal markers upon

differentiation with NGF.

3.2.3 gas7 synergizes with sub-optimal concentrations of NGF to induce the
expression of neuronal markers

To further characterize the ability of gas7 to potentiate neuronal differentiation, its
overexpression in PC12 cells was followed by incubation in sub-optimal differentiation
conditions. gas7 overexpression was thus combined with conditions that are not sufficient
on their own to trigger differentiation. Sixteen hours after infection of PC12 cells with the
GFP or gas7 adenovirus, the media was replaced by HG-DMEM supplemented with 2%
HS, 1% FBS, and 10 ng/mL NGF. This sub-optimal differentiation media contained five
times less NGF than the usual differentiation conditions (50 ng/mL). As previously

shown, the expression of neuronal markers was significantly induced within 24 hours
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Figure 8. Overexpression of gas7 during NGF-induced neuronal differentiation

potentiates the expression of neuronal markers

Undifferentiated PC12 cells were infected with the GFP or gas7 adenovirus for 16 hours
and then incubated in either growing or differentiating conditions (low serum and
50 ng/mL NGF) for another 72 hours. Proteins were then extracted and the expression of
the neuronal markers TUJ-1 and STG was analyzed by Western blotting. In growing
conditions, gas7 overproduction did not affect the expression of the markers (p > 0.05).
However, in differer;t;iating conditions, gas7 overexpression potentiated the induction of
TUJ-1 (p < 0.001) and STG (p < 0.05), compared to levels in GFP-infected cells. Data
are shown as means + SEM. Protein levels were normalized to that of GAPDH and
results represent 3 independent experiments. Data were analyzed by ANOVA and when
significant differences were observed, Tukey’s test was used for multiple comparions.
Asterisks indicate means significantly different from control values, and # symbols

indicate significant differences between selected means. Control: untreated non-infected

cells. * p <0.05; ** p <0.01; *** p <0.001; # p <0.05; ## p <0.01; ### p <0.001.
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with 50 ng/mL NGF (Figure 6). With the sub-optimal conditions described above, it took
3 days to significantly promote the expression of AChR-a7 (p < 0.001) and DRP-3
(p <0.01) in cells infected with the control virus, whereas the expression of TUJ-1 and
STG was still at control levels (p > 0.05) (Figure 9). Overexpressing the gas7 protein did
not have any effect after 24 hours in sub-optimal differentiating conditions (p > 0.05), but
markedly induced the expression of the four neuronal proteins after 48 hours (Figure 9).
At this time, the expression of TUJ-1, STG, AChR-a7, and DRP-3 was respectively
induced by 1.6-fold (p < 0.05), 1.7-fold (p < 0.01), 1.8-fold (p < 0.01), and 1.4-fold (p <
0.001) compared to control non-infected cells. The levels of expression of the neuronal
markers in gas7-infected cells were thus significantly increased compared to those of
GFP-infected cells (p <0.05, p <0.01, p <0.05, and p <0.001 for TUJ-1, STG, AChR-
a7, and DRP-3, respectively). This confirmed the specificity of induction following gas7
overexpression. After 72 hours, gas7 overexpression still promoted the expression of
TUJ-1 and STG (respectively p <0.05 and p <0.01, compared to GFP-infected cells), but

AChR-a7 and DRP-3 were expressed to levels similar as in cells infected with the

control virus (Figure 9).

In brief, the gas7 protein acted in synergy with low concentrations of NGF to induce the
expression of neuronal markers, supporting the ability of gas7 to potentiate neuronal
differentiation. Despite the marked induction in the expression of the neuronal proteins,
gas7 overexpression combined with sub-optimal differentiating conditions did not affect
cell morphology (data not shown). This might be explained by the fact that the incubation

period was not long enough to induce morphological changes.

66



Figure 9. Overexpression of gas7 combined with sub-optimal concentrations of NGF
induces the expression of neuronal markers

Undifferentiated PC12 cells were infected with the GFP or gas7 adenovirus for 16 hours
and the media was then replaced with HG-DMEM supplemented with 2% HS, 1% FBS,
and 10 ng/mL NGF. The expression of the differentiation markers TUJ-1, STG, AChR-
a7, and DRP-3 was analyzed by Western blotting at different time points following
media change. By 48 hours, gas7-overexpressing cells showed a significant induction in
the expression of the 4 markers (p <0.05, p <0.01, p < 0.01, and p < 0.001 for TUJ-1,
STG, AChR-a7, and DRP-3, respectively), whereas their expression in cells infected
with the control virus was not different from that of control cells (p > 0.05). Accordingly,
gas7-infected cells showed significantly higher levels of TUJ-1, STG, AChR-a7, and
DRP-3 than GFP-infected cells (p < 0.05, p < 0.01, p < 0.05, and p < 0.001, respectively).
At 72 hours, the expression of TUJ-1 and STG in gas7-overexpressing cells was still
higher than in cells infected with the control virus (p <0.05 and p < 0.01, respectively),
but the expression of AChR-a7 and DRP-3 was similar in gas7- and GFP-infected cells
(p > 0.05). Data are shown as means + SEM. Protein levels were normalized to that of
GAPDH and results represent 4 independent experiments. Data were analyzed by
ANOVA and when significant differences were observed, Tukey’s test was used for
multiple comparions. Asterisks indicate means significantly different from control values
and # symbols indicate significant differences between selected means. Con: untreated
non-infected (control) cells. * p < 0.05; **p<0.01; *** p < 0.001; # p < 0.05;

##p <0.01; ### p <0.001.
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3.2.4 gas?T’s role in potentiating neuronal differentiation does not involve
modulation of cell cycle progression

As previously mentioned, control of the cell cycle is crucial for the regulation of neuronal
differentiation (Ohnuma & Harris, 2003). Therefore, it was possible that the potentiating
effects exerted by gas7 were mediated through regulation of cell cycle progression, most
probably by inducing arrest of cell division. This hypothesis was supported by the
intrinsic nature of the gas7 protein being a member of the growth-arrest-specific family,
among which many genes are involved in cell cycle control (Brancolini & Schneider,
1994; Brenner et al., 1989; Claesson-Welsh, 1996; Goruppi et al., 1996; Karlsson et al.,
1999; Li et al., 1996; Rozental et al., 2000; Ruaro et al., 2000; Zoidl et al., 1995; Zoidl et

al., 1997).

To test the possibility that gas7 overexpression could cause arrest of the cell cycle, the
proliferation of gas7-overexpressing PC12 cells was compared to that of control cells
(non-infected or infected with the control virus), 72 hours post-infection. The Alamar
Blue assay incorporates a fluorometric oxidation-reduction indicator in the culture media
and the degree of change of the media color is reflective of the extent of cellular
proliferation. Values obtained for non-infected cells were arbitrarily correlated to a 100%
proliferation rate and were used to normalize results for the infected cells. As shown in
Figure 10, neither the control virus nor the gas7 virus affected proliferation of PC12 cells,
when compared to non-infected cells (p > 0.05). These results suggested that the gas7
protein does not modulate cell cycle progression. However, about 40% of the cells were

infected and the Alamar Blue assay quantifies proliferation of the entire cell population.
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Figure 10. Overexpression of gas7 does not affect cellular proliferation at the level of
the total cell population

Undifferentiated PC12 cells were infected with the GFP or gas7 adenovirus and
proliferation was assessed 72 hours post-infection using the Alamar Blue assay. No
change in proliferation rates could be detected between the different conditions
(p>0.05). Data are shown as means i‘ SEM. Results represent 4 independent

experiments and differences between means were analyzed by ANOVA.
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There were thus chances that significant changes in cell proliferation among the infected

population could have been missed.

To assess proliferation of only the infected cells, staining for the proliferation marker KI-
67 was performed. The KI-67 protein is expressed during all phases of the cell cycle, but
not in GO (Bruno & Darzynkiewicz, 1992). Therefore, positive immunocytochemistry
staining for KI-67 indicates active cell proliferation. Cells were stained 72 hours post-
infection and proliferation of infected cells was visualized by KI-67 and GFP
colocalization (Figure 11A). A small, but significant decrease in cell proliferation was
detected when cells were infected with the GFP or gas7 adenovirus, compared to non-
infected cells. Among the latter, 66% expressed the KI-67 protein, or were cycling, and
this proliferation rate decreased to 51% upon infection with the control adenovirus
(p <0.01), and to 45% with the gas7 adenovirus (p <0.001) (Figure 11B). This
observation implies that the infection process itself resulted in decreased cellular
proliferation. However, the difference between the proliferation rates of cells infected
with either of the two viruses was not statistically different (p > 0.05) (Figure 11B).
Therefore, overexpression of the gas7 protein did not significantly affect cell cycle

progression.
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Figure 11. Overexpression of gas7 does not affect proliferation

Undifferentiated PC12 cells were infected with the GFP or gas7 adenovirus and stained
for KI-67 72 hours post-infection. A. Visualization of cycling cells with the proliferation
marker KI-67. GFP expression (d, g) shows infected cells, KI-67 staining (b, €, h) shows
cycling cells, and colocalization of GFP and KI-67 (overlay: f, i) shows infected cells
actively proliferating. a (transmitted light) and b: non-infected cells of the same field. c:
negative control for KI-67 staining (secondary antibody only). d-f: GFP-infected cells. g-
i: gas7-infected cells. Arrows point to examples of infected cells expressing KI-67. B.
Quantification of proliferation. The number of KI-67 positive cells was divided by the
total number of cells for control (non-infected) cells, whereas the number of double-
positive cells for GFP and KI-67 was divided by the number of GFP-expressing cells, for
the infected conditions. The infection process caused a decrease in cellular proliferation
(p < 001 and p < 0.001 for GFP- and gas7-infected cells, respectively), but
overexpression of gas7 did not affect cell cycle progression, when compared to cells
infected with the control virus (p > 0.05). Data are shown as means + SEM. Results
represent 3 experiments performed in duplicate and a total of about 600 cells were
counted per condition. Data were analyzed by ANOVA and when significant differences
were observed, Tukey’s test was used for multiple compatisons. Asterisks indicate

significant differences between selected means. ** p < 0.01; *** p < 0.001.
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3.3 Patterns of endogenous gas7 expression during neuronal

differentiation

To further assess the role of gas7, its endogenous expression was quantified at various
times during neuronal differentiation of two neuronal cell lines: PC12 and NT2 cells.
PC12 cells were induced to differentiate into neurons by reducing the media serum
content and adding NGF at a final concentration of 50 ng/mL. Samples from human NT2
cells had been collected at different stages of retinoic acid (RA)-mediated neuronal
differentiation. Differential expression of a protein, in different conditions, often gives
insights into the possible roles played by the molecule. Therefore, the possibility that
gas7’s role in inducing neurite outgrowth and supporting neuronal differentiation could

be reflected by changes in expression was investigated.

3.3.1 The gas7 protein is not endogenously expressed in PC12 cells

As previously mentioned, Chao et al. (2003) showed that the expression of a 60-kDa gas7
isoform was induced in PC12 cells during differentiation. Moreover, they suggested that
the expression of this protein is essential for NGF-mediated neuronal differentiation of
PC12 cells (Chao et al., 2003). The following experiments aimed at reproducing these
results in order to eventually use the PC12 model to study the mechanisms of action of

gas7 and the pathways in which it is involved.
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3.3.1.1 The 60-kDa gas7 isoform is not differentially regulated during NGF treatment
of PC12 cells

Protein extracts from PC12 cells were collected at different stages during NGF-mediated
neuronal differentiation and analyzed by Western blotting for the expression of gas7.
Even though the full-length gas7 antibody showed multiple non-specific bands (data not
shown), a protein of about 60 kDa was detected with the antibody against the C-terminal
portion of gas7 (Figure 12). This correlated with the recent observation from Chao et al.
(2003) showing the expression of a 60-kDa gas7 isoform in PC12 cells. The gas7 C-
terminal antibody was thus used for subsequent analysis of endogenous gas7 expression
in PC12 cells. However, the reported increase in the expression of this 60-kDa gas7
isoform, at 3 hour§_ following NGF treatment (Chao et al, 2003), could not be
reproduced. The expression of the 60-kDa protein remained constant following addition
of NGF (p > 0.05) (Figure 12). Proteins were also extracted after differentiation periods
additional to those represented in Figure 11 (from 30 minutes to five days), but the

expression of the 60-kDa band never changed (data not shown).

3.3.1.2 PC12 celis do not express gas7 mRNA

Following the inability to see an induction in the expression of the 60-kDa gas7 protein
during neuronal differentiation of PC12 cells, the expression of gas7 was evaluated at the
message level. RNA was extracted at different time points during differentiation (from 10
minutes to 24 hours) and the expression of gas7 mRNA was studied by RT-PCR. Two
different sets of primers, targeting either the coding region or the 3’ untranslated region

(3°-UTR) of the rat gas7 mRNA, were used. However, no mRNA for gas7 could be

73



Figure 12. The 60-kDa band recognized by the gas7 C-terminal antibody is not
diffefentially regulated during NGF treatment of PC12 cells

PC12 proteins were extracted after different periods of time in differentiating conditions
(low serum and 50 gg/mL NGF) and analyzed by Western blotting with the gas7 C-
terminal antibody. A protein of ~60 kDa was detected in all samples, but its expression
remained constant following NGF treatment (p > 0.05). Data are shown as means + SEM.
Levels of gas7 were normalized to that of GAPDH and results represent 6 independent

experiments. Differences between means were analyzed by ANOVA.
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detected in any of the samples (Figure 13). mRNA for the house-keeping gene
cyclophilin was ubiquitously expressed, showing the integrity of the samples. These
results raised concerns about the identity of the 60-kDa band recognized by the gas7 C-

terminal antibody.

3.3.1.3 The 60-kDa protein observed in PCI2 cells is not gas7

Since the expression of gas7 could not be confirmed by RT-PCR, the 60-kDa protein
observed by Western blotting with the gas7 C-terminal antibody was analyzed by mass
spectrometry, to verify its identity. The band of interest was first purified by
immunoprecipitation (IP) from PCI12 cell lysates after 3 hours of differentiation. This
time point was chosen because Chao et al. (2003) observed a peak in the expression of
the 60-kDa gas7 isoform in similar conditions (Chao et al., 2003). The IP procedure
allows the formation of antigen-antibody-bead complexes, which can be isolated by
centrifugation. Immunoprecipitated samples were separated by SDS-PAGE and
transferred onto PVDF membranes for Western blotting analysis. The 60-kDa band was
present in the immune sample and the specificity of the IP reaction was shown by the
absence of the 60-kDa band in the control samples (Figure 14A). When the supernatants
resulting from the IP reaction were analyzed for the expression of gas7, the 60-kDa band
was markedly decreased, showing the efficiency of the IP reaction to pull down the band

of interest (Figure 14B). The next step was to determine the sequence of this 60-kDa

band.
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Figure 13. PC12 cells do not express gas7 mRNA

PC12 RNA extracts were collected after different periods of time in differentiating
conditions (low serum and 50 ng/mL NGF) and analyzed by RT-PCR for the expression
of gas7 mRNA. A. Amplification of a region in the coding sequence of the gas7 mRNA.
B. Amplification of a 3’-unstranslated portion of the gas7 mRNA. No expression of gas7
mRNA was detected in any condition. + con: positive control with RNA extracted from

primary rat cortical cultures; neg: negative control without RNA template.
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Figure 14. Isolation of the 60-kDa band recognized by the gas7 C-terminal antibody

Protein extracts from PC12 cells treated with differentiating conditions for 3 hours (low
serum and 50 ng/mL NGF) were subjected to immunoprecipitation (IP) with the gas7 C-
terminal antibody. A. Immunoprecipitated samples were analyzed by Western blotting
with the gas7 C-terminal antibody. The band of interest was successfully pulled-down
during the IP, as shown by its presence in the immune fraction. B. Supernatants were
collected after the IP (30 pL) and analyzed by Western blotting with the gas7 C-terminal
antibody. The expression of the 60-kDa band was markedly decreased in the immune
supernatants, showing the efficiency of the IP reaction in pulling down the band of
interest. C. Silver staining of immunoprecipitated samples separated by SDS-PAGE. The
60-kDa band was successfully purified. Con: whole cell lysate; Imm: immune fraction
with the gas7 C-terminal antibody; Pre: samples treated with pre-immune serum; Ab:
gas7 C-terminal antibody incubated with beads; Beads: beads alone. Arrows point to the

band of interest.

77



— 1 2Ing1y —

—e(M0¢
—eASL
d
e 0S
—e( SL
—e(P1 001
—e( 061
uo))

speog v d W



Immunoprecipitated samples were separated by SDS-PAGE, and gels were stained with
silver nitrate. The conditions used for silver staining allowed the detection of proteins at
the nanogram scale. Staining thus ensured that proteins were present in appreciable
amounts to be analyzed. As shown in Figure 14C, the IP reaction was efficient in
purifying the 60-kDa band. The silver-stained band of interest, as well as corresponding
areas of similar migration in control lanes, were cut off the gel and samples from two
different gels were sent for mass spectrometry analysis. The proteins present in the
samples were identified from the peptidic sequences characterized after digestion.
Among the different samples, the only protein that was specific to the immune reaction
was the protein coronin.

Coronin is an actin-binding protein of 53-57 kDa involved in cell motility and
phagocytosis and is expressed in many tissues such as spleen, lung, liver, brain, and
kidney (De Hostos, 1999). Sequence analysis with databases from the National Center for
Biotechnology Information (NCBI) revealed that coronin does not show any similarity to
gas7, at either the nucleic acid or protein levels. No possible link with the gas7 protein
could be found from the: peptidic sequences identified, suggesting that gas7 was not
present in the 60-kDa band recognized by the gas7 C-terminal antibody. Together with
the RT-PCR results, showing no expression of gas7 mRNA, this strongly suggests that

gas7 is not expressed in PC12 cells.
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3.3.2 The expression of gas7 is induced during neuronal differentiation of NT2 cells

cDNA preparations from human NT2 cells, extracted at different stages of neuronal
differentiation with retinoic acid (RA), were a kind gift from Dr. Dao Ly (NRC, IBS).
Cells were treated with 10 uM of all-trans RA for four weeks and neuronal cells were

isolated from the resulting mixed culture and allowed to mature for 2 weeks in RA-free
media. Samples were analyzed by Q-PCR to quantify the expression of gas7 mRNA. A
prononced increase in gas7 mRNA expression was observed after four weeks of RA
treatment (Figure 15). At this time point, the levels of message for gas7 were augmented
by 23-fold, compared to that of undifferentiated cells. This induction of gas7 mRNA was
transient, as levels in 2-week differentiated NT2 neurons had returned to those in
undifferentiated cells. To confirm these results, the expression of gas7 in RA-treated NT2
cells was also analyzed at the protein level. NT2 protein samples, from cells subjected to
the same conditions as described above, were provided by Kirsty Malone (NRC, IBS).
Proteins from undifferentiated NT2 cells showed a major band below 50 kDa when
analyzed by Western blotting with the gas7 full-length antibody (Figure 16A). This
protein, which correlated to the predicted molecular weight of the human gas7 protein
(47 kDa), was also detected by the gas7 C-terminal antibody, in addition to a major band
of about 60 kDa (Figure 16A). The latter probably corresponded to the protein coronin, as
identified in PC12 cells. Since the gas7 full-length antibody gave cleaner results, it was
used for subsequent analysis of endogenous gas7 expression in NT2 cells. The expression
of gas7 protein was increased by 3.6-fold after 4 weeks in RA (p <0.001) and returned to
control levels in 2-week mature NT2 neurons (p > 0.05) (Figure 15B). The intense

induction in gas7 expression during RA treatment of NT2 cells, at both the message and
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Figure 15. The expression of gas7 mRNA is induced during retinoic acid treatment
of human NT2 cells

NT2 cDNA samples were obtained at different time points during neuronal
differentiation with E{A and analyzed by Q-PCR for the expression of gas7 mRNA. A
major increase in gas7 mRNA was observed after 4 weeks of RA treatment, while 2-
week mature NT2 neuronal cultures (2 w diff) presented similar amounts of gas7 mRNA
as undifferentiated cells (no statistical analysis possible due to the unavailability of
samples). Data are shown as means + SEM. Results represent one experiment done in

triplicate. Undiff: control undifferentiated NT2 cells.
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Figure 16. The expression of gas7 protein is induced during retinoic acid treatment
of human NT2 cells

A. Analysis of gas7 expression in undifferentiated NT2 cells by Western blotting with
with the gas7 full-length and C-terminal antibodies. The 60-kDa band, identified as the
protein coronin, was recognized by the gas7 C-terminal antibody. A major band below
50 kDa, corresponding to the gas7 protein, was recognized by both gas7 antibodies. B.
Analysis of gas7 prgtein expression during neuronal differentiation of NT2 cells with
RA. Protein samples were analyzed by Western blotting with the gas7 full-length
antibody. A major increase in gas7 protein was observed after 4 weeks of RA treatment
(p < 0.001), while 2-week mature NT2 neuronal cultures (2 w diff) presented similar
amounts of gas7 protein as undifferentiated cells (p > 0.05). Data are shown as means *
SEM. Levels of gas7 protein were normalized to the intensity of Ponceau S staining, as a
loading control, and results represent 3 independent experiments. Data were analyzed by
ANOVA and when significant differences were observed, Tukey’s test was used for
multiple comparisons. Asterisks indicate a mean significantly different from other

conditions.
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protein levels, suggests that gas7 could be involved in the differentiaiton process of these

cells. These results therefore support a role for gas7 in neuronal differentiation.

3.4 Overexpression of gas7 is not neuroprotective

As previously mentioned, many factors involved in neuronal differentiation were shown
to also be involved in pro-survival pathways (Boniece & Wagner, 1995; Corrente et al.,
2002; El Ghissassi et al., 2002; Kimura & Schubert, 1992; Pedersen et al., 2004; Spencer
et al., 2002). Therefore, in addition to playing an important role in neuronal
differentiation, gas7 could have neuroprotective properties. Three different toxicity
assays were established, on the basis of their relevance to neuronal damage. Oxygen-
glucose deprivation (OGD) is a paradigm that mimics the lack of energy experienced
when global or local cerebral circulation is disrupted, such as during stroke. The calcium
ionophore A23187 induces calcium influx, and therefore elevated intracellular calcium
concentrations, while sodium nitroprusside is a nitric oxide donor and results in oxidative
stress. These last two insults are known to contribute to cell damage in
pathophysiological conditions including stroke, Parkinson’s, and Alzheimer’s (Honda et
al., 2004; Tabakman et al., 2002; Ter Host & Postigo, 1997; Verkhratsky & Toescu,

2003).

Undifferentiated and differentiated (6 days in differentiation media) cells were subjected
to the insults at various severities, to determine their potential to cause cell death.

Viability was assessed with the Alamar Blue assay. To be able to assess the potential
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neuroprotective role of gas7, conditions leading to 40-60% cell death were established
(Figure 17). The conditions selected for undifferentiated cells were 7.0 uM A23187, 0.5
mM SNP (both for 16 hours), and 6 hours of OGD. For the differentiated cells, the
chosen insults were 15.0 uM A23187, 0.5 mM SNP (both for 16 hours), and 3 hours of

OGD.

3.4.1 Gas7 overexpression does not protect PC12 cells against lethal insults

Once the toxicity paradigms were defined, the objective was to determine if gas7 could
diminish the damage. Undifferentiated and 4-days differentiated PC12 cells were infected
with the GFP or gas7 adenoviruses and toxicity assays were performed 48 hours later.
The infection process itself did not change the cells’ response to the insults, since cells
infected with the control virus showed similar viability percentages as non-infected cells
(p > 0.05) (Figure 18). Overexpressing the gas7 protein did not have any effect either

(p > 0.05), suggesting that gas7 is not neuroprotective in the models used (Figure 18).
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Figure 17. PC12 cell viability is challenged by A23187, sodium nitroprusside (SNP),
and oxygen-glucose deprivation (OGD)

Undifferentiated and differentiated (6 days in differentiation media) PC12 cells were
treated with different concentrations of A23187 and SNP for 16 hours, or subjected to
OGD for different periods of time followed by 16 hours of reoxygenation. Cell viability
was then assessed with the Alamar Blue assay. Other than for 3h of OGD with the
undifferentiated cells, all conditions resulted in a significant decrease of viability (p <
0.05) and increased intensities of the insults further reduced cell viability. Data are shown
as means £ SEM. Results represent 3 independent experiments. Data were analyzed by
ANOVA and when significant differences were observed, Dunnett’s test was used for
multiple comparisons. Control: untreated cells; + : conditions chosen for subsequent

experiments.
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Figure 18. Overexpression of gas7 does not protect against lethal insults

Undifferentiated and differentiated (4 days in differentiation media) PC12 cells were
infected with the GFP or gas7 adenoviruses and toxicity assays were performed 48 hours
post-infection. Cells were incubated with A23187 or SNP at the indicated concentrations
for 16 hours, or subjected to OGD for the indicated periods of time followed by 16 hours
of reoxygenation. Viability was assessed using the Alamar Blue assay. Overexpression of
gas7 did not affect the cells’ response to the different insults (p > 0.05). Data are shown
as means + SEM. Results represent 4 independent experiments and were analyzed by

ANOVA. Control: untreated cells.
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CHAPTER 4

DISCUSSION



Neurodegenerative conditions including stroke, Alzheimer’s, and Parkinson’s are
associated with high morbidity, affecting various functions such as cognition and
behavior. Since few or no effective options are available for their treatment, there is a
great need for new rehabilitative strategies. Re-establishment of neuronal connections
and formation of alternate communication pathways, through neurite sprouting from
uninjured neurons as well as migration and differentiation of neuronal precursors, are
believed to be important for brain functional recovery (Stroemer et al., 1995). Better
understanding of the mechanisms involved in neuron formation and neurite outgrowth
could therefore lead to improvements in neuronal regeneration strategies. The gas7
protein, which was shown to be involved in neuronal differentiation and neuritogenesis,
is an interesting candidate for such approaches to treat neurodegeneration (Chao et al.,
2003; Ju et al., 1998). This thesis aimed at characterizing the role of gas7 in neuronal

differentiation and to assess its potential neuroprotective role.

4.1 gas7 potentiates neuronal differentiation

4.1.1 gas7 promotes neurite outgrowth

Adenovirus-mediated overexpression of the murine gas7 full-length protein induced the
formation of short neurite-like processes in PC12 cells. Even though the expression of
gas7 was detected 48 hours after infection, these morphological changes appeared only
after 72 hours, suggesting that a certain time is required for gas7 to exert its effects on

cell morphology. This observation is similar to that of Chao et al. (2003), who saw
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expanded cell shape and neurite-like outgrowth 36 hours after transfection of PC12 cells
with a gas7-expressing construct (pmGas7-EGFP; contained the murine gas7 full-length
cDNA fused to enhanced GFP), while the expression of gas7 could be detected as early
as 24 hours following transfection. Overproduction of gas7 with another gas7-expressing
plasmid (pcDNA3gas7; contained the murine gas7 full-length cDNA) was also shown to
promote the formation of abundant and lengthy neuronal-like extensions in Neuro 2A
mouse neuroblastoma cells (Ju et al., 1998). The results obtained in this thesis thus
support the suggested role for gas7 in neurite outgrowth, by showing that gas7 promotes
the development of a phenotype corresponding to the early stages of neuronal
development. Short membrane outgrowths have also been reported to be induced
following transfection of NIH3T3 murine fibroblasts with pcDNA3gas7, suggesting that
the role of gas7 in the formation of cell processes might not be limited to neuronal cell

types (She et al., 2002).

When PC12 cells infected with the gas7 adenovirus were treated with NGF for neuronal
differentiation (50 ng/mL, 72 hours), cells displayed long and highly branched processes,
compared to the simple neurite outgrowth elicited in cells infected with a control virus.
This was also observed by Chao’s group, who showed that gas7-induced membrane
extensions in pmGas7-EGFP-transfected PC12 cells were longer and more abundant in
the presence of NGF (Chao ef al., 2003). The formation of complex neurite networks
further indicates that gas7 can promote neurite outgrowth and suggests that gas7’s effects

on morphology are additive to those of NGF.

88



She and colleaéues (2002) suggested that the dramatic effects of gas7 on cell morphology
could be mediated through its ability to induce reorganization of the actin cytoskeleton.
Changes in actin organization are indeed essential for neurite outgrowth. Rapid extension
of neurites and their exploration of the environment require polymerization of actin
filaments towards the tips of filopodia, whereas actin meshworks in lamellipodia provide
adhesion and tension for growth cone movement (Da Silva & Dotti, 2002; Jay, 2000).
She et al. (2002) showed that gas7 directly binds to F-actin. Protein samples from
contact-inhibited NIH3T3 fibroblasts were run on F-actin affinity chromatography
columns and the gas7 protein was only eluted in very stringent conditions, suggesting
tight interactions (She et al., 2002). In vitro actin assembly assays revealed that gas7
promotes actin polymerization and electron microscopy analysis showed that gas7 can
also induce the formation of actin filament bundles, by mediating crosslinking of actin
filaments (She et al., 2002). In addition, the observed localization of gas7 at the cell
membrane, which was essential for gas7 to promote changes in morphology, supports the
model in which gas7 directly interacts with actin to promote the formation of membrane
extensions (Chao et al., 2003; She et al., 2002). The requirement for actin polymerization
during gas7-induced morphological changes was confirmed by experiments with the actin
depolymerizing agent, cytochalasin D. Disruption of microfilament organization
prevented the membrane-localized expression of ectopic gas7 and inhibited the formation
of membrane protrusions following overexpression (She et al., 2002). Therefore, actin

polymerization was suggested to be essential for gas7’s effects on cell morphology.
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gas7 was shown to directly bind F-actin through its carboxy domain, since in addition to
the full-length gas7 protein, a purified C-terminal gas7 peptide also bound the F-actin
column, but not a gas7 N-terminal peptide (She ef al., 2002). Polymerization of actin and
crosslinking of filaments were also observed in the presence of the C-terminal peptide,
but not with the N-terminal one (She et al., 2002). In addition, the carboxy domain was
shown to be responsible for the membrane localization of gas7, since the gas7-related
protein produced after transfection of NIH3T3 cells with the gas7 C-terminal sequence,
but not with the N-terminal, was enriched at the membrane (She et al., 2002). The
potential coiled-coil domain in the carboxy region of gas7 is thought to be involved in the
interactions between gas7 and F-actin (She er al., 2002). Coiled coils are known to
promote protein-protein interactions and to participate in various molecular recognition
systems, such as olig(;merization of transcription factors and formation of core complexes
involved in membrane fusion (Burkhard er al., 2001; Lupas, 1996). The C-terminal
region of gas7 shows homology with the domain of the cytoskeleton-associated protein
PSTPIP responsible for the protein localization in actin-rich regions (She et al., 2002; Wu
et al., 1998). This supports the role of the carboxy domain in gas7 membrane
localization. The presence of a FCH domain in the C-terminal portion of gas7 could also
participate in mediating gas7-induced morphological changes, since many FCH ‘domain-
containing proteins regulate cytoskeletal rearrangements (Fujita ef al., 2002; Takahashi et
al., 2003; Tian et al., 2000). The above observations support the hypothesis that the
carboxy region of gas7 would mediate its binding to F-actin, and thereby its effects on

cell morphology (She et al., 2002).
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However, there are a few uncertainties about the role played by gas7-actin interactions in
gas7-induced changes in cell morphology. First, gas7 does not possess any known actin-
binding motif, and the binding of gas7 to actin was only shown in cell-free assays (She et
al., 2002). Even though the membrane localization of gas7 supports its possible
interaction with actin, the direct binding has not been confirmed in a cellular context
(Chao et al., 2003; She et al., 2002). Co-immunoprecipitation assays have failed because
of the tendency of gas7 to aggregate (She ef al., 2002). Other methods, such as enzyme
complementation and fluorescence resonance energy transfer (FRET) assays could be
useful tools to study the interactions between gas7 and actin in living cells. Moreover,
gas7 binding to actin was shown not to be sufficient for gas7-induced morphological
| changes. Indeed, transfection of either the C-terminal or the N-terminal sequences of gas7
did not affect cell morphology, suggesting that the carboxy-mediated interactions with
actin are not sufficient for gas7-induced changes in morphology (She et al., 2002). The
effects of gas7 on cell shape could thus only partly be explained by its interactions with

actin.

Since only the full-length gas7 protein could induce membrane protrusions, the N-
terminal domain is probably also involved in gas7-mediated neurite outgrowth (She et al.,
2002). The WW motif in the amino domain of gas7, known to mediate protein-protein
interactions through binding of proline-rich regions, might be important for gas7-induced

morphological changes (Ilsley et al., 2002).
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Another mechanism involved in neuronal morphogenesis is signaling through the Rho
GTPases Rho, Rac, and Cdc42. These proteins are known to be key regulators of neurite
growth, guidance, and branching (Luo, 2000). Rho activity induces neurite retraction,
while Rac and Cdc42 promote elongation. The balance between these positive and
negative stimuli results in neurite navigation towards specific targets (Luo, 2000).
Regulation of neurite outgrowth by Rho GTPases is mediated by selective stabilization of
the actin cytoskeleton, through activation of various kinases and actin binding proteins,
such as cofilin, profilin, and others (LLuo, 2000). There is thus a possibility that the role of
gas7 in the development of neuronal morphology could be linked to the Rho GTPases
pathways. It would be interesting to study the effects of dominant negative mutant forms
of Rho, Rac, and Cdc42 on gas7-induced morphological changes. Moreover, since gas7
was shown to have numerous potential phosphorylation sites, it would also be of interest

to determine if Rho GTPases affect the phosphorylation state of gas7 (Chao et al., 2003).

4.1.2 gas7 potentiates NGF induction of neuronal markers

Following the demonstration of gas7’s ability to promote neurite outgrowth, the next step
consisted of the study of gas7’s effects on the expression of neuronal markers. During the
neuronal differentiation process, precursor cells are induced to express various neuronal
proteins to become functional neurons. Evaluating the levels of expression of such
proteins can be used to determine the effects of potential drugs on the progression of
neuronal differentiation. When treated with NGF, PC12 cells are induced to express
neuron-specific proteins such as TUJ-1, a protein expressed in growing neurites, STG, a

pre-synaptic vesicle protein, AChR-a7, a subunit of neuron-specific nicotinic
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acethylcholine receptors, and DRP-3, an axonal protein (Byk ef al., 1998; Henderson et
al., 1994; Minturn et al., 1995; Ohuchi ef al., 2002; Takahashi ef al., 1999). The effects
of gas7 overexpression on PC12 neuronal differentiation were evaluated by studying

changes in the expression of these neuronal markers.

Even though adenovirus-mediated overexpression of gas7 in undifferentiated PC12 cells
induced neurite-like outgrowth, these changes were not accompanied by the induction of
neuronal marker expression. After 72 hours, cells infected with the gas7 adenovirus
expressed TUJ-1 and STG levels that were similar to those observed in cells infected with
the control adenovirus and in non-infected cells. These results agree with the findings of
Ju et al. (1998), who showed that gas7 overexpression in Neuro 2A cells (with
pcDNA3gas7) induced neuronal-like morphological changes, but did not promote the
expression of the neuronal marker MAPII, which is usually associated with retinoic acid-
mediated differentiation of these cells (Fischer et al., 1986). In addition, downregulation
of gas7 in cultured mouse cerebellar Purkinje neurons was shown to prevent the
development of neuronal morphology, but did not inhibit the expression of calbindin, a
marker of neuronal maturation (Ju et al., 1998). gas7 was thus suggested to be involved
in morphological, but not biochemical, neuronal differentiation (Ju ez al., 1998). In other
words, gas7 might only act on the cytoskeleton structure, and not on the regulation of

neuronal gene expression.

However, while gas7 did not induce the expression of neuronal markers on its own,

results from this thesis showed that it potentiated the induction of TUJ-1 and STG
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expression triggered by NGF (50 ng/mL, 72 hours) in PC12 cells. The complex neuritic
pattern induced in the same conditions thus correlated with an increased expression of
neuronal proteins. These results further suggest that the effects of gas7 and NGF on
neuronal development are additive. To further characterize the ability of gas7 to
potentiate neuronal differentiation, the effects of gas7 overexpression were studied in
sub-optimal differentiation conditions. Undifferentiated PC12 cells were infected with the
gas7 adenovirus and treated with low concentrations of NGF (10 ng/mL) for different
periqu of time. After 48 hours, gas7-overexpressing PC12 cells showed a significant
induction in the expression of the neuronal markers TUJ-1, STG, AChR-a7, and DRP-3.
These results suggest that gas7 synergized with low concentrations of NGF to trigger
biochemical differentiation. In the same conditions, no indication of morphological
differentiation was observed, which is consistent with the findings that neuronal markers
are usually expressed before the appearance of neuronal morphology. The potential
synergy between gas7 and NGF after longer periods of time could not be studied because
the infection process was eventually toxic. Despite the fact that gas7 overexpression
alone was not sufficient to induce neuronal differentiation, it sensitized the cells to
respond more readily to NGF and therefore potentiated differentiation in sub-optimal

conditions.

Various molecules, such as the cell cycle inhibitor PC3, ascorbic acid derivatives, and
different plant extracts, have been shown to potentiate NGF differentiation of PC12 cells
(Corrente et al., 2002; Li et al., 2000; Liu et al., 2003; Shigeta et al., 2002; Zhou et al.,

2003). PC3 was suggested to “prime” neuronal precursors for differentiation by its ability
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to arrest the cell cycle (Corrente et al., 2002). Ascorbate derivatives and plant alkaloid
extracts are thought to enhance NGF-induced differentiation by increasing
phosphorylation of the microtubule associated protein kinases (MAPKs) p42 and p44,
involved in NGF signaling, while picrosides I and II, natural substances with anti-
inflammatory effects, would amplify a downstream step of the same MAPKs (Li et al.,

2000; Liu et al., 2003; Zhou et al., 2003).

The expression of gas7 protein and mRNA in NIH3T3 fibroblasts was shown to be
induced by contact inhibition or serum starvation, and to return to control levels upon
replating or addition of serum (Brenner ef al., 1989; Ju et al., 1998; She et al., 2002).
This suggests a potential link between gas7 expression and cell cycle regulation.
Moreover, various members of the growth-arrest-specific family have been shown to be
involved in controlling cell cycle progression (Brancolini & Schneider, 1994; Brenner et
al., 1989; Claesson-Welsh, 1996; Goruppi et al., 1996; Karlsson et al., 1999; Li et al.,
1996; Rozental et al., 2000; Ruaro et al., 2000; Zoidl et al., 1995; Zoidl et al., 1997). The
possibility that gas7 potentiates neuronal differentiation through regulation of the cell
cycle was investigated. However, results showed that gas7 does not affect cell cycle
progression. Rates of cell growth were evaluated by measuring chemical reduction of the
Alamar Blue dye, and the number of proliferating cells was quantified by staining for the
proliferation marker KI-67. Since the KI-67 protein is expressed in all phases of the cell
cycle except GO, it is a better indicator of cell proliferation than bromodeoxyuridine
(BrdU) incorporation. BrdU is only incorporated during the S phase of the cell cycle and

therefore neglects the presence of proliferating cells in the G1, G2, and M phases. Alamar
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Blue assay and KI-67 staining showed that gas7-overexpressing PC12 cells proliferated
at a similar rate as control cells. Therefore, the potentiating effects of gas7 on neuronal

differentiation do not involve regulation of the cell cycle.

As previously mentioned, gas7 was suggested to induce morphological changes partly
through binding of F-actin, promoting assembly of microfilaments (She et al., 2002).
Could this mechanism also be implicated in the potentiation of neuronal marker
expression during differentiation of PC12 cells? The cytoskeleton organization and state
of actin polymerization were shown to affect expression and/or phosphorylation of
different proteins, such as vinculin, Rho, c-Abl tyrosine kinase, and cortactin
(Bershadsky et al., 1295; Fan et al., 2004; Laufs et al., 2000; Woodring et al., 2001). The
Fyn and Fer kinases are thought to be involved in actin depolymerization-mediated
phosphorylation of cortactin, but the complete mechanisms by which the state of actin
polymerization regulates gene expression and protein tyrosine phosphorylation are still
unclear (Bershadsky et al., 1995; Fan et al., 2004; Laufs et al., 2000; Woodring ef al.,
2001). There is thus a possibility that gas7-induced remodeling of the actin cytoskeleton
could trigger gene expression signals. Although the above examples of actin-mediated
regulation of gene expression and protein phosphorylation all involved proteins
controlling the cytoskeleton, it ié possible that during neuronal differentiation, gas7-actin
interactions could regulate neuronal genes and/or proteins such as TUJ-1, STG, AChR-
o7, and DRP-3. This possibility could be assessed by evaluating the ability of gas7 to
potentiate neuronal marker expression in the presence of actin depolymerizing agents,

such as cytochalasin D.
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Another potential site of action for gas7 to act on neuronal gene expression could be the
MAPK signaling to the extracellular signal related kinases (ERKs). This pathway is
considered to be a major mediator of NGF differentiation, as ERK activity was shown to
be essential for NGF-mediated differentiation of PC12 cells (Marshall, 1995; Traverse et
al., 1992; Xiao & Liu, 2003). Upon NGF stimulation, ERKs are translocated to the
nucleus and regulate gene expression by phosphorylating transcription factors either
directly, as for Elk-1, or indirectly, as for the cAMP response element binding protein
(CREB) (Ahn et al., 1998; Horgan & Stork, 2003; Traverse et al., 1992; Vanhoutte ef al.,
2001). Gene expression mediated by ERK-activated Elk-1 and CREB was suggested to
be highly involved in NGF-induced differentiation of PC12 cells (Ahn et al., 1998;
Vanhoutte et al., 2001). In the human neuroblastoma SH-SY5Y cell line, ERK activity
was shown to mediate the expression of the neuronal proteins neuropeptide Y and GAP-
43, whereas in rat striatal cultured neurons, inhibition of ERK blocked the expression of
tyrosine hydroxylase, an enzyme essential for the production of dopamine (Guo et al.,
1998; Olsson & Nanberg, 2001). These observations suggest that the ERK pathway could
also be involved in the expression of other neuronal markers, such as TUJ-1, STG,
AChR-a7, and DRP-3. It is thus possible that the potentiating effects of gas7 on the
expression of these proteins be linked to the ERK pathway. To further investigate this
hypothesis, it would be interesting to study the effects of MAPK inhibitors on gas7-
potentiation of neuronal differentiation and on gas7 phosphorylation state, as well as to

determine the effects of gas7 overexpression on MAPK phosphorylation.
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Since gas7 triggered the expression of neuronal markers only in the presence of NGF,
gas7’s signals for neuronal gene expression might require interactions with molecules
induced or activated by NGF, such as specific kinases or transcription factors. It is also
possible that gas7 and NGF act on common target proteins. To dissect the pathways in
which gas7 is involved, its effect on neuronal differentiation triggered by factors other

than NGF, for example cAMP and RA, should be determined.

4.2 gas7 is not endogenously expressed in PC12 cells

Since the first identification of gas7 in murine NIH3T3 fibroblasts, its endogenous
expression has also ‘t.)een shown in mouse and rat brain tissues and in rat PC12 cells
(Brenner et al., 1989; Chao et al., 2003; Ju et al., 1998; She et al., 2002). Because PC12
cells were the only neuronal cell line in which gas7 had been shown to be expressed, and

because cell lines are easy to manipulate, PC12 cells were the ideal model to study the

role of endogenous gas7 in neuronal differentiation.

Western blot analysis of PC12 protein extracts with the gas7 C-terminal antibody showed
the expression of a 60-kDa gas7 isoform as mentioned by Chao et al. (2003). Because the
antibody used in their study was coming from the same source as the one used here (Dr.
Sue Lin-Chao, Institute for Molecular Biology, Academica Sinica, Nankang, Taipei,
Taiwan), it was believed that the 60-kDa band represented the protein observed by
Chao’s group (Chao ef al., 2003). However, while Chao and colleagues (2003) showed a

rapid and transient increase in the expression of this so-called gas7 band during treatment
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of PC12 cells with NGF, no differential pattern of expression was seen in this study.
Furthermore, no gas7 mRNA could be detected in PC12 cells. The 60-kDa protein was
enriched by immunoprecipitation and mass spectrometry analysis identified it as the
protein coronin, which does not present any similarity to gas7. It is possible that the gas7
C-terminal antibody might not have been 100% pure and that it bound non-specifically to
coronin. Since the murine full-length gas7 protein overexpressed in PC12 cells with the
gas7 adenovirus was specifically recognized by this antibody, the gas7 protein would
probably have been detected if it had been expressed in the PC12 cells. Together with the
absence of gas7 mRNA, these observations suggest that gas7 was not expressed in the
PC12 cell model studied.

The results presented here are not in agreement with the publication from Chao et al.
(2003), who proposed that gas7 could be essential for neuronal differentiation of PC12
cells. Were they really studying the gas7 protein, or were they looking at coronin? The
only indication from Dr. Chao’s work supporting the identity of the 60-kDa gas7 isoform
comes from downregulation experiments. They showed that treatment of PC12 cells with
a gas7 antisense DNA oligonucleotide reduced the expression of the 60-kDa band (Chao
et al., 2003). The properties of cell lines can vary from one clone to another, and so it is
possible that the PC12 cells used in this study could have been different from those used
by Dr. Chao’s group. gas7 might have been expressed in their PC12 cells, but not in the

ones used for this thesis.

99



The predicted molecular weight for the rat gas7 protein is 48 kDa (accession number
055148; Swiss-Prot). Chao et al. (2003) mentioned that the gas7 isoform observed in
their study (60 kDa) was larger than other isoforms observed in brain tissues, but they did
not comment on this difference. Various types of post-translational modifications could
explain such an increase in molecular weight. However, the gas7 protein observed by Ju
et al. (1998) in mouse brain tissue and the band recognized by the gas7 antibodies in NT2
cells were of the predicted molecular weight (48 and 47 kDa, respectively). These
observations suggest that the gas7 protein is usually not subjected to post-translational
modification. Moreover, Dr. Chao’s group did not do any sequence analysis to confirm
the identity of the observed protein, as opposed to Ju et al. (1998), who showed that the
N-terminal portion of the 48-kDa gas7 band observed in mouse brain tissue corresponded
to the sequence predicted by the gas7 cDNA isolated in growth-arrested NIH3T3
fibroblasts. In addition, Chao and colleagues (2003) did not validate the expression of
gas7 at the RNA level. While they also mentioned the presence of the 60-kDa gas7
isoform in mouse kidney tissue, and thus suggested that gas7 could also have a function
in non-neuronal cells, Ju et al. (1998) showed that gas7-related RNA species were absent
from mouse kidney tissue. This discrepancy adds to the concerns about the identity of the

'protein observed by Dr. Chao’s group.

Overall, the results presen{ed in this thesis showed that gas7 was not expressed in the
PC12 cell model. Furthermore, since these cells could be differentiated into neuron-like

cells with NGF, it can also be concluded that gas7 was not essential for their

differentiation.
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4.3 gas7 could be involved in neuronal differentiation of NT2 cells

The NT2 cell line is a human model of neuronal precursor cells. The embryonic nature of
these cells, which are considered closely related to human embryonic stem cells, makes
them a relevant system to study the mechanisms involved in neuron formation
(Freemantle et al., 2002). Since cDNA and protein samples were available, it was of
interest to investigate the endogenous expression of gas7 during their neuronal

differentiation with RA.

A marked augmentation in both gas7 mRNA and protein was shown after 4 weeks of RA
treatment, and the expression had returned to control levels in 2-week mature NT2
neurons. This upregulation suggests that gas7 could be involved in RA-mediated
neuronal differentiation of NT2 cells. Even though the study of endogenous gas7
expression in PC12 cells raised some concerns about the specificity of the gas7
antibodies, evidence strongly supports that the protein of detected in NT2 samples (just
below 50 kDa) was gas7. First, the clear correlation between the patterns of gas7 mRNA
and protein expression suggests that they represent the same gene. Moreover, the
observed band corresponded to the molecular weight predicted for the human gas7
protein, of 47 kDa (accession nnumber O60861; Swiss-Prot). Finally, this gas7 isoform
was recognized by both the gas7 full-length and C-terminal antibodies, further supporting

that the detected protein was gas7.

After 4 weeks in RA, NT2 cultures contain commited neuronal and astrocyte precursors,

as well as different types of neurons, such as dopaminergic and GABAergic neurons, and
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differentiated astrocytes (Sandhu et al., 2002; Sandhu et al., 2003; Zigova et al., 1999).
Therefore, one could argue that the increase in gas7 cannot be linked to neuronal
differentiation. However, gas7 expression in the mouse brain was shown to be restricted
to neurons and was not seen in glial cells (Ju ef al., 1998). This suggests that gas7
expression in NT2-derived cells is probably specific to neurons and thus that it might be

associated with their neuronal differentiation.

NT2 cells were shown to receive growth arrest signals very quickly following the
addition of RA. The expression of the following anti-proliferative genes was shown to be
upregulated after 8 hours of RA treatment: chimerin 2, a GTPase activating protein
downregulated in highly proliferating gliomas, PC3, an inhibitor of cyclin D1, and
hepatocyte growth factor-regulated tyrosine kinase substrate, a negative regulator of
cytokine-induced DNA synthesis (Asao et al., 1997; Corrente et al., 2002; Freemantle et
al., 2002; Yuan ef al., 1995). The late induction of gas7 expression, which occurred only
4 weeks after addition of RA, would thus indicate that gas7 is probably not involved in
regulating the NT2 cell cycle. This is in agreement with previous findings in this thesis,
showing that gas7 does not affect cell proliferation of PC12 cells. Neuronal fate
commitment of RA-treated NT2 cells was suggested to happen within 24 to 48 hours,
whereas terminal differentiation into different neuronal types would occur after more
than 3 weeks of RA treatment (Cheung et al., 1997; Freemantle et al., 2002). Therefore,
gas7 is probably involved in late stages of NT2 neuronal differentiation, such as
development and maturation of the neuronal phenotype. Data from the literature and in

this thesis show that gas7 can promote neurite outgrowth (Chao et al., 2003; Ju et al.,
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1998). After 4 weeks of RA treatment, the morphology of NT2 cultures could not be
examined since in addition to forming different cell types (neurons and glia), the cells
were organized in a dense multi-layered structure (Sandhu et al., 2002). It was therefore
not possible to establish a correlation between the expression of gas7 and specific
changes in morphology. However, when NT2 cells are replated after 4 weeks in RA,
neuron-like cells with short membrane extensions can be observed immediately after
replating (Sandhu et al., 2002). It is thus possible that the high expression of gas7 in NT2
cells after 4 weeks in RA is involved in neurite formation. As it was shown for NGF-
treated PC12 cells, gas7 expression in NT2 cells might also be involved in promoting the
expression of neuronal proteins. Finally, since the expression of gas7 had returned to
control levels in 2-vy§ek mature NT2 neurons, gas7 probably does not play any role in

maintenance and survival of neurons.

NT2 cells were thus shown to endogenously express gas7, at both the message and
protein levels, and would be a good model for future research on the role of gas7 in
neuronal differentiation. However, before pursuing such work it would be important to
confirm the identity of the gas7 band detected in NT2 protein samples.
Immunoprecipitation followed by mass spectrometry analysis, as used in this study to
identify the so-called 60-kDa gas7 isoform expressed in PC12 cells, would be suitable. In
addition, even though gas7 expression in the mouse brain was previously shown to be
neuron-specific, this should be confirmed in the NT2 model since as mentioned above,
NT?2 cells can differentiate into both neurons and astrocytes upon RA treatment (Ju et al.,

1998; Sandhu et al., 2002; Sandhu et al., 2003). Finally, it would be interesting to

103



determine if gas7 expression in NT2 cells is specific to certain neuronal types, for
example if it specifically localizes in dopamine- or GABA-expressing neurons (Zigova et
al., 1999). To understand the mechanisms leading to the induction of gas7, the effects of
growth factors other than RA, for example NGF, EGF, and FGF, on the expression of
gas7 in NT2 cells should also be evaluated. Fuﬁhemore, the developmental pattern of
gas7 expression in the mammalian brain could be studied, to correlate the induction of
gas7 during neuronal differentiation of NT2 cells to the mammalian neuronal

development program.

4.4 gas7 is not neuroprotective

The ability to promote neuronal differentiation is often accompanied by a neuroprotective
role. Various neurotrophic molecules, such as NGF, cAMP, RA, PC3, Rit, and NCAM,
were shown to protect cells against different insults including ischemia, oxidative stress,
and growth factor withdrawal (Boniece & Wagner, 1995; Corrente et al., 2002; El
Ghissassi ef al., 2002; Kimura & Schubert, 1992; Pedersen et al., 2004; Spencer et al.,
2002; Wada et al., 1996). The possibility for gas7 to protect cells against various insults
was thus investigated. Oxygen-glucose deprivation (OGD) and incubation with the
calcium ionophore A23187 or the nitric oxide donor sodium nitroprusside (SNP) were
selected as the insults, to cover a range or cell death triggers: energy depletion, calcium
overload, and oxidative stress, respectively. These toxicity assays have been widely
characterized in the PC12 system (Abu-Raya et al, 1993; Boniece & Wagner, 1993;

Desole et al., 1998; Ray et al., 2000; Tabakman et al., 2002; Wada et al., 1996).
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However, adenoviral-mediated gas7 overexpression in PC12 cells did not have any effect
on OGD, A23187, and SNP toxicity, in either undifferentiated or differentiated cells. This

suggests that gas7 is not a neuroprotective molecule.

Even though gas7 overexpression did not protect the cells, the possibility that it could
potentiate the protection elicited by other factors, such as NGF, was not investigated.
NGF is known to promote its survival effect mainly through the activation of PI3-kinase.
Various inhibitors of this pathway, such as wortmannin and 1Y294002, prevent
neurotrophin-mediated neuroprotection (Klesse & Parada, 1999; Spear et al., 1997). The
mechanisms of protection are not clear, but could involve inhibition of caspase-9, an
initiator of apoptosis, and the anti-apoptotic protein Bcl-2 (Klesse & Parada, 1999). Since
it was shown that gas7 can potentiate the effects of NGF on neuronal differentiation, it is
possible that it could also potentiate NGF-induced neuroprotection. In order to test such a
role, it would be of interest to evaluate if gas7 overexpression promotes cell viability of
NGF-treated undifferentiated cells subjected to lethal insults. Alternatively, gas7 might
be endowed with neuroprotective properties that in PC12 cells, where it is not
endogenously expressed, do not find the proper context, such as appropriate target
proteins. The potential protective role of gas7 should thus be assessed in a cell model
which endogenously express gas7, such as human NT2 cells and primary cortical

cultures.
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4.5 Conclusion and future research directions

In the present thesis, the role of gas7 in neuronal differentiation and its potential ability to
promote neuroprotection were investigated. As hypothesized, gas7 was shown to
potentiate NGF-induced neuronal differentiation of PC12 cells, and the induction of
endogenous gas7 expression during neuronal differentiation of NT2 cells suggested a
possible role for gas7 in this process. However, the hypothesis that gas7 could be
neuroprotective was not supported, since gas7 overexpression in PC12 cells did not
protect against lethal insults. This study reinforces the role of gas7 in neuronal
development. The ability of gas7 to potentiate neuronal differentiation makes it a very
interesting molecule for brain repair, promoting neuron formation and neurite outgrowth
for the re-establishement of neuronal connections in the injured or diseased brain.
Neuronal circuit reorganization can improve recovery, based on the evidence that
deafferented brain areas do not lose their ability to integrate functionally with other
regions and that accordingly, neurons that have lost efferent targets may integrate into
new neuronal circuitry (Stroemer et al., 1995). Better understanding of the mechanisms
of action underlying gas7’s role might lead to improved therapeutic strategies to treat

diseased or injured neuronal tissues.

The gas7 protein is very novel, and there is still a great deal to learn about it. Many
experiments will be required to fully understand the function of gas7, and eventually to
understand its potential application to neuroregeneration. In addition to the future
experiments suggested in this discussion, it would be essential to assess the effects of

gas7 on functional neuronal differentiation and electrical excitability of neurons, such as
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through the evaluation of ion channel expression and cell currents, following gas7
overexpression. Moreover, downregulation of gas7, in a system where it is endogenously
expressed, would lead to insights into the roles of gas7. RNA interference (RNAI)
experiments, for example, would allow one to evaluate if gas7 expression is essential for
proper neuronal development of primary cultured neurons, as suggested by Ju et al.
(1998). Finally. knockout animals would also be a great tool to further assess the function

of gas7 in all different organ systems, in addition to the brain.
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