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ABSTRACT

Apoptosis is a normal and essential biological process for the differentiation and
maintenance of cellular populations in multicellular organisms. One of the most significant
advances in research into apoptosis has been the realization that it is a genetically regulated
process. New gene induction is required not only for the onset of apoptosis but also for its
progression in an orderly manner. In this study apoptosis was induced in neuronal PC12
cells by 2-5 uM VM26 (teniposide, a known apoptotic inducer) and changes in the
expression of genes considered to be involved in apoptosis were examined by RT-PCR. Cell
death, DNA fragmentation and morphological changes associated with apoptosis were
evident within 8 hours after exposure to VM26 indicating that VM26 is capable of inducing
apoptosis.

Within 8 hours of VM26 exposure, clusterin (TRPM-2) and IGFBP2 (Insulin-like
growth factor binding protein 2) were both upregulated by 3 and 4 fold respectively.
Cathepsin B (RSG-2) and RSG-3 (embigin) exhibited marginal changes in expression, only
about 1.2 fold, over the 24 hour time course. Finally, IGFBP5 (Insulin-like growth factor
binding protein 5) displayed a substantial decrease in expression, with a 4 fold decrease
compared to control. Since IGFBPs appear to play a role in apoptosis, the effects of IGF-I
treatment on cells undergoing apoptosis was examined. Treatment with IGF-I led to a dose-
dependent protective effect on apoptosis induced by VM26.

In the presence of 200 ng/ml IGF-I, cell viability was 52.1% at 24 hours compared

to non-treated cells, at 35.8% viability. In addition, IGF-I was able to modulate cell
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viability, in a manner that did not involve induction of proliferation as assessed by cell
counts in IGF-I treated and untreated PC12 cells.

Thus the findings in this study offer exciting information in the area of neuronal
apoptosis, a phenomenon believed to be involved in a number of neurodegenerative diseases.
In addition the results of our studies into the potential anti-apoptotic effects of IGF-I may
ultimately lead to IGF-I therapy becoming an important treatment strategy for many of these
neurodegenerative conditions. Furthermore, this research highlights the role of IGFBPs in
the control of cell survival and indicates that this may be a productive area for further

research.
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INTRODUCTION

I. 1.0 OVERVIEW OF APOPTOSIS

Apoptosis is a normal and essential biological process for the differentiation and
maintenance of cellular populations in multicellular organisms. In general, it is characterized
by cell surface blebbing, cell shrinkage and chromatin DNA degradation. It can occur in
response to both physiological and endogenous stimuli and, in contrast to other forms of cell
death, does not elicit an inflammatory response. Apoptosis is an active energy-dependent
process usually dependent upon the expression of specific regulatory genes together with

endonucleases, proteases and several other genes whose functions are yet to be elucidated.

I.2.0 APOPTOSIS VS. NECROSIS

The visible characteristics of apoptosis were originally described by Wyllie, Kerr and
colleagues who coined the term “apoptosis” to describe this phenomenon and to distinguish
this form of cell death from necrosis (Kerr et al. 1972;Wyllie, 1980). Necrosis is a type of
cell death that occurs as a result of tissue damage and involves the disruption of cell
membranes or membrane activity, influx of water from the extracellular environment,
swelling of the cell organelles and irregular clumping of the chromatin DNA against the
nuclear membrane (Kerr et al. 1972). The dying cell progressively swells and bursts
releasing its contents into the extracellular milieu, resulting in the activation of an
inflammatory response, with macrophage invasion and further damage to the surrounding

cells (Wyllie, 1980).
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In contrast, apoptosis is an organized, active process associated with characteristic
morphological and biochemical changes. These morphological changes include a controlled
reduction in cellular volume, condensation of chromatin around the periphery of the nucleus,
and eventual dissolution of the entire cell into small membrane bound spherical vesicles
known as apoptotic bodies (Kerr et al. 1972). These bodies are subsequently endocytosed by
neighboring cells or resident macrophages, and digested by the lysosomes therein. This
manner of removing the dying cell prevents the leakage of any of the intracellular contents
and avoids stimulating the immune system. Biochemically, apoptosis usually requires new
RNA and protein synthesis (Kerr et al. 1972). To describe genes involved in apoptosis the
term thanatogen from the Greek word for death has been used. Thanatogens fall primarily
into two categories: those that initiate apoptosis (primary thanatogens) and those that ensure
the appropriate process of DNA fragmentation and phagocytosis of dying cells (secondary

thanatogens).

I. 3.0 INCIDENCE OF APOPTOSIS

Apoptosis is a highly conserved physiological process that acts in concert with
mitosis to preserve cellular homeostasis or to facilitate tissue re-modelling during
development. It can occur in isolated cells that are genetically programmed to die during
development, as in Caenorhabditis elegans (Yuan & Horvitz, 1990), or may involve all the
cells in a regressing tissue such as the intersegmental muscles that are lost at ecdysis in
Manduca sexta (Wadewitz & Lockshin, 1988). During development of higher vertebrates the

cells in many tissues undergo apoptosis. For example, apoptosis of individual cells is
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responsible for the topogenesis of neuronal distribution in the retina of the cat and defects
in the process have been implicated in a number of retinopathies (Wong et al. 1994).
Moreover, during neuronal development, widespread cell death occurs at the time when
connectivity is established between neurons and their fields of projection (Cowan et al.
1984). It has been suggested that competition for limiting trophic factors helps control the
size and specificity of the population of surviving neurons (Cowan et al. 1984).

Terminally differentiated cells undergo apoptosis in response to a variety of stimuli.
For example, the epithelial cells in the distal tubules and collecting ducts of the kidney
undergo apoptosis as a result of urethral obstruction, ischemia and hydronephrosis (Kennedy
et al. 1994). In thymocytes and lymphocytes apoptosis can be induced using radiation
(Sellins & Cohen, 1987) and by administration of glucocorticoids (McConkey et al. 1989;
Cohen & Duke, 1984). Apoptosis can also be induced in hormone-dependent tissues such
as the prostate and mammary gland through ablation of the appropriate trophic hormone.
The epithelial cells of the prostate undergo apoptosis after castration ( Kerr & Searle, 1973,
English et al. 1989; Sandford et al. 1984; English et al. 1985; Tenniswood ef al. 1990), while
regression of the lactating mammary gland is induced by the falling prolactin levels
associated with weaning (Walker et al. 1989; Strange et al. 1992). Hence, apoptosis plays
a key role during normal development, in adult tissues, during regression of hyperplasia and
in pathological atrophy (Kerr & Harmon, 1991). However, accumulating evidence suggests
that it is not a single phenomenon but a series of morphologically and biochemically related

processes (Clarke, 1990; Zakeri et al. 1995).
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I. 40 MORPHOLOGY OF APOPTOSIS

Cell death in hormone dependent tissues has been particularly well characterized by
electron microscopy which has revealed that in the prostate (Sandford er al. 1984) and
mammary gland (Guenette et al. 1994a) apoptosis occurs predominantly in the secretory
epithelium and, as in other cells, can be broken down into a number of distinct steps (Bursch
et al. 1990a).

The first stage, or pre-condensation phase, is often not histologically visible and can
last from only a few minutes to several hours after exposure to the apoptotic stimulus. During
this phase, many of the genes that are necessary for apoptosis are induced de novo or
recruited from other functions in the gland, and endonucleases responsible for DNA
fragmentation are activated. The length of this phase has been shown to vary from cell to cell
within the same tissue, a phenomenon that has been attributed to the micro-heterogeneity
in the hormone or growth factor environment of each cell. The second stage of apoptosis and
the first visible stage, is referred to as the cytoplasmic condensation phase. It involves the
loss of the interactions between the dying cell and its neighbors, degradation of the
extracellular matrix (ECM) and an overall decrease in the cytoplasmic volume (Wyllie,
1987). This phase is followed by the nuclear condensation phase, but often the stochastic
nature of apoptosis in glandular tissue, makes the clear temporal separation of these two
phases difficult to discern. In isolated cells such as granulosa cells, studies suggest that the
cytoplasmic phase generally precedes the nuclear condensation phase. The nuclear
condensation phase is characterized by fragmentation and margination of chromatin DNA,

producing the hyperchromatic, pyknotic nucleus characteristic of apoptotic cells (Wyllie e
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al. 1981;Wyllie et al. 1986; Kyprianou & Isaacs, 1988). The final stage in the process of
apoptosis is the fragmentation of the apoptotic cell into several apoptotic membrane-bound
bags or apoptotic bodies which are subsequently phagocytosed by neighboring epithelial
cells or macrophages and degraded by the lysosomal enzymes either activated in the host cell
or in the apoptotic body itself (Bursch et al. 1990a; Bursch et al. 1990b). Remarkably, this
latter process occurs without the leakage of the intracellular components into the
extracellular space, thereby ensuring that the complement cascade system is not activated,
and that there is no inflammatory response (Kerr ez al. 1972). It has been speculated that the
asynchronous nature of apoptosis may help prevent eliciting a major immune response by

giving time for surviving cells to engulf and remove the dying ones.

[. 5.0 BIOCHEMISTRY OF APOPTOSIS

One of the most striking characteristics of apoptotic cells is their pyknotic nuclei,
resulting from the degradation of chromatin DNA into fragments and its re-distribution to
nuclear margins. When extracted and electrophoresed on an agarose gel the chromatin DNA
appeared to have been cleaved in an orderly manner, producing the characteristic
nucleosomal DNA ladder which has now become recognized as one of the hallmarks of
apoptosis in a variety of systems (Arends et al. 1990; Eastman & Barry, 1992)..

DNA fragmentation is believed to occur in a stepwise fashion. The first step, which
is seen in virtually all cells undergoing apoptosis, involves DNA cleavage at inter-rosette
sites generating DNA fragments that are 300 kbp in size. These fragments are subsequently

cleaved at interloop sites generating fragments of 50 kbp. The final cleavage event occurs
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in some, but not all cells, and produces oligonucleosome fragments (multimers of 200 bp),
and is responsible for the hallmark DNA ladder (Walker & Sikorska, 1994). Detailed
analysis suggests that this fragmentation of chromatin requires a number of independent
enzyme activities each having significantly different cation requirements. It has been
proposed that depending on the degree of DNA degradation the requirement for Ca*or Mg**
may be different. In the first stage of degradation there is a dependence on Mg™, the second
cleavage event requires the additional presence of Ca®*, and the final cleavage requires
elevated levels of Ca*™ (Walker et al. 1995). In keeping with this idea, increasing
intracellular Ca** with ionophores, or decreasing Ca®* with chelators can alter the rate of cell
death, and level of DNA fragmentation (Kluck er al. 1994; Zhivotovsky et al. 1994). In some
model systems there also appears to be a requirement for Mg®" for apoptosis and DNA
fragmentation (Cain ef al. 1994). Given this variation in cation requirement it has been
proposed that candidate nucleases such as DNase I (Peitsch et al. 1993), DNasell (Barry &
Eastman, 1993), and nuc 18/cyclophilinA (Montague et al. 1994), may be involved in
different aspects of the process. To date, no single nuclease responsible for DNA
fragmentation during apoptosis has been discovered, but the use of putative nuclease
inhibitors to block apoptosis suggests nucleases do play a role in the process (Batistatou &

Greene, 1993).

I.5.1 DNA FRAGMENTATION
There is growing evidence to suggest that proteases may be required to facilitate

DNA fragmentation, either to proteolytically activate the nuclease, or to initiate the
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degradation of the nuclear matrix to render the DNA more accessible to nucleases. Recent
studies suggest that a family of cysteine proteases may play a key role. Through studies on
the nematode, C. elegans in which apoptosis is responsible for the elimination of 131 of the
1089 cells during development, a gene referred to as ced-3 was isolated, sequenced and
determined to be essential for apoptosis (Yuan & Horvitz, 1990). Comparison to the
sequences in the databases has demonstrated that ced-3 is homologous to the mammalian
interleukin-1B (IL-1B) -converting enzyme (ICE). As a member of the cysteine protease
family, this enzyme cleaves the 31 kDa IL-1P precursor between Asp-116 and Ala-117
residues to generate the mature 17.5 kDa IL-1p cytokine (Nicholson et al. 1995). There is
considerable evidence to suggest that members of the (ICE)-like cysteine protease family
serve as an intracellular proteolytic cascade that leads to the activation of endonuclease(s)
responsible for DNA fragmentation during apoptosis. One of the substrates for an ICE/ced-3
like protease is poly(ADP-ribose) polymerase (PARP), an enzyme that plays a role in DNA
repair, genome integrity, and inactivation of a putative endonuclease (s) believed to play a
role in apoptosis. It has been proposed that in the early stages of apoptosis the sequential
proteolytic activation of several ICE-like proteases culminates in the cleavage of PARP in
the nucleus (Lazebnik et al. 1994). The cleavage of PARP, prevents its recruitmenent to
sites of DNA damage, prevents the subsequent genome repair, and allows the activation of
the Ca®>"/ Mg®>* dependent endonuclease which cleaves the DNA. The activation of this
pathway has been strongly implicated in the induction of cell death in cells of neuronal and
hematopoietic origin (Jacobson & Evan, 1994; Enari et al. 1995; Tewari et al. 1995).

Comparative studies using PFGE suggest that many cells undergoing apoptosis, may
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not completely fragment their DNA (Dusenbury ez al. 1991;Walker et al. 1991) even though
the enzymatic activities necessary to do so are present in the isolated nuclei (Pandey e al.
1994). This demonstrates that, although all cells appear to have the enzymatic apparatus
necessary for DNA fragmentation, subtle differences in chromatin structure, proteolytic
activation, intranuclear pH as well as activating ion concentrations (Ca*>* and Mg?), or
inhibiting ion concentrations (Zn** and K*) may significantly alter the extent of DNA

fragmentation in individual cell types (Barry & Eastman, 1992; Furuya et al. 1994).

I. 6.0 MOLECULAR BIOLOGY OF APOPTOSIS

One of the most significant advances in research into apoptosis has been the
realization that apoptosis is a genetically regulated process. New gene induction is required,
not only for the onset of apoptosis, but also for its progression in an orderly manner. The
active nature of apoptosis has been demonstrated in numerous model systems, through the
use of RNA or protein synthesis inhibitors which can delay or block apoptosis (Mesner et

al. 1992).

I.6.1 BCL-2

Interestingly, many of the genes with putative roles in apoptosis have also been
shown to be aberrantly expressed in a number of cancers. One gene originally identified on
this basis was Bcl-2. This gene was isolated from folliclar B-cell lymphomas in which there
was the inappropriate survival of lymphocytes (Tsujimoto et al. 1984). Further studies into

the function of this gene have revealed that both in vifro and in vivo Bcl-2 was able to block
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or delay apoptosis. Overexpression of Bcl-2 in neuronal, hemopoietic, and thymocyte celis
has also been shown to confer a resistance to apoptosis (Vaux et al. 1988; Hockenberry et
al. 1990; Nunez et al. 1990; Sentman et al. 1991; Strasser et al. 1991; Garcia et al. 1992).
Consistent with these findings Bcl-2 is found to be overexpressed in a number of hormone-
refractory prostate tumors, suggesting that the aberrant expression of this protein may
contribute to the inappropriate survival of tumors, and confer resistance to apoptosis induced
by many standard chemotherapeutic agents such as methotrexate, vincristine, and cisplatin
(Tung & Fritz, 1985; Colombel et al. 1993; Ohmori et al. 1993). Bcl-2 protein has been
localized in several cell compartments, such as inner and outer mitochondrial membrane,
nuclear envelope, endoplasmic reticulum, cell membrane and intracytoplasmic vesicles
(Hockenberry et al. 1990: Jacobson et al. 1993). This broad distribution suggests it may be
involved in the regulation of transmembrane transport, signalling, regulation of intracellular
Ca* and activation of endonucleases which play a key role in apoptosis. Bcl-2 expression in
the neuronal system may also protect neurons from death resulting from oxidative stress, and
variations in Bcl-2 might reflect variations in the level of cell death in different cells in the
brain (Migheli ez al. 1994).

Bcl-2 activity is believed to be regulated by a 21 kDA protein displaying extensive
amino acid homology to Bcl-2, known as Bax. By heterodimerizing with Bcl-2, Bax is able
to counter the death repressing activity of Bcl-2, suggesting that the ratio of Bax to Bcl-2 in
a cell an important regulator of apoptosis (Oltvai et al. 1993). Two forms of another gene,
Bcl-x, also appear to regulate apoptosis by heterodimerizing with Bcl-2. The longer protein,

Bcl-x,; helps Bcl-2 confer a resistance to apoptosis, while the shorter version, Bcl-x, acts as



-10-

a dominant inhibitor of Bel-2 function (Boise et al. 1993). A new homolog of Bcl-2 called
Bak has been shown recently to promote apoptosis by binding to the anti-apoptotic members
(Bcl-2 and Bcl-x;) of the Bcl-2 family (Chittenden et al. 1995). Bcl-2 and its family
members thus appear to play a central role in apoptosis, however further studies on its
function, other members of the family and dimerization partners are necessary to understand

its exact role.

I. 6.2 c-MYC

Another gene shown to play a role both in cancer and in apoptosis is the proto-
oncogene, c-Myc. c-Myc is a cell cycle regulator, whose levels are elevated in the prostate
following castration (Colombel et al. 1992). The expression of c-Myc in cells of fibroblast
and myeloid lineages, has been associated with their increased susceptibility to undergo
apoptosis (Askew et al. 1991; Bissonnette et al. 1992; Evan et al. 1992; Fanidi et al. 1992).
The involvement of a proliferation-related gene like c-Myc suggests the existence of a high
turnover state in the tissues, in which cell proliferation and cell death are likely to coexist,
their relative quantities being determined by the microenvironment of the cell (Evan ef al.
1992). The striking coincidence of proliferation and death within the same areas in many
tissues gives credibility to this view (Shi et al. 1992). The c-Myc gene appears to act in
concert with growth factors such as IGF-I, PDGF to regulate the level of apoptosis in a given
cell. These growth factors appear to act downstream of c-Myc to prevent c-Myc induced

apoptosis. It is also of note that Myc dimerizes with a partner protein, Max which then
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interacts with another protein, MAD. This complex interaction is similar to that seen with
Bcl-2 and its dimerization partners, indicating that interactions of this sort may play a key

role in regulating protein function. (Amati et al. 1993).

1.6.3 pS3

Studies have also revealed a potential link between expression of the tumor
suppressor gene p53 and apoptosis. This gene is commonly mutated in over half of all human
tumors, implying that the gene likely plays a fundamentally important step in the
pathogenesis of cancer ( Hollstein et al. 1991;Vogelstein & Kinzler, 1992). A functional
p53 gene appears to be essential for the induction of cell death in lymphocytes exposed to
various cytotoxic agents as well as a number of other cell lineages including: thymic T cells
(Clarke et al. 1993; Lowe et al. 1993), myeloid precursor cells (Lotem & Sachs, 1993), and
intestinal epithelial cells (Clarke er al. 1994; Merritt et al. 1994). In its capacity as a cell
cycle regulator, p53 appears to allow cell cycle arrest to facilitate DNA repair prior to DNA
replication. In the event that DNA damage is too severe to be repaired, p53 appears to direct
the cell towards apoptosis, or increase the susceptibility of the damaged cell to apoptosis
(Miyashita ef al. 1994; Selvakumaran et al. 1994). It is likely that more than one gene is
involved in the regulation of a complex, highly ordered process such as apoptosis. In M1
leukemic cells for example, overexpression of Bcl-2 can prevent cell death suggesting that
Bcl-2 may act downstream of both p53 and c-Myc to override their effects, and promote the

inappropriate survival of leukemic cells (Lotem & Sachs, 1993).
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I. 6.4 NAIP

Recent studies into genes associated with the control of apoptosis in the neuronal
system, has revealed two genes that have the opposite effect of p53 and may actually help
prevent inappropriate or extensive neuronal cell death. These two genes, NAIP (Neuronal
Apoptosis Inhibitory Protein) and SMN (survival motor neuron gene) have been shown to
directly decrease the extent of cell death in the neuronal system. Deletions in both these
genes have been associated with the development of the autosomal recessive disease, Spinal
Muscular Atrophy, a progressive neurodegenerative disease that is characterized by
degeneration of the anterior horn cells of the spinal cord (Liston et al. 1996). Expanding
knowledge in the area of genes both promoting and inhibiting apoptosis, may pave the way
for the development of new therapies for a variety of conditions such as SMA and other

neurodegenerative diseases.

I. 6.5 CLUSTERIN (TRPM-2)

The rat ventral prostate undergoing apoptosis has provided a good model for the
study of novel genes involved in apoptosis. A number of different strategies have been used
to identify such genes and the first gene to be cloned and characterized in this context was
TRPM-2 (testosterone repressed prostate message 2), now referred to by convention as

clusterin (Léger et al. 1987). This widely expressed, multi-functional glycoprotein is the most

abundant protein induced in the prostate following castration and clearly plays an integral
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role in the apoptotic death of secretory epithelial cells in the prostate and mammary gland.
(Montpetit et al. 1986;Betuzzi et al. 1989; Strange et al. 1992;Wong et al. 1993). It has
subsequently been shown that clusterin is associated with both developmental and induced
cell death. However, its expression is not exclusively confined to dying cells (Griswold et
al. 1986; Sylvester et al. 1991; Zakeri et al. 1992; Bursch et al. 1995). Clusterin has been
implicated in reproductive cell function, lipid transport, complement regulation and
endocrine secretion (Little & Mirkes, 1995). Its induction in disease states such as
glomerulonephritis, polycystic kidney disease, renal tubular injury, atherosclerosis,
myocardial infarction and neurodegenerative conditions including Alzheimer’s disease and
epilepsy has also been noted (Wong et al. 1994; Rosenberg & Silkensen, 1995). In retinitis
pigmentosa, morphologic and biochemical data from photoreceptor cells undergoing
apoptosis suggests that clusterin is induced in the retinal pigment epithelium and may play
a role in tissue regression and membrane remodelling (Smith et al. 1995).

While the exact role of this gene in apoptosis has not been firmly established, the
protein appears to be involved in controlling cholesterol efflux from the membranes of the
dying cells, and facilitating the transfer of cholesterol to ApoA-I/HDL, and in protecting the
membrane from complement fixation (Wilson et al. 1994). It thus serves to facilitate
membrane remodelling and the removal of redundant membranes while protecting the
membranes from recognition by the immune system. This is a critical process that must
occur as the apoptotic cell shrinks, prior to fragmentation, into apoptotic bodies and is the
key feature distinguishing apoptosis from necrosis. It has also been shown that over-

expression of clusterin in prostate cancer cells protects them from apoptosis induced by
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Tumor Necrosis Factor (TNFa) (Sensibar et al. 1995), suggesting that the absolute level of
clusterin expression, or the timing of the expression, may be critical in determining the

sensitivity of the cells to apoptotic stimuli.

L. 6.6 RSG 2 (CATHEPSIN B)

Further studies on gene induction in the rat ventral prostate has identified a sequence
originally called RSG-2, but now referred to as cathepsin B, that increases significantly
following castration and codes for a cysteine protease (Guenette et al. 1994b). Although the
physiological role of cathepsin B is not yet understood, it is present in the lysosomes of many
cell types (Kominami et al. 1985; Recklies & Mort, 1985) and has been implicated in the
degradation of specific components of the extracellular and basement membrane. Of
particular interest, is the potential role of cathepsin B in neurodegenerative conditions where
increased enzyme activity has been reported in both multiple sclerosis, and in neuritic
plaques associated with Alzheimer’s disease (Cataldo & Nixon, 1990; Bever & Garver,
1995). In these plaques the enzyme is associated both with lysosomes and with extracellular
lipofuschin granules indicating that the enzyme is likely secreted into the extracellular
matrix. Cathepsin B degraded components of the basement membrane which is a prerequisite
for the cytoplasmic condensation of a dying cell (Sloane & Honn, 1984). Temporally, the
proteolytic activation of cathepsin B correlates with the expression and activation of a
number of other extracellular proteases which form a proteolytic cascade that initially
degrades any protease inhibitors, abolishing their effects, and subsequently degrading many

components of the basement membrane. The induction of these ECM-proteases and other
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lysosomal enzymes has led to the suggestion that the degradation of the ECM during
apoptosis requires the co-ordinate activation of several lysosomal enzymes. The enzymatic
activity disrupts the interactions between normal epithelial cells and the extracellular matrix

leading to apoptosis, a phenomenon termed “anoikis” (Frisch & Francis, 1994).

I. 7.0 APOPTOSIS AND SURVIVAL SIGNALS

Unique cell surface molecules and extracellular matrix components, specific gene
expression or repression, and the presence or absence of extracellular signals, all appear to
work in concert to modulate apoptosis in different cell types. The external signals that lead
to apoptosis are as varied as those that lead to differentiation and proliferation and can
include both the withdrawal and the presence of these extracellular signals (Williams &
Smith, 1993). Indeed, dependence on essential survival factors for suppression of apoptosis
appears to be very widespread (Raff, 1992). In haemopoietic stem cells, for example, the
primary function of colony stimulating factors appears to be suppression of apoptosis
(Williams er al. 1990) and this effect allows an intrinsically determined pathway of
differentiation to be followed. In contrast the stimulation of some cell surface molecules such
as the TNF-a receptor and the APO-1 antigen (Fas antigen) can often induce cell death by

apoptosis, although this is not always the outcome (Nagata & Golstein, 1995).

I. 7.1 GROWTH FACTORS AND IGFBPS

There is considerable evidence to suggest that soluble growth factors such as insulin-
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like growth factor (IGF-I, IGF-II), Nerve Growth Factor (NGF), Epidermal Growth Factor
(EGF), Transforming Growth Factor a (TGFa) and Fibroblast Growth Factor (FGF) may play
a crucial role in preventing apoptosis. Recently, members of the insulin like growth factor
(IGF) family have emerged as key physiological regulators of apoptosis (Arteaga, 1992;
Pietrzkowski ef al. 1992; Reeve et al. 1993). IGF-I for example, has been found to protect
a number of cell types from cell death. These include, neurons (Deluca er al. 1996; Zawada
et al. 1996), vascular smooth muscle cells (Bennett e al. 1995), myocardium (Buerke et al.
1995), preovulatory follicles (Eisenhauer et al. 1995; Chun et al. 1996), mammary tissue and
breast cancer cells (Geier et al. 1994;Geier et al. 1995;Neuenschwander et al. 1996), terato-
carcinoma (Granerus et al. 1995), prostate (Guenette & Tenniswood, 1994), blood cell and
lymphocyte precursors (Muta & Krantz, 1993; Kelley et al. 1996; Minshali et al. 1996).
mouse embryo fibroblasts (Sell e al. 1995; Li et al. 1996) and colorectal carcinoma cells
(Wu et al. 1995).

Through interactions with its cognate receptor, IGF-I has been shown to prevent
apoptosis induced by the drug VM26 in BALB/c3T3 cells (Sell et al. 1995) and apoptosis
occurring in IL-3 dependent haematopoietic cells following withdrawal of IL-3
(Rodriguez-Tarduchy et al. 1992). Thus IGF-I appears to play a central role in tissue
homeostasis, by repressing the induction of apoptosis, and allowing differentiation or mitosis
to occur. The permissive effect of IGF-I appears to act downstream of the cell cycle regulator
c-Myc gene, blocking the entry of the cell into the apoptotic pathway. Hence, both elevation
of c-Myc and down-regulation of IGF-I appear to be necessary for the induction of apoptosis

(Evan et al. 1992; Amati ef al. 1993; Evan & Littlewood, 1993; Harrington et al. 1994).
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Some of the most dramatic and best characterized examples of apoptosis occurring
in response to growth factor removal has been in the central nervous system (Martin ef al.
1988). The neuronal system has provided a good model for studying apoptosis and through
these studies and others, it appears that, to exert their effects, growth factors like IGFs must
not only interact with their cognate receptors but also with specific components of the ECM
and specific binding proteins known as insulin-like growth factor binding proteins (IGFBPs).
A number of IGFBPs have been identified in a variety of different tissues; however, much
less work has been done on the potential role of IGFBPs in cell survival compared to the
work done on IGFs. Guenette and Tenniswood (1994) demonstrated that IGFBPS is
dramatically induced early in the prostate following induction of apoptosis, and appears to
associate with specific components of the ECM (fibronectin and tenascin) which are only
expressed by the stroma after castration. This has lead to speculation that IGFBPs may
attenuate the IGF signal, triggering apoptosis and leading to the induction of a cascade of
other genes involved in the process, including cathepsin B and clusterin. However, more
recently, Lee et al. (1996) have shown that IGFBPS is associated with cell survival and
another binding protein, IGFBP2 may be associated with cell death following ischemia-
reperfusion injury of the perinatal rat brain. These observations are supported by those of
Nordqvist et al. (1996) who showed that IGFBP2 levels increased in regions of the brain
damaged by contusion injury. Furthermore, retinoic acid up regulates the expression of
IGFBPS5 in osteoblasts further supporting a role for this binding protein in cell survival (Zhou
et al. 1996).

The role of IGFBPs in apoptosis, is not well understood; however, it is apparent that
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they have widespread roles, not only in the prostate but also in other tissues. In the brain for
example, the role of IGFs, and IGFBPs is being studied in the context of neurodegenerative
conditions. Alzheimer’s disease is characterized by deficits in memory, cognitive function
and neuropathologically by the loss of neurons and the presence of neuritic plaques and
neurofibrillary tangles (McKhann et al. 1984). Due to their putative function as
neurotransmitters and neuroregulators in the CNS, neurotrophic factors have been suggested
to play a role in Alzheimer’s disease. In addition to the role of NGF, speculation is revolving
around the role of IGFs and specific IGFBPs which are found to be elevated in the
cerebrospinal fluid of some patients with Alzheimer’s disease (Sandberg e al. 1988). Itis
suggested that elevations of IGF and specific IGFBPs may be an attempt by the neuronal
system to compensate for neurodegeneration. /n vitro studies have found that depending on
the cell system and specific IGFBP used, they may stimulate or inhibit the biological effect
of IGFs (Conover & Powell, 1991; McCusker et al. 1996). The role of specific IGFBPs
appears to be dependent at least in part on the interactions of these proteins with specific
components of the ECM underlying these specialized cell types. Thus while soluble growth
factors such as IGF-I evidently have widespread role in different systems, further study will

be necessary to improve our knowledge of their actions.

I. 8.0 APOPTOSIS AND THE EXTRACELLULAR MATRIX (ECM)
The ECM clearly plays an important role in cell adhesion, cell migration, and cell
signalling. In addition, cell-specific growth factors and enzymes are immobilized in the

ECM, at the cell surface, to facilitate their physiological functions and in some cases prevent
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their proteolytic degradation. Recently, the ECM has also been shown to play a role in
regulating protein secretion and gene expression in certain tissues by mechanisms involving
both membrane and nuclear events, including the binding of some components of the ECM
to transcription factors (Jackson et al. 1991).

The ECM varies from cell type to cell type, but in general contains a number of
collagenous and non-collagenous glycoproteins and proteoglycan components including
fibronectin, collagen, laminin, vitronectin and heparan sulfate proteoglycan (Walicke, 1989;
Kofoed et al. 1990; Paulsson, 1992; Damsky & Werb, 1996). These components play a key
role in promoting neuronal differentiation, and survival and may operate through several
candidate neuronal receptors. Interestingly, it has been shown that certain ECM components,
namely heparan sulfate proteoglycans, are found specifically colocalized to amyloid plaques
in the brains of Alzheimer’s patients, and it has been suggested that heparan sulfate
proteoglycan, bearing neurotrophic activity, are synthesized and deposited in the developing
plaque by astrocytes and neurons to stimulate the growth of other neurites into the plaque
(Jackson et al. 1991).

In the developing neuronal system, a growing body of evidence suggests that both
glia-derived and ECM-derived molecules as well as other local cell-cell interactions between
neurons and non-neuronal cells, may play a role in preventing apoptosis of developing
neurons. Thus it is becoming increasingly apparent that any comprehensive and valid
conceptualization of the events that control neuronal apoptosis must take into account the
role of targets and afferents as well as neuronal interactions with non-neuronal cells and the

ECM (Oppenheim, 1991).
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I. 8.1 FAS/APO-1

Recently, a cell surface receptor called Fas/APO-1 belonging to the NGF/TNF family
of receptors was isolated. Fas/APO-1 is believed to play a role in the development of the
immune system and the maintenance of tolerance to self antigens, thereby preventing
autoimmune diseases such as lupus from occurring. Fas/APO-1 is a 48 kDa membrane-
spanning glycoprotein receptor, which, upon binding with an anti-Fas/APO-1 monoclonal
antibody or Fas-ligand signals the lymphocyte to die by apoptosis (Elkon, 1994). The
Fas/APO-1 system not only provides another model in which to study apoptosis, but also
opens up the possibility of activating apoptosis using antibodies directed against cell surface

molecules as a therapeutic modality (Cohen, 1993).

I. 8.2 RSG-3

Another group of molecules shown to play a role in cell surface interactions, as cell
adhesion molecules and cell surface receptors, belong to the Vk immunoglobulin gene
superfamily. (Huang et al. 1990). Typical examples are cell surface immunoglobulins, T-cell
receptors (Thy), neuronal cell adhesion molecule (N-CAM), myelin-associated glycoprotein
(MAG), major histocompatibility antigen class I and II, and interleukin-6 (IL-6) receptors
(Williams & Barclay, 1988; Williams & Gagnon, 1982). One of these family members
referred to as RSG-3 (Regression Selected Gene 3) has been shown to be upregulated in rat
ventral prostate following castration (Sridhar, 1993). RSG-3 is the rat homolog of the
murine 70 kDa glycoprotein, embigin, which is displayed on the cell surface and shown to

enhance cell-substratum adhesion (Huang et al. 1990). It has been speculated that as an
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epitope it may play a role in the recognition and subsequent phagocytosis of apoptotic bodies
or alternatively, may serve as a cellular receptor for cognate epitopes on neighboring cells.
The function of this gene and other members of this family is yet to be fully understood.
However, its expression in systems undergoing apoptosis may provide insight into their role
in cell-cell or cell-surface adhesion, their function during cell remodelling and disruption of

membranes that occurs during apoptosis (Sridhar, 1993).

I.9.0 APOPTOSIS IN THE NEURONAL MODEL SYSTEM

To date a significant amount of research into the molecular components of cell death
has been performed on regressing prostate tissue, one of the most characterized apoptotic
model systems. Following removal of the trophic hormones required for tissue maintenance,
the rat ventral prostate undergoes rapid apoptosis, and has served as a good model for
studying apoptosis. Although differences between various systems undergoing apoptosis
exist, some fundamental similarities appear to exist, allowing parallels to be drawn between
the well established prostate model and the relatively poorly established neuronal model.

It is now widely accepted that apoptosis is an integral part of the neuronal system, and
its potential importance is only now being realized. Homeostasis in every system is
dependent upon a delicate balance of cell proliferation and cell death which, if disturbed, can
result in disease. In the neuronal system, insufficient apoptosis may thus contribute to the
development of various tumors. On the other hand, premature or extensive apoptosis may
be the key to a number of neurodegenerative diseases such as spinal muscular atrophy,

Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, amyotrophic lateral
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sclerosis, retinitis pigmentosa and various forms of cerebellar degeneration (Thompson,
1995).

During normal neuronal development in mammals up to 30% of cells appear to die
by apoptosis which helps to ensure the precise matching of pre-synaptic and post-synaptic
pools of cells. The determination of neuronal survival appears to occur via competition for
a limited supply of target-derived neurotrophic support. In culture, studies suggest neuronal
cells rapidly undergo apoptosis in the absence of trophic factors; going from an apparently
healthy state to one marked by degeneration, death and phagocytosis in a very short time
period lending support to the competition theory (Oppenheim, 1991). The active nature of
apoptosis in this system has been demonstrated through the use of RNA and protein
synthesis inhibitors which can block or delay the process (Mesner et al. 1992), as do nuclease
inhibitors (Batistatou er al. 1993). This feature is similar to other model systems of
apoptosis. Apoptosis can also be seen following the treatment of neurons with a variety of
drugs. Both trophic factor withdrawal and drug treatment have become popular methods for
studying apoptosis in cultured neurons. An advantage of studying apoptosis in cultured
neurons as opposed to apoptosis in tissues, is the availability of large homogeneous cell
populations which facilitate molecular and biochemical analysis (Mesner ef al. 1992). In
addition it is possible to carefully control the microenvironment of the cells which can

improve the reproducibility of the results.

1. 10.0 APOPTOSIS AND NEURODEGENERATIVE DISEASE

A cardinal feature of human neurodegenerative disorders is the extensive cell death
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of a specific group of neurons. Presently, the molecular mechanisms which underlie neuronal
cell death are poorly understood, but it has been suggested that both endogenous and/or
exogenous neurotoxins may play a critical role in inducing apoptosis in some, if not all
neurodegenerative diseases (Walkinshaw & Waters, 1994). For example, in Alzheimer’s
disease the principal protein component of the amyloid plaques that build up in the brain,
known as AP peptide, has been shown to induce apoptosis in neurons. This leads to the
profound degeneration of many types of neurons and may account for the numerous
neurological deficits that patients afflicted with the disease encounter (Laferla er al. 1995).
Similarly, in Parkinson’s disease as yet unidentified environmental or metabolic toxins may
be responsible for inducing neuronal apoptosis (Walkinshaw & Waters, 1994). Recent in
vitro studies suggest that this apoptosis may be inhibited by the administration of nuclease
inhibitors, and in fact this may be the mode of action of the drug Desipramine which is
presently used to treat Parkinson’s disease. The active nature of apoptosis, also might make
some neurodegenerative conditions, amenable to therapeutic intervention using specific
inhibitors of RNA or protein synthesis (Walkinshaw & Waters, 1994).

Competition for neurotrophic factors plays a key role in the neuronal system where
neurons receiving enough trophic factor survive, while those that don’t, perish. Motor
neuronal disorders, such as the loss of spinal cord motor neurons in amyotrophic lateral
sclerosis or the degeneration of spinal cord motor neuron axons in certain peripheral
neuropathies, present a unique opportunity for therapeutic intervention with neurotrophic
factors such as IGF-I. The administration of a growth factor such as IGF-I, may exert a

neuroprotective effect on cells by suppressing a cell death program which could be activated
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in some forms of neuropathology (Lewis ef al. 1993). It is unclear exactly how these
neurotrophic factors effect survival, but it has been postulated that they may act through the
Bcl-2 proto-oncogene.

The identification and analysis of genes involved in apoptosis may not only provide
basic insight into the development of the neuronal system, but also contributes to our
understanding of pathological disorders and reveal potential targets for treatment strategies.
It is also possible that the mechanisms underlying cell death related to the disregulated
expression of genes or the lack of trophic factors, may play a crucial role in the idiopathic
degeneration of neurons occurring later in life, associated with aging (Milligan et al. 1994).
Undoubtedly further studies are required, which will help advance knowledge in this exciting

area of apoptosis--an unquestionably widespread phenomenon.

I. 11.0 STATEMENT OF PURPOSE

In this thesis the role of survival factors and genes that may be involved in the
interactions between cells and the ECM in the death of PC12 neuronal cells was examined.
The DNA damaging agent VM26 (teniposide) was used as a powerful inducer of apoptosis,
as indicated by assessing three markers of apoptosis. [n addition, changes in the steady state
expression of the genes clusterin, cathepsin B, IGFBP2, IGFBPS and RSG-3 were evaluated
during various stages of the apoptotic process, using an RT-PCR approach. Changes in the
expression kinetics of these genes have been shown in other model systems of apoptosis, and
hence these genes were chosen for study in the neuronal system, where apoptosis is

undoubtedly playing a very significant role in both normal and pathological conditions.
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MATERIALS AND METHODS

PART 1: INDUCTION OF APOPTOSIS IN PC12 CELLS BY VM26
M. 1.0 CELL LINE

The rat adrenal pheochromocytoma cell line (PC12), ATCC CRL 1721 used in this
study is a single clonal line established by Greene and Tischler (1976) from a transplantable
rat adrenal pheochromocytoma. PC12 cells respond reversibly to nerve growth factor (NGF)
by induction of the neuronal phenotype. The clonal cells synthesize and store the
catecholamine neurotransmitters, dopamine and norepinephrine, but not epinephrine. PC12
cells are useful model systems for neurobiological and neurochemical studies (Greene &
Rein, 1977).

PC12 cells were grown in 80 cm’ flasks in 20 ml of RPMI 1640 (Gibco BRL,
Bethesda, MD.) culture medium supplemented with 5% fetal bovine serum (FBS), 10% horse
serum and 20 pg/ml of gentamycin sulfate (Sigma Chemical Co., St. Louis, MO.). Cells were
grown at 37°C in incubators with a humidified atmosphere of 95% air, 5% CO,. Cultures
were treated with 5 uM teniposide (VM26, 15 mM stock solution in ethanol; Bristol-Meyers
Squibb, Candiac, PQ) and/or IGF-I (0.25 pg/ul stock, UBI, Lake Placid, NY) for varying
lengths of time as indicated. Control cultures were treated with the equivalent volume of

vehicle.

M. 1.1 CELL MORPHOLOGY DURING APOPTOSIS

PC12is acell line that grows partly attached to a substratum and partly in suspension.
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For morphological studies cells were initially grown in flasks and then transferred to glass
coverslips in a 6 well plate two days prior to the treatment with VM26, to allow them to
attach. At the indicated time points after treatment, coverslips bearing the cells were rinsed
briefly in 10X PBS, fixed for 5 min in 3% paraformaldehyde (J.B. EM Services Inc., Dorval,
Quebec) in PBS, immersed for 1 min in 1 pg/ml of Hoechst 33258 (Sigma Chemical Co.,
St. Louis, MO) in PBS for 1 min at room temperature then mounted on slides in 116-120 pl
Vectashield (Vector Laboratories Inc., Burlingame, CA) mounting medium. Cells were
viewed through an Olympus BX50 Microscope equipped with phase and epifluorescence

optics and photographed using Iiford XP2-400 film.

M. 1.2 CELL COUNTING AND VIABILITY

Drug-treated and control PC12 cells were flushed from the sides of the flask by
pipetting and pooled in a volume of 40 ml at each time point. 50 pl of cells were removed
from the pooled fraction and mixed 1:1 (v/v) with a 0.4% trypan blue solution (Sigma
Chemical Co., St. Louis, MO). Cells were then counted using a hemocytometer and cell

viability was assessed based on trypan blue exclusion.

M. 1.3 PULSE FIELD GEL ELECTROPHORESIS (PFGE;
M. 1.31 SAMPLE PREPARATION

PC12 cells (0.5-1.5 x 10%cells, equivalent to 10-20 ug DNA) were flushed from the
sides of the flask, pelleted and washed once in 1 ml of nuclear homogenization buffer (15

mM Tris-HCl, pH 7.4, | mM EGTA, 2 mM EDTA, 0.5 mM spermidine, 0.15 mM spermine,
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60 mM KCl, 15 mM NaCl) and resuspended in 100-250 pl of the same nuclear buffer,
ensuring a uniform suspension. The suspension was added to an equal volume of 1.5% low
melting point agarose solution melted and maintained at 37° C, containing 10 pl of
proteinase K, 20 mg/ml stock, (Gibco BRL, Bethesda, MD). The slurry was mixed quickly
and added to a 1 cc syringe which was placed upright in the refrigerator for 5 min to solidify
the slurry. The plug was then removed and placed into a 15 ml tube containing 3 ml TEEN
digestion buffer (10 mM Tris-HCL, pH 7.4, 1 mM EGTA, 25 mM EDTA, 10 mM NaCl), 150
ul 10% (w/v) laurylsarcosine and 20 pl proteinase K solution (20 mg/ml), and incubated
overnight with rotation at 37° C. Following incubation, the plug wash was removed and
placed in a tube with 2X volume of absolute ethanol, and 1/10th volume of 2.5 M sodium
acetate, pH 5.2, at -20° C overnight. The plug was rinsed for 30 min in fresh, ice-cold TE
buffer (10 mM Tris-HCl pH 8.5, 1 mM EDTA) with rotation. After washing, the plug was

retracted into the syringe and stored at 4°C until time of loading on the gel.

M. 1.32 SAMPLE ANALYSIS BY PFGE

PFGE was carried out using an Autobase Electrophoresis System (Q-life,Kingston,
ON) using a programmed ROM card designed to separate fragments in the 0.2-800 kbp range
(Romcard No. 3, 24 h runtime). The electrophoresis buffer, 1X TBE (10X TBE stock is
0.892 M Tris, pH 8-8.5, 0.89 M boric acid, 25 mM EDTA) was recirculated and maintained
at a steady temperature of 20-24° C (3-4 buffer changes/hour, cooled to 14° C).
Electrophoresis was carried out through a 0.8% agarose gel. The plugs were prepared as

described above, sliced from the syringe (3 mm width containing DNA from (0.5-1.5 x 10°
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cells) and loaded into dry wells and sealed with 1% low melting point agarose precooled to
37° C.

Using the pre-programmed conditions the gel was run and then stained with 200 pl/L
of 10 mg/ml stock ethidium bromide for 30 minutes. Destaining was done in warm water
and visualization was achieved by placing the gel on a transilluminator. The gel was either
photographed on Polaroid MP4 film or the image was captured using a Panasonic CCD
Camera and Data Acquisition System.

PFGE DNA size markers were run on each gel as described in the Figure legends.
They included a 1kb DNA ladder (size range 1.0-12.0 kbp; Gibco BRL, Bethesda, MD.).
HindIII digest of lambda DNA (size range 2.0-23.1 kbp; Gibco BRL, Bethesda, MD.), yeast
chromosomes (size range from 225-1900 kbp; New England Biolabs, Beverly, MA.) and low
range DNA size markers (size range from 0.13-194 kbp; New England Biolabs, Beverly

MA)).

PART 2: GENE EXPRESSION IN APOPTOTIC PC12 CELLS
M. 2.0 RNA ISOLATION FROM PC12 CELLS

To ensure the isolated RNA was of high quality, all solutions used in the preparation
of RNA, except those containing Tris-HCI, were treated with 0.1% (v/v) diethyl
pyrocarbonate (DEPC) overnight, then autoclaved (Fedorcsak & Ehrenberg, 1966). Tris-
HCl solutions were prepared in DEPC-treated and autoclaved distilled water. All glassware
and pipette tips were autoclaved prior to use, gloves were worn throughout the procedure and

the RN A was maintained on ice at all times.
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Total RNA was isolated from PC12 cell cultures using a modification of the detergent
lysis method (Favoloro et al. 1980). Cells were grown to confluency in tissue culture flasks
and were harvested at the indicated time points. After repeated pipetting to flush cells
adherent to the flask, the cells were pelleted by spinning for 5 min at 1000 rpm at 4°C.
Media was removed and the cell pellet was washed once in 1X PBS and further pelleted by
centrifugation at 13,500 rpm. The cell pellet was resuspended in TSM (10 mM Tris-HCl,
pH 7.4, 140mM NaCl, 1.5mM MgCl,) + 0.5% (v/v) NP-40, vortexed lightly and left on ice
for 2-3 min. The suspension was then spun for 10 sec in a microfuge to pellet the cells. The
supernatant was removed to a clean tube and mixed with TSE (10 mM Tris-HCI, pH 7.4,
150 mM NaCl, 5 mM EDTA) + 0 2% (w/v) SDS. Two extractions with 50% phenol
chloroform: isoamyl alcohol (24:1 v/v), were then carried out. The RNA was precipitated
from the aqueous phase by 1/20 volume of 3 M NaCl, and 2 volumes of 100% ethanol at
-20° C overnight. The pellet was recovered, dried, redissolved in sterile double distilled

water and stored at -70°C.

M. 2.1 RNA INTEGRITY AND QUANTITATION

The integrity of the RNA was determined by electrophoresis of 5 pg total RNA ona 1%
agarose gel in 1X TAE buffer (40 mM Tris-acetate, pH 8.5 and 2 mM EDTA) containing 1
ug/ml of ethidium bromide. The gel was then photographed on a transilluminator using a
Polaroid DS-34 camera and positive-negative film number 55. The RNA was quantitated
by measuring the absorbance at 260 nm, based on a 40 pg/ml solution of RNA giving an

absorbance at 260 nm of 1.0.
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M. 2.2 REVERSE TRANSCRIPTASE-POLYMERASE CHAIN REACTION
M. 2.21 REVERSE TRANSCRIPTASE REACTION

500 ng of RNA was diluted to 12 pl, incubated at 70° C for 5 min and then quick-
chilled on ice. To each RNA sample 4 ul of 5X RT buffer (250 mM Tris-HCI pH 8.3, 275
mM KCIl, 15 mM MgCl,), 2 ul 100 mM DTT, 1 pul (10pmoles) of Downstream primer,
dNTPs (2 mM of each dNTP), and 1 pl (5U) of Superscript (BRL, Burlington, ON) were
added. The reaction was incubated at 42° C for 1h, and then at 50° C for 30 min. Yeast
tRNA (GIBCO BRL, Bethesda, MD) was used as a negative control. Water in the place of
RNA was also used as a negative control for the RT-PCR reaction. RNA isolated from the

rat ventral prostate 4 days after castration and from rat kidney was used as a positive control.

M. 2.22 POLYMERASE CHAIN REACTION (PCR)

5 ul of the reverse transcription product were then added to tubes containing 5 pl 10X
PCR buffer (200 mM Tris-HCI, pH 8.4, 500 mM KClI), 5 pl of upstream and downstream
primer (10 pmoles each), 6.0 pl 10 mM dNTPs, 7.0 ul 50 mM MgCl,. The 50 pl reaction
mixture was placed in a 0.2 ml thin-walled PCR tube, and placed in the Stratagene
Robocycler 96 Temperature Cycler. A hot start was performed and 1 pul Taq Polymerase
(Gibco BRL, Bethesda, MD) was added to the reaction mixture following incubation at 95°C
for 5 min and 72°C for 1 min. The reaction mixture was subjected to 30 cycles of 95°C
(denaturation) for 1 min, 55°C (annealing) for 1 min and 72°C (extension) for 1 min.
Following the 30 cycles, the PCR reaction tube was incubated for 1 cycle at 72°C for 15 min

and cooled to 15°C.
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M. 2.23 RESOLVING RT-PCR PRODUCTS
35 pl of the PCR product was combined with 5 ul loading buffer (50% glycerol,
0.25% bromophenol blue (w/v), 0.25% xylene cyanol (w/v), 1 mM EDTA, pH 8.0) and the
samples were electrophoresed in a 1.0% agarose gel prepared in 1X TAE at 70V for 3h.
Ethidium bromide stained samples were visualized by UV transillumination at 306 nm and

photographed using a Polaroid DS-34 camera and positive-negative film number 55.

M. 2.30 SOUTHERN ANALYSIS OF RT-PCR PRODUCTS
M. 2.31 SOUTHERN BLOTTING

RT-PCR products fractionated on agarose gels were processed by soaking the gel first
in a denaturing solution of 1.5 M NaCl, 0.5 M NaOH for 30 min, and then in a neutralizing
solution of 0.5 M Tris-HCI pH 7.5, 1.5M NaCl for 30 min. The gel was then transferred
directly to a Pall Biodyne nylon membrane (GIBCO BRL, Bethesda, MD) by capillary
blotting overnight using 20X SSC (0.3M sodiumcitrate pH 7.0, 3 M NaCl) as transfer buffer
according to the protocols provided by the supplier. Membranes were cross-linked with UV
using a Stratalinker 2400 (Stratagene, La Jolla CA.) at 254 nm at 1200 pjoules for 30 sec

prior to prehybridization.

M. 2.32 OLIGONUCLEOTIDE END-LABELING
Oligonucleotides were synthesized on the ABI 392 synthesizer and were end-labeled
according to Sambrook et al (1989). 100 ng of oligonucleotide was mixed with 1X

polynucloetide kinase buffer (50mM Tris-HCI pH 7.5, 10 mM MgCl,, 5 mM dithiothreitol,
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0.1mM spermidine-HCI, 0.1 mM EDTA), 50 uCi 2P ATP (NEN Dupont, Mississauga,
ON), and 20U of T4 polynucleotide kinase (NEN Dupont, Mississauga, ON), in a final
volume of 50 pul and incubated for 30 min at 37° C. The reaction was stopped by the
addition of 1 pl of 500 mM EDTA and unincorporated nucleotides were removed by passing
the reaction over a Sephadex G50 spin column. The specific activity of the final probe

ranged from 10*10° cpm/pg of DNA.

M. 2.33 OLIGONUCLEOTIDE HYBRIDIZATION

The nylon membranes were prehybridized in 6X SSPE from a 20X SSPE stock (50
mM NaH,PO, pH 7.4, 3 M NaCl, 50 mM EDTA), 5X Denhardt's solution from a 100X
Denhardt’s stock (0.2% polyvinyl pyrrolidine, 0.2% BSA, 0.2% Ficoll), 50 % Formamide
and 120 pg/ml of heat denatured sonicated calf thymus DNA at 42° C for 4 h. Hybridization
was performed in the same buffer with 100 ng of denatured radiolabeled probe (10%-10°
cpm/pg) at 42° C for 24 h. Membranes were subsequently washed at room temperature,
initially with four washes in 6X SSC, 0.1% SDS for 5min, and once in 0.1X SSC for 30 min
at 50° C. The membranes were wrapped in plastic wrap and autoradiographed using Cronex
X-ray film in Kodak X-Omatic cassettes with intensifying screens overnight at room

temperature.
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M. 2.40 PRIMER DESIGN

All primers used in the RT-PCR experiments and oligonucleotides were synthesized
on the ABI 392 oligonucleotide synthesizer. Two PCR primers were designed for each gene
studied, one was designated the upstream primer while the other was designated the
downstream primer. The primer sequences used for each gene of interest and the expected

size in kbp of the product of RT-PCR are given in the table below.
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TABLE 1: Primers used for RT-PCR and Southern Hybridization

GENE

HPRT

Clusterin

Cathepsin B

IGFBP2

IGFBPS

RSG3

PRIMER

UPSTREAM
DOWNSTREAM
PRODUCT SIZE

UPSTREAM
DOWNSTREAM
PRODUCT SIZE

UPSTREAM
DOWNSTREAM
PRODUCT SIZE

UPSTREAM
DOWNSTREAM
INTERNAL
PRODUCT SIZE

UPSTREAM
DOWNSTREAM
INTERNAL
PRODUCT SIZE

UPSTREAM
DOWNSTREAM
PRODUCT SIZE

SEQUENCE

5'-GAT TCA ACT TGC GCT CAT CTT AGG C-3'
5'-GTT GGA TAC AGG CCA GACTTT GTT G-3'
220 bp

5'-GAC TCC AAA GAGGCCACACCAT-3
5'-GAT TCC CTC CTT GAG ACT CCT AC-3'
1410 bp

5'-CTT CCT ACA GTG TGT CTG ACA GCGA-3'
5'-GAG AGG CTA GGA TGT AGG CTG TGAT-3'
570 bp

5'-ACA GCA GGT TGC AGA CAG TGA GGAT-3'
5'-CTG CTC GTT GTA GAA GAG ATG GCA C-3'
5'-GCC AGT TCC TTC ATG CCT GAC TTA G-3'
504 bp

5'-TTC TCC ACA CAC TCT CGC TCT CCT G-3'

5'-GGC CTT GGT CAG ATT CCT GTC TCA T-3'
5'-ATG GTG ATC AGC GTG GTC CTC CTG C-3'
625 bp

5'-CCT TGG AGA AGA GCT CAG AGG AA-3'
5'-AAG CAG GAT GAT GGC CAC TAA GA-3'
408 bp

* Southern Hybridization was only performed on IGFBP2 and IGFBPS.
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M. 2.50 POSITIVE CONTROLS FOR RT-PCR
M. 2.51 ANIMAL CARE

All procedures utilizing animals were approved by the University of Ottawa animal
care committee and conformed to the standards required by the Canadian Council on Animal

Care.

M. 2.52 RAT VENTRAL PROSTATE

Male Sprague-Dawley rats, (250-300 g) were maintained in a controlled environment
(14 h light, 10 h dark), and received Purina Rat Chow and water ad libitum. The animals
were castrated via the scrotal route under light halothane anaesthesia. Animals were
sacrificed by cervical dislocation at day 4 post castration, and the prostate glands were

excised and processed immediately as outlined below.

M. 2.53 RNA ISOLATION FROM RAT TISSUE

Total RNA was isolated from freshly homogenized rat tissues using the LiCl/urea
procedure (Auffray & Rougeon, 1979) with minor modifications (Tenniswood & Simpson,
1982). Briefly, the tissue was weighed and homogenized on ice in a fixed initial volume of
extraction buffer (20 ml/g of tissue: 3 M LiCl, 6 M urea, 50 mM NaOAc, pH 5.5) and
sonicated (3 x 15 sec bursts, with 1 minute cooling intervals between each burst). SDS was
added to 0.1% and the sample was incubated at 4°C overnight. The sample was centrifuged

at 16,000 rpm for 30 min and the pellet was recovered, drained, and resuspended in wash
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buffer (4 M LiCl, 8 M urea, 50 mM NaOAc, pH 5.5, 0.1% SDS). The sample was
centrifuged as described above and the pellet was recovered and dissolved in half the initial
volume of 50 mM NaOAc, pH 5.5 and extracted with an equal volume of phenol (saturated
with 50 mM NaOAc, pH 5.5) and an equal volume of chloroform. The organic and aqueous
phases were separated by centrifugation (4,200 rpm, 5 min, room temperature) and the
aqueous phase was retained. The organic phase was re-extracted with 10 ml of 50 mM
NaOAc and the aqueous phases were pooled. The combined aqueous phases were
re-extracted in an equal volume of phenol/chloroform (saturated with 50 mM NaOAc, pH
5.5) and once with chloroform. The RNA was precipitated from the aqueous phase by
adding 1/10th volume 3M NaOAc, pH 5.5 and 2.5 volumes of cold absélute ethanol. The
RNA was precipitated at -20°C overnight and pelleted at 10,000 rpm for 1 h at 0°C. The

pellet was recovered, dried, redissolved in sterile double distilled water and stored at -70°C.
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PART 3: IGF-I PROTECTION STUDIES
M. 3.0 IGF-I PROTECTION ASSAY

PC12 cells were grown to 50-70% confluence in RPMI 1640 medium supplemented
with 5% FBS, 10% horse serum, 20 pg/ml gentamycin sulfate as indicated earlier . For
experiments with IGF-I added to the serum, the indicated concentration of IGF-I (UBI, Lake
Placid, NY) from the stock (0.25 pg/ul ) was added to the flask at the 0 h time point,
coincident with the time of treatment with VM26. Cell viability was assessed by trypan blue
exclusion, and cell counts were determined by counting in a haemocytometer, as described

earlier.

M. 3.1 DOSE RESPONSE CURVE FOR IGF-I

To assess the effect of changing the concentration of IGF-I on PC12 cells induced to
die with 5 pM VM26, IGF-I was added at concentrations of 50, 100, and 200 ng/ml at 0 hr.
At 0 and 24 h of incubation, cell counts and viability was assessed with the aid of a

haemocytometer and trypan blue exclusion.

M. 3.2 EXTENT OF IGF-I PROTECTION

To assess the effect of changing the concentration of VM26 on PC12 cells grown in
the presence of 100 ng/ml IGF-I, PC12 cell cultures were treated with varying concentrations
of VM26. Cells were treated at the 0 h time point with 1 uM, 2 uM, or 4 uM VM26. At 0
and 24 h incubation, cell counts were assessed with the aid of a haemocytometer and trypan

blue exclusion.
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M. 3.3 IGF-1 EFFECTS ON PC12 PROLIFERATION

To assess the effect of treating cells with 100 ng/ml IGF-I, cells were counted using
a haemocytometer at the 0 h time point, at 24 h following treatment with IGF-I, and at 24 h

without treatment with IGF-I.
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RESULTS

PART 1: INDUCTION OF APOPTOSIS BY VM26
R. 1.0 INTRODUCTION

Apoptosis is a distinct form of cell death which is recognizable by membrane
blebbing, chromatin condensation and DNA fragmentation into oligonucleosomal fragments
giving the characteristic ladder pattern on an agarose gel (Kerr & Harmon, 1991). Cells
typically undergo apoptosis in response to an exogenous stimulus or the disappearance of a
necessary trophic factor. In this study VM26 a chemotherapeutic drug, which interacts with
topoisomerase II, was used to induce apoptosis. The morphological and biochemical criteria

mentioned above were used to characterize apoptosis as it occurred in the PC12 cell cultures.

R. 1.1 TRYPAN BLUE EXCLUSION

PC12 cells were exposed to 5 uM VM26 over a period of 24 h and loss of cell
viability at the indicated time points was assessed based on trypan blue positive staining.
Figure 1A illustrates that PC12 cells became increasingly susceptible to the apoptotic effects
of VM26 over time. In the first two hours following drug treatment there was only a minimal
increase in the number of cells that were trypan blue positive, by 4 h approximately 6.4% of
the cells, a two fold increase over control, had undergone cell death. Over the subsequent
4 h there was a dramatic increase in the percent of cells staining with trypan blue and
approximately 30% of the cells, or a nine fold increase over control, was noted at 8 h. The

level of cell death continued to increase at a steady rate over the next 16 h and reached
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Ficure 1. Induction of apoptosis by VM26 in PC12 cells

Panel A. Kinetics of apoptosis.

PC12 cells were grown to 70% confluency in RPMI 1640 medium in the presence of 5%
FBS, 10% horse serum and 20 pg/ml gentamycin as described in the Methods section. The
cells were treated with 5 M VM26 and harvested after specified periods of time ranging
from 0 h to 24 h. Cell viability was assessed by Trypan blue exclusion and cell counts were
determined using a haemocytometer. The data shown is the mean + SEM for three
experiments.

Panel B: Analysis of DNA fragmentation

PC12 cells were grown to 70% confluency in RPMI 1640 medium in the presence of 5%
FBS, 10% horse serum and 20 pg/ml gentamycin as described in the Methods section. Cells
were treated with 5 pM VM26 and harvested at specified periods of time ranging from 0 h
to 24 h. Total cellular DNA was processed as described in the Methods section. Low
melting agarose plugs containing DNA was prepared and the agarose slices were loaded into
dry wells of a 0.8% agarose gel in TBE buffer (89.2mM Tris-HCI, pH 8.3-8.5, 89 mM boric
acid and 2.5 mM EDTA). The DNA (5-10 ug per lane) was separated by pulsed field gel
electrophoresis using a Q-Life Autobase PFGE system with software-assisted ROM card #3.
The gel was run for 24 h and DNA fragments ranging in size from 800 kbp to approximately
0.1 kbp were resolved. Representative DNA sizes are shown alongside the gel in kbp.

Lane 1- lambda DNA ladder

Lane 2- DNA from control untreated cells
Lane 3- DNA from cells harvested at 1h
Lane 4- DNA from cells harvested at 2 h
Lane 5- DNA from cells harvested at 4 h
Lane 6- DNA from cells harvested at 6 h
Lane 7- DNA from cells harvested at 8§ h
Lane 8- DNA from cells harvested at 18 h
Lane 9- DNA from cells harvested at 24 h
Lane 10-yeast chromosomal markers
Lane 11-low range DNA size markers
Lane 12-lambda DNA ladder
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a maximum of 42% (a fifteen fold increase) after 24 h of treatment with VM26. In contrast

control cells treated with vehicle alone demonstrated minimal increase in trypan blue

staining.

R. 1.2 DNA FRAGMENTATION

To establish that this increase in cell death was attributable to apoptosis, DNA
fragmentation, a well established feature of apoptosis was studied. DNA fragmentation is
catalysed by endogenous endonucleases and proceeds though an ordered series of stages
beginning with the production of DNA fragments of 300 kbp, which are then degraded to
fragments of 50 kbp. These 50 kbp fragments are further degraded, in some but not all cells,
to smaller fragments (10-40 kbp) which then release the small oligonucleosome fragments
that are recognized as the characteristic DNA ladder (Walker er al. 1993). Studies have
shown that DNA from cells undergoing apoptosis can be rapidly deproteinized using SDS
lysis and then can be loaded directly into a gel for effective analysis by PFGE (Walker er al.
1993). This method was used to examine DNA isolated at different time points from PC12
cells treated with VM26 (Fig. 1B).

PFGE demonstrated that incubation of PC12 cells with 5 pM VM26 led to a
progressive accumulation of DNA fragments of 50 kbp and below (lanes 3-9). Priorto 6 h
of drug exposure, DNA fragments of >300 kbp, believed to represent chromatin loop
domains (Filipski et al. 1990; Walker et al. 1991) predominated (lanes 2-5) indicating few
cells had yet entered apoptosis. However, by 6 h many of the cells had entered apoptosis,

noted by the appearance of fragments of less than 50 kbp (lane 6) and the characteristic
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laddering pattern faintly visible at 18 h (lane 8). The timing of the appearance of fragments
of less than 50 kbp at 6 h correlated well with the sharp increase in the percentage of dead

cells noted by positive trypan blue staining (Fig 1A) which occured between 6 and 8 h after

drug treatment.

R. 1.3 MORPHOLOGICAL CHANGES

In addition to the biochemical criteria of DNA cleavage, apoptosis is characterized
morphologically using immunofluorescence microscopy, by a sequence of distinct
cytoplasmic and nuclear changes. Typically the nucleus shrinks, chromatin becomes
condensed and marginated and the final step is nuclear fragmentation into apoptotic bodies
(Bursch et al. 1990a; Arends et al. 1990).

Samples for immunofluorescence were examined by both phase contrast microscopy
and fluorescence using the DNA-specific fluorochrome, Hoescht 33258 (Fig. 2).
Morphological changes consistent with apoptosis were apparent in the nuclei of the PC12
cells treated with VM26. In panels A and A’ showing phase contrast and Hoechst staining
of the untreated PC12 cells, respectively, the nuclei appeared intact with the heterochromatin
uniformly distributed along the nuclear envelope. Panels B and B’ show cells after 4 h of
treatment with VM26, when the nuclei had started to become phase dark (panel B) with the
Hoechst staining showing areas of brighter fluorescence (panel B’). After 8 h of treatment
with VM26 some condensation of the nuclear chromatin was evident with partial detachment
from the nuclear membrane (panel C). Panel C’ shows the typical pattern of chromatin

condensation-showing a reticular and fibrillated substructure. In panel D, depicting cells
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Figure 2. Apoptotic Morphology of PC12 cells treated with VM26

Cells were grown on poly-L-lysine coated glass coverslips and placed in RPMI 1640 media
supplemented with 5% FBS, 10% horse serum and 20 pg/ml of gentamycin sulfate and
treated with VM26 for specified periods of time. The cells were then fixed with 3%
paraformaldehyde in PBS, stained with 33258 Hoechst dye and photographed using Olympus
Bmax Fluorescence Microscope and Photosystems.

Panel A: PC12 cells not treated with VM26 (0 h control)
A : Phase contrast
A’: Hoechst staining showing corresponding fluorescence image

Panel B: PC12 cells treated with VM26 for 4 h
B : Phase contrast
B’: Hoechst staining showing corresponding fluorescence image

Panel C: PC12 cells treated with VM26 for 8 h
C : Phase contrast photography
C’: Hoechst staining showing corresponding fluorescence image

Panel D: PC12 cells treated with VM26 for 18 h
D : Phase contrast photography
D’: Hoechst staining showing corresponding fluorescence image

Panel E: PC12 cell treated with VM26 for 24 h
E : Phase contrast photography
E’: Hoechst staining showing corresponding fluorescence image
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18 h post-treatment, there was a considerable amount of background debris from cells that
were dying. The nuclear membrane in cells at this time point remained intact but the nuclei
had become phase dark and smaller in size, brighter with Hoechst staining (panel D), and
showed the same characteristic pattern of chromatin condensation as seen in panel C. By
24 h after treatment with VM26 the formation of apoptotic bodies was apparent. Nuclear
margination was clearly seen in both panels E and E’, and in keeping with what is known
about apoptosis, the nuclear membrane remained intact until a late stage followed by
packaging of the regions of condensed chromatin into apoptotic bodies.

Again these experiments exhibited a clear temporal relationship between a decrease
in cell viability, internucleosomal DNA cleavage (Fig. 1) and morphological changes (Fig.
2) which are all considered hallmarks of apoptosis. Taken together these results showed that

VM26 induced cell death by apoptosis in PC12 cells.

PART 2: GENE EXPRESSION DURING APOPTOSIS

R. 2.0 INTRODUCTION

Apoptosis has been described as an active cellular process of gene-directed self-
destruction (Kerr et al. 1972). As described in the introduction, a number of genes have
been implicated in various model systems of apoptosis. The aim of this project was to
determine if these genes also play a role in apoptosis occurring in PC12 cells induced to die
with VM26. Using an RT-PCR technique developed by Guenette and Sridhar, the time
course of expression of two genes previously shown to play a role in apoptosis; clusterin

(Wilson et al. 1994; Wong et al. 1994), cathepsin B (Guenette et al. 1994), and three novel
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genes to this process IGFBP2 (Guenette, R.S. unpublished), IGFBP5 (Guenette &
Tenniswood, 1994) and RSG3 (Guenette, R.S. unpublished) were characterized. This
technique involved the isolation of RNA, reverse transcription with a gene specific primer
and amplification of the resulting cDNA using upstream and downstream gene-specific
primers. The amplified product is specific for the gene of interest. By performing a southern
hybridization, and probing with an internal primer specific for the gene the RT-PCR
technique was even more specific and sensitive and was a good measure of gene expression

over the time course of apoptosis.

R. 2.1 RNA INTEGRITY

RNA for the purposes of RT-PCR was prepared as indicated in the Methods section.
Its quality was assessed by agarose gel electrophoresis (Fig. 3). The ethidium bromide
stained gel showed that the RNA preparation yielded good quality RNA since all three
ribosomal RNA species 28S, 18S and 5S were intact. There was no sign of degradation in
any of the samples which could potentially affect the RT-PCR process. This is a typical
example of RNA extraction performed numerous times for the different experimental runs.
The quantity of RNA isolated per cell, from experiment to experiment was approximately

the same at each time point.
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Figure 3. Analysis of RNA from PC12 cells treated with VM26

PC12 cells were grown to 70% confluency in RPMI 1640 medium in the presence of 5%
FBS, 10% horse serum, and 20 pg/ml gentamycin as described in the Methods section.
Cells were treated with 5 pM VM26 for specified periods of time and total RNA was
recovered for each time point. Approximately 5 pg of total RNA was resolved on a 1.2%
polyacrylamide gel containing 1.0M formaldehyde. Staining with ethidium bromide (1.5
pg/ml) allowed visualization of bands by UV (306nm) transillumination. The positions of
the three ribosomal RNA species 28S, 18S and 5SS are indicated.

Lane 1-RNA from control untreated PC12 cells
Lane 2-RNA from cells harvested at 1 h

Lane 3-RNA from cells harvestedat 2 h

Lane 4-RNA from cells harvested at4 h

Lane 5-RNA from cells harvested at 6 h

Lane 6-RNA from cells harvested at 8 h

Lane 7-RNA from cells harvested at 18 h

Lane 8-RNA from cells harvested at 24 h
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R. 2.2 HPRT GENE EXPRESSION (INTERNAL CONTROL)

The first step was to establish an internal control for the RT-PCR procedure. Initially
a-tubulin was considered, however the expression of a-tubulin has been shown to be down
regulated in some systems undergoing apoptosis. For this reason, it was not used as the
internal control. The hypoxanthine phosphoribosy! transferase (HPRT) gene, a housekeeping
gene, not expected to be altered during apoptosis was chosen instead. The negative control
for the experiment was a reaction mixture lacking both RNA and reverse transcriptase and
gave the expected negative result. (Fig. 4A, lane 11). This RT-PCR analysis demonstrated
that the amplified product specific for the HPRT gene migrated as a tight band of the
expected size of 220 bp, as indicated on Fig. 4A. HPRT showed a consistently high level of
expression, with minimal change over the 24 h time course (Fig. 4, Panel A, lanes 2-10).
This was verified further by densitometric analysis (Fig 4, Panel b), which showed only a
3% variation in levels of expression over the 24 h time course. Due to its relatively uniform
level of expression, and role as a housekeeping gene in the cell, HPRT served as the internal

control for all RT-PCR experiments conducted in this study.

R. 2.3 CLUSTERIN GENE EXPRESSION

The clusterin gene and its cognate protein have been characterized in a number of
species and been implicated in apoptosis occurring in prostate tissue following hormone
ablation. (Wong et al. 1994). It has also been shown to be expressed in the rat kidney
(Guenette, R.S. unpublished). Rat ventral prostate 4 days post castration and rat kidney

therefore served as positive controls. Yeast tRNA which consists of short nonspecific RNA
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Figure 4: Effect of VM26 treatment on expression of the HPRT gene
Panel A: Electrophoresis of RT-PCR products using HPRT primers.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat HPRT gene. Primers specific for
HPRT were designed based on sequences from the GENBANK database and are listed in
Table 1. 5 pl of this reverse transcriptase reaction was then amplified using upstream and
downstream primers specific for rat HPRT, using Robocycler gradient 96 thermocycle
(Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section. PCR products
were analyzed by electrophoresis on a 1% agarose gel at 70V for 3 h, and were visualized by
ethidium bromide staining and photographed with Polaroid 55 film (Polaroid Corporation,
Cambridge, MA). The 1 kbp marker in lane 1 indicates that the band specific to the HPRT
gene migrates at 220 bp as is indicated beside the gel. The data is representative of 1
experiment of 4.

Lane 1- 1kbp DNA Ladder

Lane 2- RT-PCR on control untreated PC12 cells

Lane 3- RT-PCR on PC12 cells treated for2 h

Lane 4- RT-PCR on PC12 cells treated for4 h

Lane 5- RT-PCR on PC12 cells treated for6 h

Lane 6- RT-PCR on PC12 cells treated for 8 h

Lane 7 -RT-PCR on PC12 cells treated for 14 h

Lane 8 -RT-PCR on PC12 cells treated for 18 h

Lane 9- RT-PCR on PC12 cells treated for24 h

Lane 10-RT-PCR on rat ventral prostate (positive control))
Lane 11-RT-PCR on sample with no RT added (negative control)

Panel B: Graphic representation of level of HPRT gene expression over 24 h time
course.

The level of expression indicated on the y axis, was determined from the pixel intensities of
a digital image of the gel electrophoresis result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the x axis.
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Figure 5: Effect of VM26 treatment on expression of the Clusterin gene

Panel A: Electrophoresis of RT-PCR products using clusterin primers.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat clusterin gene. Primers specific
for clusterin were designed based on sequences from the GENBANK database and are
listed in Table 1. 5 pl of this reverse transcriptase reaction was then amplified using
upstream and downstream primers specific for rat clusterin, using Robocycler gradient 96
thermocycle (Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section.
PCR products were analyzed by electrophoresis on a 1% agarose gel at 70V for 3 h, and were
visualized by ethidium bromide staining and photographed with Polaroid 55 film (Polaroid
Corporation, Cambridge, MA). The 1 kbp marker in lane 1 indicates that the band specific
to the clusterin gene migrates at 1410 bp as is indicated beside the gel. The data is
representative of 1 experiment of 4.

Lane 1- | kbp DNA Ladder

Lane 2- RT-PCR on control untreated PC12 cells

Lane 3- RT-PCR on PC12 cells treated for 2 h

Lane 4- RT-PCR on PC12 cells treated for4 h

Lane 5- RT-PCR on PC12 cells treated for 6 h

Lane 6- RT-PCR on PC12 cells treated for 8 h

Lane 7 -RT-PCR on PC12 cells treated for 14 h

Lane 8 -RT-PCR on PC12 cells treated for 18 h

Lane 9- RT-PCR on PC12 cells treated for 24 h

Lane 10-RT-PCR on rat ventral prostate (positive control)
Lane 11-RT-PCR on rat kidney (positive control)

Lane 12-RT-PCR on sample with no RT added (negative controt)

Panel B: Graphic representation of level of clusterin gene expression over 24 h time
course.

The level of expression indicated on the y axis, was determined from the pixel intensities of
a digital image of the gel electrophoresis result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the x axis.
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sequences which lack a polyadenylated tail was used as the negative control for this
experiment. RT-PCR analysis revealed a clusterin PCR product migrating as a tight, specific
band at 1410 bp as indicated on Fig. SA. Clusterin mRNA was expressed in untreated PC12
cells at the O h time point (lane 2) and was greatly upregulated by 6-8 h (lanes 5,6) after the
induction of cell death with VM26. At 8 h (lane 6) peak levels of clusterin expression were
approximately 3-fold above both positive controls. By 24 h (lane 9), mRNA levels had
returned to values similar to those of the 0 h control. The kinetics of these changes were also
illustrated by the densitometric analysis (Fig. 5, panel B) which showed a rapid 2 fold
increase in expression by 2 h and a 3 fold increase by 8 h. Levels then decreased, somewhat
more gradually than the initial increase. By 18 h, levels were similar to those seen at 2 h and
by 24 h they were just above levels seen in the untreated PC12 cells. The positive (lane 10

prostate, lane 11 kidney ) and negative (lane 12 ) controls showed the expected results.

R. 2.4 CATHEPSIN B GENE EXPRESSION

Numerous proteases are believed to play a role in the morphological changes
associated with apoptosis. One of these, cathepsin B (RSG-2) a cysteine protease has been
shown to be involved in the degradation of the cellular basement membrane (Guenette er al.
1994b). In regressing prostate, cathepsin B expression reached a maximum level 4 days post
castration, and hence this was used as the positive control for RT-PCR. Figure 6
demonstrates that cathepsin B, migrating as a tight band at 570 bp, was expressed in
untreated PC12 cells (lane 2). In panel B, a densitometric analysis showed a slight decrease

in the level of expression in the first four hours following VM26 treatment (lane 3,4). After
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Figure 6: Effect of VM26 treatment on expression of the CathepsinB gene

Panel A: Electrophoresis of RT-PCR products using cathepsin B primers.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat cathepsin B gene. Primers specific
for cathepsin B were designed based on sequences from the GENBANK database and are
listed in Table 1. 5 pl of this reverse transcriptase reaction was then amplified using upstream
and downstream primers specific for rat cathepsin B, using Robocycler gradient 96
thermocycle (Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section.
PCR products were analyzed by electrophoresis on a 1% agarose gel at 70V for 3 h, and were
visualized by ethidium bromide staining and photographed with Polaroid 55 film (Polaroid
Corporation, Cambridge, MA). The 1 kbp marker in lane 1 indicates that the band specific
to the cathepsin B gene migrates at 570 bp as is indicated beside the gel. The data is
representative of 1 experiment of 4.

Lane 1- 1 kbp DNA Ladder

Lane 2- RT-PCR on control untreated PC12 cells

Lane 3- RT-PCR on PC12 cells treated for2 h

Lane 4- RT-PCR on PC12 cells treated for4 h

Lane 5- RT-PCR on PC12 cells treated for 6 h

Lane 6- RT-PCR on PC12 cells treated for 8 h

Lane 7 -RT-PCR on PC12 cells treated for 14 h

Lane 8 -RT-PCR on PC12 cells treated for 18 h

Lane 9- RT-PCR on PC12 cells treated for 24 h

Lane 10-RT-PCR on rat ventral prostate (positive control)
Lane 11-RT-PCR on sample with no RT added (negative control)

Panel B: Graphic representation of level of Cathepsin B gene expression over 24 h time
course.

The level of expression indicated on the y axis, was determined by from the pixel intensities
of a digital image of the gel electrophoresis result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the x axis.
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6 h of treatment (lane 5), levels of cathepsin B expression showed a slight increase and then
decreased slightly at 8 h. Levels stayed constant over the next 12 hours (lanes 8,9). Over the
24 h time course there was only a slight increase in expression of cathepsin B to levels just
under those observed in the positive control (lane 10). The positive and negative controls

(lanes 10,11) gave the expected results.

R. 2.5 IGFBP2 GENE EXPRESSION

IGFBP2, a member of the IGFBP family, is believed to act by modulating the
mitogenic and metabolic effects of the IGFs (Guenette & Tenniswood, 1994). It has been
detected in serum, seminal plasma and is secreted by various tumors including lung and
prostate. It has also been shown to be expressed in high levels during fetal development. An
RT-PCR-Southern experiment was used to show expression of IGFBP2 because low levels
of RT-PCR product, and several bands (perhaps owing to PCR of other members of the
IGFBP family) were present on the gel. For this reason, each time point with its
corresponding -RT (negative) control was used. The background on the gels made the other
lanes unreliable (Fig 7, Panel A). Again, using the rat ventral prostate as a positive control
(lane 9), we were able to show that [GFBP2, which migrated at 504 bp, was expressed at low
but detectable levels in normal untreated PC12 cells at 0 h (lane 3). The expression of
IGFBP2 was dramatically upregulated to a peak at 8 h (lane 5) following treatment with
VM26. IGFBP2 expression gradually decreased and by 24 h (lane 7) it was significantly less
than the peak at 8 h but still higher than the levels recorded at 0 h. The graph shown in Fig.

7B illustrates that IGFBP2 expression started low, at about 28 pixel units, peaked at 8 h with
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Figure 7: Effect of VM26 treatment on expression of the IGFBP2 gene

Panel A: Southern transfer of IGFBP2 RT-PCR products at 0, 8, 24 h after treatment.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat IGFBP2 gene. Primers specific for
IGFBP2 were designed based on sequences from the GENBANK database and are listed in
Table 1. 5 pl of this reverse transcriptase reaction was then amplified by PCR using
upstream and downstream primers specific for rat IGFBP2, using Robocycler gradient 96
thermocycle (Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section.
PCR products which migrated at 504 bp were analyzed initially by electrophoresis on a 1%
agarose gel at 70V for 3 h, then were transferred overnight on to a Pall Biodyne nylon
membrane using 20X SSC as the transfer solution. The membranes were then probed with
an internal primer specific for the IGFBP2 gene as outlined in the Methods section.The data
is representative of 1 experiment of 4.

Lane 1-1 kbp ladder

Lane 2-RT-PCR on control untreated PC12 cells, no RT (negative control)
Lane 3-RT-PCR on control untreated PC12 cells

Lane 4-RT-PCR on PC12 cells treated for 8 h, no RT (negative control)
Lane 5-RT-PCR on PC12 cells treated for 8 h

Lane 6-RT-PCR on PC12 cells treated for 24 h, no RT (negative control)
Lane 7-RT-PCR on PC12 cells treated for 24 h

Lane 8-RT-PCR on rat ventral prostate, no RT (negative control)

Lane 9-RT-PCR on rat ventral prostate (positive control)

Panel B: Graphic representation of level of IGFBP2 gene expression over 24 h time
course.

The level of expression indicated on the y axis, was determined from the pixel intensities of
a digital image of the autoradiographic result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the x axis.
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Figure 8: Effect of YM26 treatment on expression of the IGFBPS gene

Panel A: Southern transfer of IGFBPS RT-PCR products at 0,8,24 h after treatment.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat IGFBP5 gene. Primers specific for
IGFBPS were designed based on sequences from the GENBANK database and are listed in
Table 1. 5 pl of this reverse transcriptase reaction was then amplified by PCR using
upstream and downstream primers specific for rat IGFBPS, using Robocycler gradient 96
thermocycle (Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section.
PCR products (625 bp) were initially analyzed by electrophoresis on a 1% agarose gel at 70V
for 3 h, and then were transferred overnight to a Pall Biodyne nylon membrane using 20X
SSC as the transfer solution. The membranes were then probed with an internal primer
specific for the IGFBP5 gene as outlined in the Methods section. The data is representative
of 1 experiment of 4.

Lane 1-1 kbp ladder

Lane 2-RT-PCR on control untreated PC12 cells, no RT (negative control)
Lane 3-RT-PCR on control untreated PC12 cells

Lane 4-RT-PCR on PC12 cells treated for 8 h, no RT (negative control)
Lane 5-RT-PCR on PC12 cells treated for 8 h

Lane 6-RT-PCR on PC12 cells treated for 24 h, no RT (negative control)
Lane 7-RT-PCR on PC12 cells treated for 24 h

Lane 8-RT-PCR on rat ventral prostate no RT (negative control)

Lane 9-RT-PCR on rat ventral prostate (positive control)

Panel B: Graphic representation of level of IGFBPS gene expression over 24 h time
course.

The level of expression indicated on the y axis, was determined from the pixel intensities of
a digital image of the autoradiographic result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the x axis.
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a four fold induction to 100 pixel units and then decreased to about 80 pixel units at 24
hours. Peak levels in PC12 cells, however, do not reach those seen with the positive control

of rat ventral prostate (lane 9).

R. 2.6 IGFBPS GENE EXPRESSION

IGFBPS5, another member of the IGFBP family, has been shown to be induced de
novo during the process of apoptosis in the prostate (Guenette & Tenniswood, 1994). Thus,
RNA from prostate tissue was used as the positive control for the RT-PCR in these
experiments. The results presented here show that IGFBPS levels, noted by the band
migrating at 625 bp, was expressed in untreated cells at 0 h (lane 3) but decreased
dramatically by 8 h (lane 5) and remained low after 24 h (lane 7) of incubation with VM26.
Once again, peak levels of expression were well below those seen in the positive control
(lane 9). A densitometric analysis was performed on the autoradiograph and the results are
presented in graph form (panel B). A two fold decrease in the level of IGFBPS expression
can be seen by 8 h and an overall four fold decrease can be seen by 24 h. The positive (lane

9) and negative controls (lanes 2,4,6,8) gave the expected result.

R. 2.7 RSG3 GENE EXPRESSION

The RSG3 gene (embigin) is a member of the V, immunoglobin gene superfamily
and plays an important role in cell surface interactions, cell-cell adhesion and as a cell
surface receptor (Huang et al. 1990). Since RSG3 has been shown to be expressed in the

normal rat kidney (lane 9) it was used as a positive control for this experiment (Guenette R.
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Figure 9: Effect of VM26 treatment on expression of the RSG3 gene

Panel A: Electrophoresis of RT-PCR products using RSG3 primers.

RT-PCR amplification of RNA from VM26 treated PC12 cells. 500 ng of RNA was reverse
transcribed using downstream primers specific for the rat RSG3 gene. Primers specific for
RSG3 were designed based on sequences from the GENBANK database and are listed in
Table 1. 5 ul of this reverse transcriptase reaction was then amplified using upstream and
downstream primers specific for rat RSG3, using Robocycler gradient 96 thermocycle
(Stratagene, LaJolla, Ca), set for 30 cycles as outlined in the Methods section. PCR products
were analyzed by electrophoresis on a 1% agarose gel at 70V for 3 h, and were visualized by
ethidium bromide staining and photographed with Polaroid 55 film (Polaroid Corporation,
Cambridge, MA). The 1 kbp marker in lane 1 indicates that the band specific to the RSG3
gene migrates at 408 bp as is indicated beside the gel. The data is representative of 1
experiment of 4.

Lane 1- 1 kbp DNA Ladder

Lane 2-RT-PCR on control untreated PC12 cells, no RT (negative control)
Lane 3-RT-PCR on control untreated PC12 cells

Lane 4-RT-PCR on PC12 cells treated for 8 h, no RT (negative control)
Lane 5-RT-PCR on PC12 cells treated for 8 h

Lane 6-RT-PCR on PC12 cells treated for 24 h, no RT (negative control)
Lane 7-RT-PCR on PC12 cells treated for 24 h

Lane 8-RT-PCR on rat kidney, no RT (negative control)

Lane 9-RT-PCR on rat kidney (positive control)

Lane 10-RT-PCR on tRNA (negative control)

Lane 11-RT-PCR on sample lacking both RNA and RT (negative control)

Panel B: Graphic representation of level of RSG3 gene expression over 24 h timecourse.
The level of expression indicated on the y axis, was determined from the pixel intensities of

a digital image of the gel electrophoresis result (see Panel A). The corresponding treatment
times of PC12 cells with VM26 is given on the X axis.
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S. unpublished). RSG3, appearing as a PCR band migrating at 408 bp, was expressed in
untreated PC12 cells (lane 3). It was also expressed at 8 h (lane S) and 24 h (lane 7) after
VM26 treatment, but showed no significant change in expression over the 24 hour time
course when compared to IGFBP2 and IGFBP5. The graphic analysis demonstrated a
gradual increase over the 24 h with a 1.2 fold increase in the first 8 h and a 1.5 fold increase
by 24 h. This perhaps indicates RSG3 plays no real role or at best a very limited one, in
apoptosis in this system. Positive (lane 9) and negative controls (lane 10,11) gave the

expected results.

PART 3: IGF PROTECTION STUDIES

R. 3.0 INTRODUCTION

Having demonstrated that the IGFBPs in particular IGFBP2 and IGFBPS, may play
a role in apoptosis, we decided to investigate the effects of IGF-I treatment on cells
undergoing apoptosis. The survival of a cell population both in vivo and in vitro represents
a balance of cell proliferation and cell death. Recent studies have shown that IGF-I, by
interacting with the IGF receptor, is able to prevent VM26 induced apoptosis in BALB/c3T3
cells, in a fashion independent of the mitogenic actions of IGF-I (Sell e al. 1995). In a
similar set of experiments on PC12 cells we determined the effects of increasing IGF-I
concentration on VM26 induced apoptosis in PC12 cultures. As well, the effectiveness of
IGF as a protective (anti-apoptotic) agent was determined by assessing cell viability
following treatment with gradually increasing doses of VM26 and over increasing times of

incubation. Finally, to rule out mitogenic effects of IGF-I, cell numbers were determined at
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0 h and following 24 h of treatment in the presence and absence of IGF-I.

R. 3.1 IGF-I PROTECTION

Fig. 10 (Panel A) demonstrates the effect of increasing IGF-I concentrations on
VM26-induced apoptosis in PC12 cells. Following 24 h of treatment with 5 pM VM26, in
the absence of IGF-I, cell viability was 35.8% as assessed by trypan blue exclusion. With
50ng/ml IGF-I, cell viability rose to 44.8%, with 100 ng/ml it was 49.1% and with 200 ng/ml
it was 52.1 %. Cell viability measurements therefore illustrated a concentration-dependent

protective effect of IGF-I, although IGF-I did not block all apoptosis induced by VM26.

R. 3.2 EXTENT OF IGF-I PROTECTION

Fig 10 (Panel B) demonstrates the protective (anti-apoptotic) effects of IGF-I on
PC12 cells at increasing concentrations of VM26 from 0 pM to 5 uM. Cell viability is
shown following 24 h of treatment with the indicated concentrations of VM26, in the
presence (®) or absence (0) of 100 ng/ml IGF-I. The difference in cell viability between
IGF-I treated and untreated cells remained approximately uniform over the concentrations
of VM26 used. IGF-I treatment increased cell viability by about 15%. However,with
increasing concentrations of VM26, the protective effect of IGF-I decreased, as noted by a

progressive drop in cell viability even in protected cells.
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R. 3.3 TIME COURSE OF IGF-I PROTECTION

Fig. 10 (Panel C) demonstrates the protective (anti-apoptotic) effects of IGF-I on
PC12 cells treated with 5 uM VM26 over 48 h. Cells protected with 100 ng/ml IGF-I (e)
showed a more gradual decrease in cell viability over 48 h as compared with the cells not
exposed to [GF-I (0). The upper curve on the graph demonstrates that over time IGF-I is not
able to completely protect against apoptosis, but when compared with the unprotected cells
IGF-I was able to significantly slow the rate of apoptosis. In the presence of IGF-I,a 1.8 fold
decrease in cell viability was observed whereas in the absence of IGF-I there was a 2.8 fold

decrease in cell viability.

R. 3.4 IGF-1 EFFECTS ON PC12 PROLIFERATION

Fig. 10 (Panel D) demonstrates that IGF-I inhibited apoptosis in a manner
independent of its mitogenic actions. Indeed, after 24 h of incubation, cells exposed to IGF-I,
but not VM26, showed a smaller increase in cell number compared with the cells not
exposed to IGF-I. The bar graph illustrates that IGF-I did not exert any proliferative effects
on the PC12 cells. Thus, the decrease in cell death seen in the previous experiments could

not be due to an effect of IGF-I on increasing cell numbers.
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Figure 10. Effect of IGF-I protection on apoptosis

Panel A: Graphic representation of the effect of increasing IGF-I concentration on
PC12 cells exposed to 5 pM VM26 for a 24 h period of time.

All flasks of PC12 cells were treated at the 0 h time point with 5 pM VM26 and varying
concentrations of IGF-I, ranging from 0 to 200 ng/m! final concentration. After 24 h of
incubation cell number and cell viability were assessed. Points are the means of triplicate
determinations from a representative experiment. IGF-I concentration is plotted on the x-
axis against % cell viability on the y axis.

Panel B: Graphic representation of the effect of increasing concentration of VM26, on
PC12 cells exposed to 100 ng/ml of IGF-I for a 24 h time period.

PC12 flasks were divided into two groups. The first group were treated with 100 ng/ml of
IGF-I, and exposed to VM26 concentrations of 0 to 4 uM (®). The second group were not
treated with 100 ng/ml of IGF-I, but were exposed to VM26 concentrations of 0 to 4 uM
(0). At 24 h, cell numbers and cell viability were asssessed. Points are the means of
triplicate determinations from a representative experiment. VM26 concentration is plotted
on the x-axis against % cell viability on the y-axis.

Panel C: Graphic representation of the protective effect of 100 ng/ml IGF-I on PC12
cells treated over 24 h with SpM VM26.

PC12 flasks were divided into two groups. The first group were treated with 100ng/ml IGF-I,
and SuM VM26 for 0 h, 8 h, 24 h, and 48 h at which time cell counts and viability were
assessed (®). The second group were not treated with IGF-I but were exposed to 5 uM
VM26, cell counts and viability were determined at 0 h, 8 h, 24 h, and 48 h (0) Points are
the means of triplicate determinations from a representative experiment. Hours of incubation
are plotted on the x-axis against % cell viability on the y-axis.

Panel D: Graphic representation of the effect of 100 ng/ml IGF-I on PC12 number after
24 h of incubation.

PC12 cell numbers were assessed using a haemocytometer at the 0 h time point and at 24 h
following treatment with and without IGF-I. The bar graph illustrates the cell number
determined for each of the three categories. Points are the means of triplicate determination
from a representative experiment. The treatment and length of time of incubation is
indicated on the x-axis and the cell number on the y-axis.
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DI ION

It is now widely accepted that apoptosis is a controlled form of cell death that serves
as a genetic control point for a number of biological processes. The involvement of gene
expression in apoptosis is a recently recognized phenomenon, that came to light after several
experiments which demonstrated that apoptosis can be effectively blocked by the presence
of inhibitors of macromolecular synthesis (Martin et al. 1988; Oppenheim et al. 1990). This
has subsequently led to the search for genes that are required for, and play an important role
in apoptosis. In the regressing rat ventral prostate, for example, several remarkable changes
in gene expression have been demonstrated following the induction of apoptosis. Similarly,
other model systems of apoptosis have also shown a dependence on specific gene expression
and it is now becoming increasingly evident that the apoptotic pathway is under tight genetic
control. The understanding of the role of specific genes regulating the process is therefore
key to expanding our knowledge in this field.

The question that was addressed in this study was the roles of the clusterin,
cathepsin B, IGFBP2, IGFBP5 and RSG3 genes in PCI12 neuronal cells undergoing
apoptosis. These genes were shown previously in the regressing rat ventral prostate to have
varied levels of expression during apoptosis, consistent with a putative role in apoptosis in
the prostate and a potential role in other model systems of apoptosis. In this work, neuronal
PC12 cell cultures were used to simulate an in vitro model of neuronal apoptosis because
these cells have been used widely in the study of the response of neuronal cells to a variety

of toxic and non-toxic stimuli (Peunova & Enikolopov, 1993). For example, PC12 cells
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have been successfully used for studying the survival promoting actions of NGF (nerve
growth factor) and IGF-I (Insulin-like growth factor) and the mechanisms of neuronal cell
death (Batistatou & Greene, 1991). To induce apoptosis in the PC12 cell cultures, the
chemotherapeutic drug VM26 was used. VM26 belongs to a family of topoisomerase
inhibitors that stabilizes topoisomerase-DNA cleavable complexes by blocking the DNA
relegation step of the catalytic reaction, which results eventually in DNA cleavage and cell
death. Consistent with other studies on PC12 cells (Nakajima et al. 1994), thymocytes
(Onishi ef al. 1993; Walker et al. 1991), IL-3 dependent pre-murine B-cells (Ascaso ez al.
1994), ALL leukemic cells (Klumper ef al. 1995), unstimulated mature murine lymphocytes
(Roy et al. 1992), and MCF-7 cells (Orr et al. 1995) the topoisomerase-II inhibitor, VM26,
induced cell death in the PC12 cells with classical characteristics of apoptosis.

The degree of apoptosis, assessed by trypan blue uptake, increased over the 24 h
incubation period. This is similar to another study on PC12 cells where exposure to a
topoisomerase II inhibitor lead to apoptosis within 24 h (Nakajima et al. 1994). In our PC12
cells, there was a dramatic increase in cell death 8 h after addition of 5 pM VM26 which may
reflect the time required for cell signalling to effect specific induction or inhibition of gene
expression necessary for apoptosis. This hypothesis is supported by findings in MCF-7 cells
treated with VM26, in which a concentration dependent downregulation of c-Myc expression
accompanied apoptosis suggesting that VM26 is capable of altering gene expression in a way
that promotes apoptosis (Orr e al. 1995). It is also conceivable that cells undergoing
apoptosis earlier than 8 hours are more sensitive to the effects of VM26 and have already

induced some of the genes necessary for apoptosis, while those which take longer than 8 h,
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are more resistant to the effects of VM26 on gene induction.

Not only was VM26 able to induce changes in gene expression but also cause DNA
fragmentation, a widely used biochemical indicator of apoptosis. Using pulse-field gel
electrophoresis to detect fragments of 200bp-1Mb, progressive DNA fragmentation in the
PC12 cells was observed and shown to occur coincidently with an increase in cell death
determined by the loss of trypan blue exclusion. A similar pattern has been seen in other
studies in which PC12 cells were induced to die following serum withdrawal or treatment
with calcium ionophores (Joseph et al. 1993). In addition, VM26 has been shown to induce
DNA fragmentation and apoptosis in both thymocytes as well as unstimulated and mature
murine lymphocytes (Walker et al. 1991; Onishi ef al. 1993). In our system, like others,
DNA fragmentation progressed in a stepwise manner producing fragments of 300 kbp and
50 kbp. These two cleavage steps have been observed in almost every cell type undergoing
apoptosis, and thus serves as a good indicator of the early stages of apoptosis. Temporally,
DNA fragmentation to the 50 kbp size, became apparent 6-8 h into the incubation, and
appeared to occur concomitantly with the sharp increase in the level of cell death at 8h,
suggesting that 6-8 h was required for the gene induction or activation necessary for DNA
fragmentation and apoptosis. Such dependence on gene induction or activation can explain
why inhibitors of RNA and protein synthesis can block or delay apoptosis. This effect has
been shown in PC12 cells, which upon exposure to topoisomerase II inhibitors in the
presence of cycloheximide and actinomycin D, did not undergo apoptosis (Nakajima et al.
1994). The same phenomenon has also been seen in other model systems of apoptosis, and

is a key feature distinguishing apoptosis from necrosis. The ability to promote or block
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apoptosis with various agents such as transcriptional and translational inhibitors and growth
factors indicates that complex signalling systems must be in place to allow the cell to respond
to its environment and undergo apoptosis when necessary. It is also likely that the signals that
regulate apoptosis are as varied as the systems in which apoptosis occurs.

Apoptosis can also be characterized by specific morphological criteria including
chromatin condensation and margination and formation of apoptotic bodies. VM26-induced
changes in the morphology of PC12 cells became evident at around 8 h when the chromatin
marginated to the nuclear membrane, and some cells began to look visibly different from
their neighbors under phase contrast. Interestingly, the time point of these changes correlated
well with the increase in DNA fragmentation suggesting that nuclear morphological changes
may thus begin to occur only after a threshold level of DNA fragmentation has occurred,
suggesting that the progression of DNA cleavage may be reflected in the increasing
morphological changes in the apoptotic cell. Once genes have been activated, all the
necessary changes for apoptosis can follow in an ordered manner. By 18 h following VM26
treatment many cells were smaller in size and showed phase differences indicative of changes
within the cytoplasm. By 24 h chromatin was marginated against the well preserved nuclear
membrane in most cells. A similar pattern of morphological change has been observed in
DU145, 5123tc and PC12 cells undergoing apoptosis following growth factor deprivation
(Pandey, S.R., personal communciation). These morphological changes are also similar to
those seen in thymocytes incubated in vitro with VM26, in which the condensed chromatin
masses displayed a characteristic reticular and fibrillated substructure. It has been suggested

that chromatin must be detached from the nuclear scaffold attachment points before
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chromatin condensation can occur. This process is likely mediated by the joint actions of
nucleases and proteases, making the process susceptible to the effects of inhibitors of
transcription, translation and enzyme activation (Walker & Sikorska, 1994, Weaver et al,
1996) which may be able to effectively block or delay apoptosis by preventing gene
induction, gene activation, DNA fragmentation and the associated chromatin condensation.
Another interesting morphological feature that was noted was the accumulation of abundant
debris in the cell cultures by 18 h. In vivo, it is likely that this debris would be phagocytosed
by neighboring healthy cells or support cells such as astrocytes, thereby averting an
inflammatory response by the body. By examining both the biochemical and morphological
changes induced by VM26 we were able to conclude that VM26 induced apoptosis in the
PC12 cells in a process likely requiring gene induction and gene activation.

Having established a neuronal model system of apoptosis we then sought to
understand the role of clusterin, cathepsin B, IGFBP2, IGFBPS, and RSG-3 in this model
system. There is already evidence in the literature suggesting that these genes are involved
in the regulation of apoptosis in the regressing prostate and in other model systems of
apoptosis. There is also the suggestion that these genes may work in concert with each other
and cell signalling systems to control different aspects of the apoptotic process. The changes
in the levels of expression of these genes was compared with that of HPRT, a housekeeping
gene not likely to change during apoptosis. As expected, the levels of HPRT were relatively
constant allowing it to serve as a good internal control for the gene expression experiments
which were conducted in this study.

The first gene to be studied in the PC12 model of neuronal cell death was clusterin.
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Clusterin and its cognate protein has been characterized in a number of species and has been
implicated in apoptosis occurring in the prostate tissue following hormone ablation
(Tenniswood ef al., 1996). In the PC12 neuronal model system, clusterin was expressed
in untreated cells then was dramatically upregulated to peak at 8 h, followed by an equally
dramatic drop by 24 h. This time course of expression suggests that clusterin may be
synthesized early and be actively involved in the later stages of apoptosis at a time when
cytoplasmic changes and membrane remodelling are readily occurring. These expression
kinetics also support findings from other studies that suggests that clusterin is involved in
controlling cholesterol efflux from the membranes of dying cells, and facilitating the transfer
of cholesterol from these membranes to ApoA-1/HDL, a key process that must occur before
fragmentation of the dying cell into apoptotic bodies (Wilson et al., 1994). This function
would generally operate at low levels in healthy cells, explaining clusterin expression in the
untreated PC12 cells. During tissue damage or death, it has been suggested that enhanced
clusterin expression is required to cope with the increased lipid load from the membranes of
dying cells and to protect the cells from complement mediated lysis. The observed increase
at 8 h likely reflects this increase in requirements for clusterin . In addition, peak levels of
clusterin at 8 h, which coincides with the sharp increase in the numbers of apoptotic cells,
also supports the putative role of clusterin in preventing large numbers of dying cells from
eliciting a complement-based response. After the dying cells have become apoptotic bodies,
they no longer undergo membrane remodelling, and are rapidly phagocytosed by neighboring
cells. Clusterin expression is thus no longer required, and can account for the drop in

clusterin expression at 24 hours, back to baseline levels. In addition many of the cells
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expressing clusterin have died by this stage.

Studies suggest that clusterin likely plays a role in a number of physiological
processes requiring membrane remodelling and inhibition of an inflammatory response.
Change in the expression of clusterin has not only been seen in the neuronal system but also
in the prostate, retina and kidney cells in which apoptosis is occurring. Overexpression of
clusterin has also been noted in Alzheimer’s disease and several other neurodegenerative
diseases (Michel et al. 1992). The widespread changes in expression of this gene across
different model systems of apoptosis therefore highlights its role as an important modulator
of apoptosis.

Another gene named cathepsin B which is a member of a family of cysteine
proteases, has also shown potential for being involved in apoptosis. Studies have shown that
degradation of components of the ECM in vivo is a key step involved in the cytoplasmic
condensation of apoptotic cells (Sloane & Honn, 1984) and this degradation may in fact be
mediated by the effects of specific proteases. In the PC12 cells undergoing apoptosis,
cathepsin B was expressed in untreated cells then showed a slight transient increase at 6 h
but in general did not show a significant increase in expression over the 24 h time course.
This pattern of expression is similar to that seen in apoptotic cortical cultures (Hill L.E.,
personal communication), but contrasts to cathepsin B expression patterns found in the
regressing prostate and mammary tissue (Guenette ef al. 1994).

The similarity between apoptotic PC12 cells and apoptotic cortical cultures could be
explained by the fact that both systems are dealing with neuronal models of apoptosis.

Immunocytochemistry studies on cortical cells undergoing apoptosis suggest that levels of
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cathepsin B may not actually be increasing significantly, but instead there is a redistribution
of cathepsin B from a lysosomal location in normal cells to a nuclear location in apoptotic
cells (Hill, I.E. personal communication). In addition, the expression of cathepsin B in
untreated PC12 cells suggests that cathepsin B may have a role in normal cellular function,
and then is recruited to perform a specific role during apoptosis. This is similar to findings
in the regressing prostate and mammary gland (Guenette et al. 1994b) where there is
expression in normal cells but unlike the regressing prostate and mammary models, there is
no significant induction of cathepsin B . Induction appears to be necessary in the prostate
and mammary tissues to ensure that the dying cell is released from the basement membrane
and the ECM of the prostate and mammary tissues. Since the PC12 cells are grown in
culture the ECM may not be as extensive or contain the same components that would be
expected in vivo, or in a complex tissue such as the prostate, and hence may not require a
significant activation of cathepsin B to disrupt associations. In addition, hormone-dependent
tissues may exhibit a dependency upon different factors for apoptosis compared with the
neuronal system. It is also important to bear in mind that changes in the protein level of
cathepsin B, in terms of expression and localization, may not be reflected at the mRNA level
and would, therefore, be an important future direction of the study of this gene product.
especially owing to the fact that cathepsin B may play a role in several neurodegenerative
diseases.

The IGFBP2 gene is a gene whose potential role in modulating apoptosis has only
recently been recognized following studies on the regressing prostate (Nordqvist e al. 1996)

In general, peptide growth factors have been studied by determining the response of cells to
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soluble growth factors that diffuse rapidly through a liquid culture medium. However. in
vivo, cells are embedded in a complex extracellular matrix, and diffusible growth factors may
be exposed to the ECM before binding to their cognate receptors. Access to the receptors
may therefore involve intermediate binding to components of the matrix or specific binding
proteins which can stabilize the growth factor, protect it from proteolytic degradation,
increase the local concentrations of the growth factor and/or alter the rate of diffusion
through the matrix. As a result, it is becoming increasingly clear that the cellular response
to growth factors is greatly dependent upon the presence of binding proteins and the
components of the ECM (Jones et al. 1993). In support of these findings, sequence analysis
of IGFBP2 has revealed RGD sequences which raises the possibility that IGFBP2s may bind
to integrin-type receptors at the cell surface and thus be able to target IGF-I to particular sites
or participate in the local organization of ligands at the cell surface. Conversely, [GFBP2
may sequester IGF-I and prevent its interaction with the IGF-I receptor.

IGFBP2 was expressed in untreated PC12 cells, then dramatically upregulated four
fold by 8 h. This pattern of expression is similar to that seen with clusterin and peak levels
of IGFBP2 at 8 hours were coincident with the onset of DNA fragmentation, appearance of
cytoplasmic changes and sharp increases in the levels of cell death. During apoptosis,
IGFBP2 expression was significantly induced which could potentially attenuate the cellular
response to IGF-I through the high affinity binding of IGF-I to IGFBP2. The increase in
IGFBP2 could therefore sequester IGF-I away from its receptor, and prevent IGF-I from
exerting any survival effects on the dying cell. Other studies in the neuronal system, have

shown that IGFBP2 is able to inhibit IGF-I promoted DNA synthesis in cultured astroglia
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(Han et al. 1988). In this system IGFBP2 appears to be produced in order to shield glial cells
against the mitogenic effects of IGF-I so that glia can continue to perform their differentiated
functions. In the setting of CNS injury, where there is reactive gliosis, or proliferation of
astrocytes, IGF-I is produced in abundance, but IGFBP2 is not expressed, suggesting that
IGF-I, in the absence of IGFBP2 is able to stimulate astrocytic proliferation. In another study
IGFBP2 expression has been shown to be temporally and anatomically coordinated with that
of IGF-I, during cerebellar and retinal development, thus implicating IGFBP2 as a key
modulator of IGF-I action in CNS development (Lee ef al. 1992). Studies also suggest that
IGFBP2, as a major component of the CSF, may play a major role in changes occurring in
the brain in normal and pathological conditions (Greene & Tischler, 1976).

Another binding protein which plays a role in modulating IGF actions is IGFBPS.
This binding protein has been found in many tissues and particularly high levels have been
found in the CSF, bone and regressing prostate and bone. Studies have also demonstrated
that matrix-associated IGFBP5 has physiological significance in mediating the mitogenic
effects of IGF-I by localizing and stabilizing the concentration of the hormone in the vicinity
of the IGF-I receptors facilitating receptor interactions and promoting cell survival (Jones et
al. 1993). In contrast, it has been shown that IGFBPS is not expressed constitutively in the
rat ventral prostate and mammary gland but is greatly upregulated following induction of
apoptosis by androgen ablation (Guenette & Tenniswood, 1994). IGFBPS5 expression occurs
early in the apoptotic process in the regressing prostate leading to the suggestion that it may
serve as a trigger for apoptosis. It was therefore studied in the neuronal system to determine

if it had similar expression kinetics in the apoptotic PC12 cells.
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In sharp contrast to IGFBP2, IGFBP5 mRNA levels were relatively high in untreated
PC12 cells but decreased significantly by 8 h. This dramatic decrease in expression suggests
a number of possibilities. First, that IGFBP5 expression is not involved in apoptosis, or
secondly, that the sharp drop in the steady state levels signals the cell to enter a death
pathway. In addition, IGFBPS5 has been shown to have an intimate relationship with the
ECM, and since the PC12 cells are grown in culture they may not have an extensive matrix
to which to bind and IGFBPS therefore might not be expressed. Also, it is conceivable that
if IGFBPS does in fact promote growth, that it is unlikely that a large population of dying
cells would secrete a growth factor unless of course it was part of a stress response.

When compared to the regressing prostate where IGFBPS5 was induced de novo,
IGFBPS5 expression in the PC12 cells dropped off dramatically following VM26 treatment.
This could be reflective of differences in the role of IGFBPS in different systems or
differences between in vivo conditions and in vitro conditions. In addition, it has been
suggested that in the prostate IGFBPS5 levels are repressed by the presence of androgens and
following androgen ablation IGFBP5 mRNA is induced. In contrast, androgens do not play
as large a role in the neuronal system, which could further explain differences in gene
expression patterns between these two systems. Differences in the composition of the ECM
between the two systems may also account for differential functions of the binding proteins
in different systems.

The final gene to be studied in this thesis was RSG-3, a gene that was initially
isolated form the prostate undergoing apoptosis and was subsequently also shown to be

expressed in the regressing mammary tissue (Sridhar, 1993). RSG-3 is a cell surface
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molecule that may play a role in targeting apoptotic bodies to neighboring cells for
phagocytosis. In the apoptotic PC12 cells, there appeared to be a slight increase in
expression over the 24 h period, with levels peaking at 24 h. This is in keeping with the
suggestion that RSG-3 is involved in targeting apoptotic bodies to neighboring cells for
phagocytosis to avoid an inflammatory response. This event is expected to occur in the final
stages of apoptosis. It is also possible that an in vivo experiment may show an increased
levels of RSG-3 expression because more surrounding healthy cells are present and targeting
of apoptotic bodies to these cells may be more effective. The expression kinetics of RSG-3
were similar to those seen in the regressing prostate and mammary tissues. The gene shows
expression in normal cells, and is gradually induced in apoptotic cells. These observations
indicate that the gene may play a role in a variety of systems, to ensure that the apoptotic
process is completed, ensuring that apoptotic cells are phagocytosed to prevent an
inflammatory response.

This study into genetic involvement in apoptosis has shown that following induction
of apoptosis with VM26, PC12 cells show differential gene expression. It appears that
clusterin and IGFBP2 play a significant role in neuronal apoptosis given that the timing and
level of their induction is quite significant. In addition these gene products have been found
in the brain and CSF respectively, with some association to neurodegenerative conditions.
The expression of the RSG-3 gene showed a gradual increase over the 24 h time course.
This pattern of induction, suggests that RSG-3 may play an important role in the final stages
of apoptosis, when apoptotic bodies are being phagocytosed. Unlike RSG-3, cathepsin B did

not show a significant increase in expression over the 24 hour time course indicating that the
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apoptotic process may require relocation of the protein rather than an increase in expression.
Finally the IGFBP5 gene showed a substantial drop in expression, early in apoptosis,
suggesting that apoptotic cells may not require this gene or alternatively the dramatic drop
may serve as a trigger for apoptosis. The relative changes in IGFBP2 and IGFBPS observed
in this study are consistent with a role of IGFBP2 in cell death and IGFBPS in cell survival.
It may well be that the ratio of these two binding proteins decide the overall balance between
survival and death. The observations of Lee et al. (1996), Nordqvist et al. (1996) and Zhou
et al. (1996) are consistent with this view. However, the patterns of expression of IGFBPs
is cell and tissue specific and may be affected by the nature of the cell death signal, so it is
not surprising that different results are obtained in other models of cell death (Guenette &
Tenniswood, 1994).

A significant amount of data has been accumulated recently characterizing the
expression of IGFBPs in a variety of different cell lines (Clemmons, 1993). The emerging
data suggests that the regulation of IGF is a complex process, involving IGF receptors, IGF
binding proteins and proteases that can proteolyze both the growth factor and the binding
proteins and likely other as yet unidentified factors. This complex network can work in
conjunction with binding proteins to regulate apoptosis in a number of systems. Specifically
in the neuronal system, IGF-I has been shown to prevent the loss of choline acetyltransferase
activity in embryonic spinal cord cultures, as well as reduce the level of apoptosis in vivo in
motor neurons during normal development or following axotomy or spinal transection
(Lewis et al. 1993). Consistent with these findings, our data showed that treatment of PC12

cells with IGF-I exerts a protective effect on the PC12 cells as noted by the decreased levels
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of cell death. Furthermore, we have demonstrated that the protective effect of IGF-I
increases in a concentration-dependent manner, indicating that cells are capable of
responding to a protective signal even in the presence of a death-inducing signal. A similar
result was shown in BALB/c3T3 cells treated with a topoisomerase inhibitor in the presence
of IGF-I. IGF-I treatment in this system, inhibited apoptosis in a manner independent of the
mitogenic actions of IGF-I (Sell er al. 1995). This supports our findings, that showed that
IGF-I treatment does not in fact lead to an increased cell number but increased survival,
suggesting that IGF-I must operate through its receptor and specific cell signalling pathways
to exert survival effects upon the cell. Finally we can conclude in the neuronal system that
an upregulation of IGFBP2 may be interfering with IGF-I signalling, leading to apoptosis.
Exogenous IGF-I appears to be able to overcome the effects of increased IGFBP2, and
partially inhibit apoptosis. It also introduces the potential for using IGF or IGFBPs as a
treatment for progressive neuronal apoptosis associated with a number of neurodegenerative
conditions.

The findings in this thesis offer exciting information in the area of neuronal apoptosis
which is believed to result in many neurodegenerative diseases currently under intense study.
IGF-I therapy in the future may become an important treatment strategy for a number of these
conditions. Further studies should be aimed at understanding the role of the complex IGF

signalling pathways, particularly the IGFBPs in regulating apoptosis.
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