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Abstract

Clusterin is a highly conserved protein that has been found in every mammalian species
examined and in two species of aves. Clusterin is distributed widely throughout the
mammalian body and interacts with a diverse array of proteins. These many binding
interactions have led to suggestions that clusterin is involved in an equally diverse array
of functions. Clusterin is also widely reported to be dramatically upregulated in times of
stress and during apoptosis indicating that it may regulate cell death. However, no

genuine physiological function for clusterin has yet been established.

One of the two main goals of this project was to determine whether clusterin expression
was involved in regulating cell death. This was investigated by transfecting two
different expression systems containing human clusterin cDNA into L929 cells and
determining if the upregulated expression of clusterin altered the rate of cell death
induced by either TNFo, TNFa + actinomycin D, staurosporine, colchicine, or azide.
Cells transfected with an expression system containing a cytomegalovirus (CMV)
promotor were found to be resistant against TNFa-induced cell death. These transfected
cells were not protected from any other cytotoxic agent tested. The other expression
system (which resulted in lower levels of clusterin expression) did not provide cells
with protection against TNFa or any of the other cytotoxic agents. Further studies
suggested that clusterin, normally a secreted product, acted intracellularly to protect
1.929 cells from TNFa-induced death. However, a control 1.929 cell line that
overexpressed green fluorescent protein was also shown to be protected from TNFo-
induced death. Therefore it is possible that the cytoprotection associated with
overexpression of clusterin is an artifact resulting from non-specific effects of high

levels of protein expression.



It has been deduced from the amino acid sequence of clusterin that it contains three
amphipathic helixes, which are required for hydrophobic interactions. It has also been
demonstrated that clusterin has a high affinity for hydrophobic surfaces as it can be
purified from ram rete testis fluid on the basis of it’s strong hydrophobic interaction
with Affi-blue gel. Other reports have suggested that clusterin’s association with
complement, apolipoprotein A-I and cell aggregation are due to hydrophobic
interactions. Thus, it appears likely that many of clusterin’s binding interactions involve
binding to regions of exposed hydrophobicity, a similar property to that of chaperone
proteins which bind to regions of exposed hydrophobicity on other proteins. It was also
recently demonstrated that a conserved region in the clusterin promotor binds heat
shock factor 1, a transcriptional activator of the heat shock protein chaperones. This
element can also mediate heat-shock-induced transcription suggesting that expression of
clusterin and heat shock proteins may be co-regulated. The second main goal of this

project was to test the hypothesis that clusterin has chaperone-like activity.

Clusterin was shown to prevent catalase and GST from heat-induced precipitation as
well as preventing BSA and o-lactalbumin from reduction-induced precipitation. It was
demonstrated by ELISA that clusterin binds with higher affinity to the denatured form
of these proteins. Futhermore, gel filtration analyses of solutions containing any one of
these protein together with clusterin, following stress treatment, revealed that high
molecular weight complexes had formed between the two proteins. It is proposed that
clusterin protects proteins from stress-induced precipitation by binding to hydrophobic
regions that become exposed to the solvent to form solubilized high molecular weight
complexes. The ability of clusterin to non-specifically protect various proteins from
stress-induced precipitation confirms that clusterin has chaperone-like activity and

suggests that clusterin has a complementary role to heat shock proteins in vivo.
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CHAPTER 1

Introduction

Clusterin: a review of the existing

literature.



1.1 THE GENERAL FEATURES OF CLUSTERIN

Clusterin is one of many names assigned to a glycoprotein which has been discovered
several times in diverse research areas and whose function is still to be elucidated. Each
new discovery assigned a different name to this protein (Table 1.1). The name clusterin
arose from an early finding of Blaschuk ef al. (1983) who reported that this protein was
capable of clustering Sertoli cells. Clusterin is now the internationally accepted name

for the protein (First clusterin workshop, 13"-16" September 1992, Cambridge UK).

Table 1.1:-Alternative names of clusterin originating from different research areas.
(Modified from Table 1 in Rosenberg et al., 1993)

Name Source | Site where clusterin was | Reference

found
Clusterin Ram Reproduction/ cell aggregating Blaschuk et al., 1983
Sulphated glycoprotein 2 Rat Sertoli cells/ reproduction Collard and Griswold, 1987
(SGP-2)
Glycoprotein-III Bovine Adrenal Medulla/ Chromaffin Fischer-Colbrie et al., 1984
(GP-III) granules Palmer and Christie, 1990
Testosterone repressed Rat Prostate/apoptosis Leger er al., 1987

prostrate message-2

(TRPM-2)

Glycoprotein 80 Canine Renal Cells/ Vectortal secretion | Hartmann er al., 1991

(Gp80)

Serum protein-40,40 Human Serum (liver)/complement Kirszbaum et al., 1989

(SP-40,40) regulation

Cytolysis inhibitor (CLI) Human Serum (Liver)/ complement Jenne and Tschopp, 1989
regulation

T64 Quail Neuroretinal cells/ cell Michel ez al., 1989
transformation

Apolipoprotein J Human Blood/ Lipid transport James et al., 1991

(ApoJ)




Clusterin has been detected in a variety of mammals and two non-mammalian species,
the quail (Rosenberg et al., 1993) and recently the chicken (Mahon et al., 1999).
Complete nucleotide sequencing of clusterin complementary DNA (cDNA) from these
different species has shown that human and dog clusterin products are the most similar
with 78% identity (Jenne and Tschopp, 1992; Hartmann et al., 1991). Clusterin from the
human and rat are also very homologous with 77% identity (May and Finch, 1992).
Human and quail clusterin are the least similar with 49% identity (Jenne and Tschopp,
1992). The most conserved region between clusterin molecules from different species is
between residues lue 87 and met 150 (homology 98% (Jenne and Tschopp, 1992))
which contains five disulphide bonds. This high level of conservation suggests that this

region is important in the function of clusterin.

Clusterin is widely distributed throughout the body and is transcribed from a single gene
located on chromosome 8p12-21 in humans (Purrello et al., 1991; Dietzsch et al., 1992;
Fink et al., 1993) and chromosome 14 in the mouse (Bikenmeier et al., 1993). Clusterin
cDNA is comprised of 16,580 bp which is organised into nine exons and eight introns
(Wong et al., 1994 a). There are significant differences in the 5’ untranslated sequence
between clusterin sequences isolated from different human tissues, suggesting that a
similar clusterin multigene family exists (Wong et al., 1994 a). Analysis of the promotor
region of clusterin revealed AP1, AP2, SP1, and NF-2 motifs which are thought to be
essential for clusterin regulation (Wong et al., 1993). In addition cAMP response
elements, heat shock protein binding and growth hormone factor 1 binding motifs have

also been identified within the promotor region (Wong et al., 1993).



Clusterin has been located in bodily fluids including human plasma (50-100 pg/ml) and
blood platelets (Murphy et al., 1988; Jenne and Tschopp, 1989), human breast milk (de
Silva et al., 1990a), urine (O'Bryan et al., 1990), spinal fluid (Hochstrasser et al., 1988),
on the surface of mature sperm and in seminal plasma (250-500 pug/ml; Jenne and
Tschopp, 1989; de Silva et al., 1990a; O'Bryan et al., 1990). In humans, clusterin
mRNA has been detected in cells of most organs, although at different levels of
expression. The brain, ovary, testis, stomach and liver express clusterin at the highest
level while the kidney, heart, spleen, lung, and breast express clusterin mRNA at a much
lower level with no expression detected in T-cells (de Silva et al., 1990a). It has
generally been found that epithelial cells, especially those that border fluid filled spaces,
constitutively express higher levels of clusterin than other cell types (Jordan-Starck et

al., 1992).

Early studies showed clusterin to be a heavily glycosylated protein which in its mature
secreted form has a molecular mass of 70-80 kDa and has low plin the range of 4.9-5.4
(Blaschuk et al., 1983; de Silva et al., 1990b and c). The size of unglycosylated clusterin
determined by an in virro assay revealed a 50 kDa species (de Silva et al., 1990b),
however pulse chase studies in HepG?2 cells only identified unprocessed clusterin to
have a size of 58 kDa (Burkey et al., 1991). Recently a report analysing purified
clusterin with matrix-assisted laser desorption ionization mass spectrometry revealed
that two molecular weight species of unglycosylated clusterin exist, and have sizes of

58,505 and 63,507 (Kapron et al., 1997).



Mature secreted clusterin exists as a heterodimer and is comprised of two subunits
which are similar in amino acid sequence but which are nevertherless distinct (de Silva
et al., 1990c). The subunits are referred to as o and 3, with glycosylated masses of 34-
36 kDa and 36-39 kDa, respectively (de Silva et al., 1990b). The subunits are linked
together by 5 disulphide bonds which are distributed over a span of 29 amino acid
residues rich in cysteine (de Silva et al., 1990b, Choi-Miura et al., 1992b). The
disulphide bonds are inter-subunit linkages which are conserved between all clusterin
homologues indicating a possible importance in conformation (Choi-Miura et al.,
1992b; figure 1.1). Both subunits of clusterin are translated from a single 1.9 kb mRNA
transcript (de Silva ef al., 1990a). Therefore clusterin originally exists as a single chain
polypeptide in which the predicted sequence contains 449 amino acids, including a 21-
22 N-terminal amino acid secretory sequence (de Silva er al., 1990a, de Silva et al.,
1990b; Wong et al., 1994a). Ninety five percent of clusterin reaches the extracellular
environment as a heterodimer; sometime following translation and preceding secretion
the disulphide bonds form followed by cleavage of clusterin (Burkey ez al., 1991). The
position of this cleavage is the same for all clusterin homologues and occurs between
amino acid residues 205 and 206 by an unknown enzyme (Jordan-Starck et al., 1992;

Jenne and Tschopp, 1992). The cleavage creates a 205 amino acid o subunit and a 222

amino acid [3 subunit.

A lot of information about putative structural features of clusterin has been deduced
from the amino acid sequence of the protein. Figure 1.1 displays the approximate
position of the four heparin binding domains, six glycosylation sites, numerous

phosphorylation sites, and three amphipathic helices that are predicted to exist on the
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Figure 1.1: Schematic representation of the structure of clusterin showing
the location of various known and predicted features (predicted features
highlighted in pink in legend). All predicted features (except ampipathic
helixes) were determined through software analysis performed at the following
web site: http://prowl.rockefeller.edu/cgi-bin/sequence. Ampipathic helixes
regions were determined by de Silva et al. (1990a). Glycosylation sites have
been confirmed by Kapron ef al., 1997.


http://prowl.rockefeller.edu/cgi-bin/sequence

clusterin subunits. The glycosylation sites in clusterin are asparagine linked (or N-
linked, i.e. have amino acid motifs of Asn-X-Ser/Thr, where X represents any amino
acid except for proline (Alberts, 1989)), as Burkey et al. (1991) showed that
carbohydrates associated with clusterin were removed by N-glycanase and not O-
glycanase. Recent studies have confirmed that (i) clusterin has six glycosylation sites,
which contain seven possible types of oligosaccharide structures, and (ii) clusterin is a
heparin binding protein (Kapron ez al., 1997; Hennessy et al., 1997; Pankhurst e al.,
1998). The binding of heparin to clusterin is independent of cations and the affinity

increases at acidic pH (Pankhurst ef al., 1998).

There are two sequences that are common between clusterin species and they have been
defined by the Prowl protein internet database (USA) as clusterin signatures (Figure
1.1). Using these electronic databases to compare protein sequences reveals that
clusterin is a truly unique protein as it has limited homology to any sequenced protein.
The most similar protein is a newly found secretory protein expressed in human rod
photoreceptor cells (Shimizumatsumoto et al., 1997) and has a 17.8% homology
(identity) to clusterin. A sequence matrix plot comparing these two proteins shows a
scattered linear distribution of the homologous sequences (Figure 1.2). One of these
homologous regions aligns within the number one clusterin signature, which is the
region most conserved between different species of clusterin, and indicates that these

proteins are related.
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Figure 1.2: Scoring matrix comparing amino acid sequences of clusterin to the rod
receptor protein as determined by MacVector 4.1.4 software. The red line corresponds to
amino acid sequences that are at least 60 % homologous between proteins. Note a perfect
match would be represented as a diagonal line from the top left hand comer to the bottom
right hand comer. Software settings were: hash value = 2; and minimum % score = 60.

Protein sequences were retrieved from the Entrez database (Rod photoreceptor protein
sequence ID 961457, clusterin sequence ID 4502905).

1.2 CLUSTERIN INTERACTIONS

One of the problems associated with identifying clusterin’s function is the wide variety
of proteins to which it binds. Clusterin has been found associated with many proteins
and is expressed in a variety of different cell types. Studies have linked clusterin to cell
aggregation, reproduction, complement regulation, lipid transport, neurodegenerative
diseases of the brain (eg Alzheimer, scrapie and Pick disease), and cell death.

Unfortunately the function of clusterin in each of these areas has not been established. It



remains to be shown whether clusterin has a specific role that is common to each area of

research where it has been studied or whether it is a multifunctional protein.

1.2.1 Aggregation properties of clusterin.

The addition of purified clusterin to erythrocytes, white blood cells, spermatozoa, TM-4
cells, Sertoli cells, renal epithelial and Staphylococcus aureus cells has been shown to
result in the aggregation of those cells (Fritz et al., 1983, Rosenberg and Silkensen,
1995; Blaschuk et al., 1983; Silkensen et al., 1995, Partridge et al., 1996). Clusterin is
most efficient in aggregating homogenous populations of cells as the addition of
clusterin to mixed populations of erythrocytes and TM-4 cells only resulted in loose
aggregation of those cells (Fritz et al., 1983). One study which examined the
aggregation of porcine renal epithelial cells demonstrated by electron microscopy that
the addition of clusterin enhanced the formation of cell junctions (Silkensen et al.,
1995). This finding suggests that clusterin enhances homogenous cell interactions by

binding to surface ligand(s) that are present only on particular cell membranes.

There is also evidence which suggests that clusterin is involved in more complex cell
aggregation interactions. For example clusterin is upregulated in smooth muscle cells
that form nodules but not in smooth muscle cells that grow in a monolayer (Diemer et
al., 1992). Futhermore Schwochau et al. (1998) demonstrated that the aggregation of
cells due to the presence of clusterin in vitro enhanced their viability when exposed to
H,0, when compared to cells left in suspension. However it is likely that the increased
viability was not a direct effect of clusterin as the aggregation of cells into the shape of a

sphere resulted in inner cells becoming shielded from the cytotoxic agents by the outer



cells. It is unlikely that clusterin aggregates cells into the shape of a sphere in vivo
because this shape 1s physiologically unfavourable as the inner cells would be starved of

nutrients.

Clusterin is the main protein component of ram rete testis fluid and it is likely to be the
factor in this fluid responsible for the aggregation of Sertoli cells in vitro (Fritz et al.,
1983). It has not been reported whether other bodily fluids, which contain clusterin, are
also capable of aggregating cells in vitro. However, it appears that the aggregative
effects of clusterin on various cell types in vitro are likely to be non-specific as there has
been no evidence for high affinity clusterin binding sites on these cells (Fritz, 1995).
Interestingly, the in vitro aggregating effect of clusterin has been shown (for one cell
type) to be inhibited by the addition of carnitine or chemically related compounds (Fritz
and Burdzy, 1989). Carnitine possibly interacts with clusterin or it could generally bind

to and mask cell membranes thereby inhibiting the aggregation of cells.

Clusterin is also capable of aggregating weakly with itself to form dimers and tetramers
(Blaschuk et al., 1983, Griswold et al., 1986). Gel filtration studies have shown that in
purified clusterin preparations the ratio of aggregated clusterin to monomer clusterin
increases with concentration (Figure 1.3a). This self-interaction is created by non-ionic
forces as aggregated clusterin dissociates into monomers in the presence of 6M urea
(Blaschuk et al., 1983). Electrostatic forces may be partly responsible for aggregation as
gel filtration studies demonstrate that aggregated clusterin is unstable at low pH (Figure

1.3b).
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Figure 1.3: (A) The elution profile of 100 pl of immunoaffinity purified clusterin at 2
mg/ml (dark blue line), and 1 mg/ml (black line) in PBS (pH 7.4) when injected onto a
Superose 6 gel filtration column (0.5 ml/min) (B) Eftect of pH on the
polymeric/monomeric ratio of immunoaffinity purified clusterin. 500 ul of clusterin at 1
mg/ml in MES/PBS (1:1) was adjusted to pH 5.5 (purple line), 6.5 (green line), or 7.5
(black line) and subjected to FPLC using a Superose 6 gel filtration column (0.5
ml/min). Experiments were performed by Tim Hochgrebe (manuscript submitted).
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1.2.2 Reproduction

Clusterin was first identified in studies aiming to find proteins that were involved in
somatic cell-germ cell interactions (Blaschuk er al., 1983). Through these early findings
it was found that clusterin was the major protein component of the testis fluid (18% of
total protein content is clusterin) and was the major secretory product of Sertoli cells
(epithelial cells of the seminiferous tubules of the testes) (Blaschuk et al., 1983). As the
function of Sertoli cells is to support and nourish immature sperm cells, this indicates
that clusterin could be an important factor in the generation of mature sperm cells. More
recently clusterin has been detected in the acrosome and tail region of almost all mature
sperm cells (Sylvester et al., 1984; Sylvester et al., 1991). Different monoclonal
antibodies that recognise different variants of clusterin (presumably different
glycosylations) have been used to assess the morphology of human sperm (Obryan et
al., 1994). The association of clusterin with membranes of sperm cells have led to
proposals suggesting that clusterin is involved in the formation of cytoskeletal
components of sperm tails, complement defence, membrane remodelling and cell to cell

interactions (Jenne et al., 1989; Rosenberg and Silkensen, 1995; Blaschuk et al., 1983).

1.2.3 Complement regulation

Complement is part of the humoral immune system which destroys invading pathogen
cell membranes by forming, through a complex cascade of protein interactions, a
membrane attack complex (MAC). Complement is tightly regulated and the disruption
of any step in the cascade of protein interactions stops the formation of MAC. Clusterin
has been shown to associate with complement complexes. In particular, clusterin binds

to the complement proteins C7, C8b, and C9 (Tschopp et al., 1993a). It has been
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suggested that clusterin may regulate the formation of the MAC as stepwise additions of
clusterin followed by complement proteins C5-6, C7, C8 and C9 (each at a
concentration of 1 ug/ml) inhibited haemolysis of erythrocytes in vitro (Choi-Miura et
al., 1989; Murphy et al., 1989). McDonald and Nelsestuen (1997) also reported similar
findings. These studies are supported by an in situ experiment carried out on rat kidneys
perfused with plasma that had or had not been depleted of clusterin. Complement-
induced glomerular injury was increased in kidneys perfused with clusterin-depleted
plasma (Saunders et al., 1994). Clusterin has also been reported to localise with
complement in various affected tissues (French et al., 1994a; Vakeva et al., 1993;
Silkensen et al., 1998). These findings led to claims that clusterin was a complement
inhibitor in vivo, for example, it was proposed that clusterin on the surface of sperm
reduced the chance of complement attack in the female genital tract (Kirszbaum et al.,

1989).

However, other studies strongly suggest that clusterin does not regulate complement in
vivo. Complement is activated in infarcted tissue (Weisman et al., 1990) and as clusterin
colocalises at these sites (Vakeva et al., 1994), this suggests that clusterin is inefficient
at inhibiting the formation of the MAC. Similarly in a “physiological” assay containing
a 1:100 dilution of human serum to which clusterin was added to 200 ug/ml (twice its
physiological concentration), the rate of haemolysis of rabbit blood cells was not
affected (Hochgrebe et al., 1999). Futhermore, the extrapolation of this data set
estimated that clusterin concentrations two orders of magnitude greater than is found in
serum would be required to protect cells from complement in physiological conditions.

In addition, the induction of cell surface human clusterin by transfected 1.929 cells did



not protect these cells from complement lysis in human serum (Hochgrebe er al., 1999).

1.2.4 Binding to immunoglobulins

The passage of human plasma over an immunoaffinity column bearing covalently
attached immunoglobulin G (IgG) suprisingly purified clusterin (Wilson et al., 1991). It
was found that clusterin specifically binds to the Fc and Fab regions of Ig by a
multivalent mechanism (Wilson et al., 1991; Wilson and Easterbrook-Smith, 1992).
Initial experiments demonstrated that purified clusterin could enhance the formation of
antibody-antigen complexes (Wilson et al., 1991). However, this was later shown to be
the effect of the complement protein C1lq which unknowingly copurified with clusterin

(Roeth and Easterbrook-Smith, 1996).

1.2.5 Lipid transport

Isolation of clusterin from human plasma by immunoaffinity chromatography led to the
finding that a 28 kDa protein co-purified with clusterin (Jenne et al., 1991). This 28 kDa
protein was identified as apolipoprotein A-I (apo A-I) and the interaction between it and
clusterin was demonstrated to be hydrophobic as they dissociated in the presence of
non-ionic detergents (Jenne et al., 1991). However this interaction appears to be specific
as serum clusterin binds to immobilised apo A-I (Jenne ef al., 1991; Kunutake ef al.,
1994) and the mole ratio of apo A-I copurifying with clusterin in serum remains
constant (Stuart ez al., 1992). Apo A-I is the major protein component of high density
lipoprotein (HDL) complexes that are involved in the transport of lipids around the body
(Stryer, 1988). Interestingly clusterin has also been purified from a subclass of serum

HDL particles that contain apo A-I and cholesteryl ester transfer protein activity (de
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Silva et al., 1990c; Hennessy et al., 1997, James et al., 1988).

The association of clusterin with HDL particles suggests that clusterin could be involved

in reverse cholesterol transport. The reverse cholesterol transport mechanism, proposed
by Glomset (1968), predicts that HDL particles are scavangers for cholesterol and once
they are loaded transport it via the circulatory system to the liver for excretion or
recycling. One study has shown that only 5% of the apo A-I-HDL species were
responsible for the transfer of cholesterol from fibroblasts to plasma (de Silva et al.,
1990a). Wilson et al. (1995) suggests that this small subspecies of apo A-I-HDL could
be unique in that it contains clusterin (it is estimated that 2-4% of total apo A-I contains
clusterin (Jenne et al., 1991)) which may be the essential ingredient allowing the HDL
particle to remove cholesterol. Clusterin’s affinity for the various immune components
may (i) direct HDL complexes to cells that are to be removed, and (ii) link HDL
particles to cell membranes allowing transfer of cholesterol from the cell surface to the

HDL particle (Figure 1.4).

Interestingly a distinct HDL subspecies has been reported to exist which not only
contains apo A-I and clusterin but a 44 kDa enzyme called paraoxonase (Blatter et al.,
1993). Paraoxonase is one member of a poorly understood multigene family (Primo-
Parmo et al., 1997) and is classed as an “A”-esterase which catalyses the hydrolysis of
organophosphates, aromatic carboxylic acid esters, and carbamates (La Du, 1992). It is
unknown whether this HDL subspecies is capable of transporting cholesterol. However

a recent study indicates that it may be capable of tranporting cholesterol as this
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Figure 1.4: The lipid recycling hypothesis. Under non-stressed conditions cells
typically express low amounts of clusterin (A). Cells which are damaged, or are
about to be destroyed tend to upregulate clusterin production (B and C). It is
proposed that clusterin may interact with both Ig (or MAC) and apolipoprotein
A-I/HDL. Such an interaction would allow HDL particles to be transported to
cells, which are to be broken down, and perhaps anchor the complex onto the
membrane surface. There the HDL complex could collect cholesterol from the
cell surface before taking it to be recycled. By a similar mechanism clusterin
may also escort HDL particles to foreign cells, and aid in their removal by
collecting cholesterol from the membrane. Modified from figure 5.5 in Wilson et
al., 1995.
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subspecies of HDL was detected in artery walls atherosclerotic plaques (Mackness et al.,
1997). Paraoxonase has also been reported to co-purify with clusterin from human
plasma by immunoaffinity chromatography. The association between paraoxonase and
clusterin was shown to be specific and saturable in vitro with a mole ratio of 8.2 2.1
(clusterin:paraoxonase) (Kelso et al., 1994). Paraoxonase has been shown to protect
against chlorpyrifos toxicity in mice (Li et al., 1995) and can also modulate the
biological activity of mildly oxidized LDL (Watson et al., 1995). An interaction
between paraoxonase and clusterin is also apparent when oxidized LDL is introduced
into LDL receptor knockout mice. The introduction of oxidised LDL resulted in an
increase in the levels of serum clusterin and paraoxonase and suggests that this complex
may act as a “detoxifying unit” (rounding up and neutralising lipoperoxides) (James,

1995; Navab et al., 1997).

Evidence has accumulated showing that clusterin alone can enhance the efflux of
various lipids from cells. For example, in HepG2 cells, secreted clusterin exports
various lipids including triglycerides, unesterified cholesterol, phospholipids, and
cholesterol esters presumably from the cell membrane (Burkey et al., 1992). Similarly
clusterin assembles into lipoprotein particles when secreted from retinal Muller glial
cells (Shanmugaratnam et al., 1997). Furthermore clusterin has been shown to enhance
the efflux of cholesterol from macrophage foam cells (Gelissen et al., 1998). This
lipoprotein like activity of clusterin supports its possible involvement in cholesterol

transport.

17



1.2.6 GP330 - clusterin receptor

Glycoprotein 330 (gp330, previously known as megalin) is a membrane associated
glycoprotein which is associated with the autoimmune disorder Heymann’s nephritis,
which is the animal model of human membranous glomerulonephritis. This disease
initiates when circulating antibodies bind to antigens on the surface of epithelial cells of
glomeruli. The antigen-antibody complexes then shed and collect in the base membrane
causing nephritis (Alousi et al., 1969). gp330 is expressed in epithelial cells of the
kidney; it is an antigen which is recognised by antibodies circulating in affected

glomeruli (Kerjaschki and Farquhar, 1983).

gp330 is related to the low density lipoprotein (LDL) receptor and the LDL receptor
related protein (LRP) which all have the following common features:-

(1) cysteine-rich repeats,

(i) YWTD repeats,

(ii1) a single membrane spanning region and,

(iv) one or more NPXY internalization signals (Brown et al., 1991).

Several ligands have been shown to bind in vitro to gp330, some of these include
receptor associated protein (RAP), lipoprotein lipase, lactoferrin, Ca®*, albumin,
thyroglobulin and tissue/urokinase plasminogen activator : plasminogen activator
inhibitor -1 complexes (Willnow ez al., 1992; Moestrup et al., 1993; Hjalm et al., 1996;
Cui et al., 1996; Zheng et al., 1998). While the interaction between gp330 and any one
of these ligands are specific they don’t help identify the function of gp330 because (a)

the distribution of these ligands throughout the body is different to gp330 and; (b) these



ligands are not specific for gp330 as they also have high affinity for the more widely
distributed LPR. Further studies attempting to find a specific ligand for gp330 and not
LPR successfully isolated a protein from milk that was identified as clusterin (Kounnas
et al., 1995). Following specific binding to gp330, clusterin is internalised and
subsequently degraded by F9 cells (Kounnas et al., 1995). Clusterin therefore appears to
be a specific gp330 ligand and further research is required to elucidate the purpose of

this interaction.

1.2.7 Neurodegenerative diseases and amyloid B peptide

Alzheimer’s disease (AD), Pick’s disease (PD) and Huntington disease (HD) are all
neurodegenerative diseases which affect neurons of the hippocampus. Clusterin has
been found to be upregulated in these damaged tissues and its specific role in these
diseases is unclear (Duguid et al., 1989). Most of the research to date has focused on

clusterin’s association with AD.

In AD brain tissue clusterin has been detected interacting specifically with the affected
dystrophic neurites and associating in neuropil threads (McGeer et al., 1992). Another
classical pathological feature of AD is the formation of amyloid deposits, with which
clusterin also associates (McGeer et al., 1992). Little is known about the toxicity of
these plaques or how they form. The principle component of these deposits is amyloid B
(aP) peptide which is a product from the cleavage of amyloid precusor protein (Sisodia
and Price, 1995). Soluble af} has been found in plasma, cerebrospinal fluid and cell
supernatants and associates with clusterin (Ghiso et al., 1993). The interaction between

clusterin and af is specific (dissociation constant = 2 x 10° M) and is not dissociated in
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the presence of other af affinity ligands (Matsubara ez al., 1995). Presumably af} is the

ligand to which clusterin binds in amyloid deposits.

It is unclear whether clusterin has any effect on the formation of amyloid deposits in
vivo. Clusterin has a higher affinity for soluble af3 than the aggregated polymer form
(Matsubara et al., 1995). The origin of a in the brain of AD patients is unknown.
Perfusion experiments have been performed to determine whether clusterin is capable of
transporting af} to the brain. In one perfusion experiment, aB-clusterin complexes were
demonstrated to be transported more efficiently across the blood brain barrier into the
brain than af alone (Zlokovic et al., 1994). Further studies implicated that aB-clusterin
complexes were transferred across the blood brain barrier via the binding of clusterin to
gp330 (Zlokovic et al., 1996). However, in another study where radiolabelled clusterin
was injected intravenously, no transfer of radiolabelled clusterin to the brain was
detected (Shayo et al., 1997). This suggests that clusterin does not cross the blood brain
barrier in vivo which therefore indicates that it is not capable of transporting a3 into the
brain. In addition, clusterin purified from the brain is 5 kDa smaller than clusterin from
serum (Oda et al., 1994), which suggests that the clusterin associated with af} in the
brain is locally produced. Clusterin produced in the brain may also regulate the
formation of amyloid plaques as clusterin is capable of partially blocking the

aggregation of a3 (Oda er al., 1995), however further research in this area is required.

ap has been shown to be neurotoxic to primary neuron cultures (Yankner et al., 1990;
May et al., 1992a), which implies that the presence of amyloid plaques in AD contribute
to cognitive decline. However, it is unclear whether clusterin can interfere with the
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toxicity of af. One study found that clusterin-aP complexes were more lethal (as
determined by an oxidative stress assay) than soluble a} to PC12 cells (Oda et al.,
1995), while another demonstrated clusterin protected rat hippocampal cultures from the

toxic effects of a§ (Boggs et al., 1996).

Clusterin 1s also associated with other neuron diseases. For example clusterin
colocalises in apoptotic photoreceptor cells (Agarwal et al., 1996), and is also deposited
in senile plaques in brains of Down syndrome patients (Kida et al., 1995). Similarly the
expression of clusterin is increased in cells of the rodent brain after transient global
ischemia (May et al., 1992b; Kida et al., 1995), neurons of wobbler mice (Popper et al.,
1997), in retinitis pigmentosa (Jomary et al., 1993a and b; Jones et al., 1992; Smith et
al., 1995; Wong et al., 1994), and in the hippocampus following entorhinal cortex
lesioning (Lampert-Etchells et al., 1991). These reports suggest that clusterin plays an

important role in diseased or stress affected neurons.

1.2.8 TGFp

TGFp has been shown to regulate clusterin gene expression in a cell dependent fashion.
In several fibroblast and epithelial cell lines TGF[ has been shown to upregulate
clusterin expression (Jin and Howe, 1997) which in one case resulted in a truncated 43
kDa form of clusterin becoming localised to the nucleus (Reddy et al., 1996). Similarly,
TGFf was shown to upregulate clusterin expression in neurons and astrocytes (Laping
et al., 1994). The upregulation of clusterin in cells treated with TGFf involves protein
kinase C signalling and requires the AP1 binding site in the clusterin promotor (Jin and
Howe, 1997). However TGFp has also been found to downregulate clusterin expression
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(Thomas-Salgar and Millis, 1994). The different regulatory effects of TGFp indicate
that other unidentified factors are responsible for the control of clusterin expression. For
example, treatment of astrocyte cultures with TGFP results in the downregulation of
clusterin expression, however, when oligodendrocytes and microglia are present, TGF(

treatment results in the upregulation of clusterin expression in astrocytes (Morgan et al.,

1995).

Clusterin has also been shown to interact with the intracellular domains of both type I
and type Il TGF receptors in vitro (Reddy et al., 1996). However it seems unlikely that
clusterin is directly involved in TGFJ signaling, as clusterin is normally a secreted

protein and thus is not confined to the cytosol of the cell.

1.3 CLUSTERIN AND APOPTOSIS

Apoptosis is a form of programmed cell death which is initiated when cells are not
needed (e.g. self reactive thymocytes (Coleman, 1992)). Apoptosis is a selective event
and therefore must be tightly regulated. Clusterin may also be involved in regulating
apoptosis as clusterin mRNA was found to be one of the dominant upregulated mRNA
species in the rat ventral prostate following castration (which is associated with a high
level of programmed cell death) (Montpetit ez al., 1986, Leger et al., 1987). Castration
results in the regression of the ventral prostate due to the ablation of androgens normally
required to maintain homeostasis. The regression of this tissue appears to require protein
synthesis, and as clusterin expression is upregulated specifically in these dying cells
(Buttyan ez al., 1989), as well as in other apoptotic cells, it has been suggested that it

plays a functional role in apoptotic cell death.
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Research performed by Akakura et al.(1996) suggest that clusterin plays a protective
role in the cell death of castrated rat prostate cells. This study created androgen-
independent cell lines by repeatedly castrating and replanting tissue into other mice.
Cells which became androgen-independent by not dying after castration were found to
have more intracellular clusterin compared to androgen-dependent cells which die after
castration (Akakura et al., 1996). Clusterin in the androgen-independent cells localized
to the nucleus suggesting it may help regulate protein expression. However, it is
possible that the expression of clusterin in these cells may only be coincidental to cell

survival. Further research in this area is therefore required.

Other studies have also found clusterin upregulated in tissues/cells undergoing apoptosis
where it may also have a cytoprotective effect. For example, inducing status epilepticus
in rats results in apoptosis of brain nerve cells which upregulate clusterin expression
(Dragunow et al., 1995); rat mammary carcinoma cells treated with anti-estrogen
toremifene which inhibits growth and causes cell death results in those cells
upregulating clusterin (Huovinen et al., 1993); and numerous cell lines induced to
undergo apoptosis also upregulate clusterin expression (Kyprianou et al., 1991, Simboli-
Campbell et al., 1996). Similarly, it may explain the correlation between high clusterin
expression and tumour potency seen in glioma and prostate cells (Danik ez al., 1991;
Steinberg et al., 1997). The possible cytoprotective capabilities of clusterin may also
explain its presence and upregulation in neurodegenerative diseases. However it is
unclear how clusterin could act as a cytoprotective agent. Because clusterin is normally

a secreted product, it may function locally outside the cell, perhaps on membranes of
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stressed cells. Immunofluoresence studies by Simboli-Campbell et al. (1996) did detect
small amounts of clusterin localising to the cell membrane surface of early apoptotic
MCEF-7 cells. Interestingly, they also detected a large amount of clusterin in apoptotic
bodies and secretory vesicles of late apoptotic MCF-7 cells, which could have been

accumulated from outside the cell or specifically produced by those cells.

A study carried out by Bursch ez al. (1995) on rat liver demonstrated that clusterin can
not only be upregulated in cells undergoing apoptosis but also in proliferating cells. The
study involved administering high doses of the hepatomitogen cyproterone acetate
(CPA) which results in the doubling of liver size within six days. During this period of
growth, clusterin was found to be upregulated, before returning to background levels
once the maximum growth had been achieved (even though CPA treatment continued).
Withdrawal of CPA caused a decrease in liver weight resulting from cells dying by
apoptosis, which also correlated with high levels of clusterin mRNA expression (Bursch

et al., 1995).

There have also been several cases where clusterin upregulation is not detectable in cells
undergoing apoptosis. For example, Jomary et al. (1995) found that clusterin is not
increased in apoptotic photoreceptor cells, while Garden et al. (1991) could not detect
clusterin expression in apoptotic cells from the central nervous system or nonneural
tissue. Similarly in the hair folicle which undergoes cycles of growth, regression and
rest, clusterin was shown only to be expressed during periods of growth (Seiberg and
Marthinuss, 1995). Furthermore, in apoptotic thymocytes clusterin was found to be

upregulated only in surviving cells and not dying ones (French et al., 1994b). It is
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apparent therefore that clusterin expression is not required for cell death to occur.
Similarly, clusterin expression does not cause cell death as the viability of transfected
cell lines which overexpress clustein was no different to the parental cell lines (Pilarsky

et al., 1993; Sensibar et al., 1995; Humphreys et al., 1997).

The different effects clusterin has on cell death may relate to variant clusterin species
that have recently been reported. Kimura and colleages (1996 and 1997) identified
alternative splicing variants of clusterin mRNA that were produced in various organs of
rats injected with cycloheximide or treated with heat. Clusterin variants had deletions in
exon 5 resulting from alternative splicing, in which the deleted regions differed not only
between species but also between cell types of the same species (Kimura et al., 1997).
Similarly, clusterin mRINA variants were also found in prostate, liver and thymus in
response to androgen (Izawa, 1998) and two variants were detected in mouse testes (Lee
et al., 1993). However, as these independent studies employed rt-PCR which does not
correct for complex mRNA conformation structures such as hairpin loops it is possible
that these variants are artifacts of the rt-PCR procedure. Further studies will be required
to confirm the presence of these alternative transcripts and to determine whether they

have different effects on cell death.
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1.4 CONCLUSION

Clusterin has been associated with many areas of research, including studies of cell

maturation and reproduction, cell death, complement regulation, and lipid recycling. It’s

expression and interaction with various biological ligands indicates that either clusterin
is a multifunctional protein or that it has a single unifying function.

The aims of this thesis were two fold:

1) To investigate the involvement of clusterin expression in cell death by
constructing transfected cell lines which inducibly or constitutively express
clusterin.

ii) To test the hypothesis that clusterin may have a chaperone-like action

(Introduced in chapter 5).

These aims were addressed by:
(1) Identifying agents which induce apoptosis in L929 cells.
(1) Creating the following stably transfected L929 cell lines:-
(a) A cell line which can inducibly secrete human clusterin.
(b) A cell line which constitutively expresses high levels of human clusterin.
(c) Appropriate control cell lines:-
- a cell line that constitutively expresses high levels of green fluorescent
protein (GFP).
- cell lines transfected with the same plasmids as in (a) or (b) but lacking
the clusterin cDNA insert.
(iii)  Using these transfectant cell lines to analyse whether human clusterin expression

provides protection against various forms of stress.
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The L929 cell line was chosen for this study because:-
- It is a murine derived cell line and therefore does not express human clusterin.
Transfection of L929 cells with human clusterin cDNA allowed specific
detection of over-expressed protein using human-specific monoclonal
antibodies.

- It is a hardy cell line that is easily transfected by electroporation.

(iv)  Sequence analysis predicts that clusterin has three putative amphipathic o-
helical regions known to be important for interactions with hydrophobic molecules. It
has also been demonstrated that clusterin has a high affinity for hydrophobic surfaces as
it can be purified from ram rete testis fluid on the basis of it’s strong hydrophobic
interaction with Affi-blue gel (Blaschuk et al., 1983). Other reports have also suggested
that clusterin’s association with complement protein C9, apolipoprotein A-I and cell
aggregation are due to hydrophobic interactions (Tschopp et al., 1993; Jenne et al.,
1991; Fritz, 1995). During these studies, Michel et al. (1997) reported that the clusterin
promotor contains an element that specifically recognises the transcriptional activator
heat shock factor 1 (HSF 1). It was also demonstrated that this element can mediate
heat-shock-induced transcription (Michel et al., 1997) suggesting that expression of
clusterin and heat shock proteins may be co-regulated. Against this background it was
hypothesized that clusterin may have some small heat shock protein-like chaperone
activity. Therefore, several in vitro heat and reduction-mediated denaturing assays,
commonly used to identify heat shock proteins (Jakob et al., 1993; Horwitz, 1992), were

used to determine whether clusterin has any chaperone activity.
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CHAPTER 2

General Materials and Methods
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2.1 CELL CULTURE

2.1.1 Tissue Culture Reagents
DMEM:F-12 tissue culture medium was purchased from Gibco BRL (Melbourne,
Australia). Fetal bovine serum (FBS), trypsin/EDTA (1:250), and all other tissue culture

reagents were obtained from Trace Biosciences Pty Ltd (Sydney, Australia).

Table 2.1 General recipes of TC products. Note: all items were filtered sterilised or
autoclaved and only opened in a laminar flow hood.

Item Recipe pH
PBS 68.5 mM NaCl, 1.3 mM KCl, 0.74 mM KH,PO,, 4 mM Na,HPO, 7.4
EDTA/PBS 5 mM EDTA in half strength PBS (diluted in RO water) 7.4
DMEM:F12 As manufacturers instructions + 2 g/l NaHCO; + 2.383 g/l HEPES 7.2
Freeze mix 50% (v/v) FCS, 10% (v/v) DMSO, 40% DMEM:F12

Table 2.2 Preparations of various stock solutions of fluorescent stains used in tissue
culture. Note: as these items were used for short incubation times they were not
sterilised.

Stain Stock concentration | Dissolved in
Propidium iodide 1 mg/mi RO water
7-amino-actinomycin D 5 mg/ml DMSO
Acridine orange 1 mg/ml DMSO

Table 2.3 Preparations of various cytotoxic agents used in tissue culture.

Cytotoxic agent Stock concentration | Dissolved in
TGFB 2 pg/ml PBS

TNFa 0.5 mg/ml PBS
Actinomycin D 1-5 mg/ml DMSO
Colchicine 2 mM DMSO
Staurosporine I mM DMSO

Azide 10% (w/v) RO water
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2.1.2 General methods
2.1.2.1 Maintenance
All cell lines were grown in DMEM:F12 growth media supplemented with
10% (v/v) foetal calf serum (FCS). Cells were incubated in a Forma Scientific

humidified incubator at 370C, 5% CO, unless otherwise mentioned.

2.1.2.2 Freezing cells

Cells to be frozen were pelleted at 2000 rpm (Beckman TJ-6) for 5 minutes.
The pellet was resuspended in cold freeze mix (defined in section 2.1) and
aliquoted (1 ml) into cryovial tubes (Interpath, Sydney). Cryovials were
incubated at -80°C overnight in a cryogenic freeze container which lowered the
temperature at a rate of approximately 1°C per minute. Thereafter cryovials

were permanently stored in liquid nitrogen until needed.

2.1.2.3 Thawing cells

Cryovials were quickly thawed in a 37°C water bath. The cellular suspension
was washed and pelleted in PBS at 2000 rpm (Beckman) for 5 minutes. The
pellet was resuspended in growth media and maintained in tissue culture flasks.
After thawing, cells were not used in experiments for approximately one week

to allow them time to recover from being frozen.

2.1.2.4 Passaging
Suspension cells: 95% of the growth media was poured off and collected if

needed. Warm fresh media was returned into the tissue culture flask.
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Adherent cells: Growth media was poured off and collected if needed. Enough
EDTA/PBS was put on to cover cells. Cells were incubated for 5 minutes at
379C. Approximately 80% of the cells were then removed, using a pipette, by
vigorous passage of EDTA/PBS over the inner surface of the culture vessel.
The EDTA and cells were removed from the flask and replaced with fresh

growth medium.

2.1.3 Cell Lines used in this study

L929: Fibrosarcoma cell line; Murine.

HL60: Myeloid leukemia cells; Human.

Hela: Cervix epithelial carcinoma cells; Human.

MCF-7: Breast cancer cells; Human.

G7: Murine hybridoma cell line received as a gift from Dr B Murphy (St

Vincents Hospital, Melbourne, Australia). Secretes monoclonal IgG1x
antibodies which specifically recognise human clusterin.

78E: Murine hybridoma cell line which secretes monoclonal IgG1 k antibodies
which specifically recognise human clusterin (Wilson & Easterbrook-
Smith, 1993).

41D: Murine hybridoma cell line which secretes monoclonal IgG x antibodies
which specifically recognise human clusterin. 41D was made by
conventional methods using immunoaffinity purified human serum

clusterin as antigen (Wilson M.R, unpublished).
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DNP-9. Murine hybridoma cell line. Secretes monoclonal 1gG 1k antibodies
which recognise dinitrophenol groups (Wilson & Easterbrook-Smith,
1993).

2.2 ELECTROPHORESIS

2.2.1 SDS/PAGE Buffers

* Acrylamide/bisacrylamide stock solution 30% : 0.08 % (w/v) in milli Q water.

Table 2.4: Recipe for either 0.75mm or 1mm thick SDS-PAGE gels. All values are in

ml unless otherwise specified.

Gel thickness 0.75 mm 1.0 mm
[Acrylamide] % 10% 12.5% 15% 10% 12.5% 15%
Acrylamide/bisacrylamide | 3.3 4.13 4.95 4.95 6.2 7.43
0.75 M tris cl, pH 8.8 5.0 5.0 2.5 7.5 7.5 375
10% SDS 0.1 0.1 0.1 0.15 0.15 0.15
TEMED 0.007 0.007 0.007 0.01 0.01 0.01
1 % ammonium persulfate | 0.5 0.5 0.5 0.75 0.75 0.75
H,O 1.1 0.26 1.95 1.65 0.39 293
* Stacking gel: Acrylamide/bisacrylamide 0.33 ml

1.0 M tris CL, pH 6.8 0.42 ml

10% SDS 0.033 mi

H>0 2.4 ml

TEMED 0.007 ml

1% ammonium persulphate 0.17 ml

* 2x Sample Buffer:

0.5 M tris CI

(pH 6.8)

20% glycerol (v/v),

5% SDS (wlv),

0.005% bromaophenol blue (w/v).
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* Running Buffer:  0.025 M tris

0.192 M glycine
0.1% SDS

pH 8.3

* Coomassie blue stain: 0.25% (w/v) coomassie blue (R250)

500 ml Methanol
500 ml RO H,O

100 ml Glacial AcCOOH

* Destain solution: 500 ml Methanol

500 ml RO Hy0

100 ml Glacial AcCOOH

2.2.2 SDS/PAGE Methods
2.2.2.1 Loading the acrylamide solution
The acrylamide solutions were set in either a "tall mighty small” (Pharmacia,
Melbourne, Australia) or Novex (Sydney, Australia) gel casting apparatus
sealed at the bottom by a 1% agar mix. While the separating gel was setting 1-2
ml of ethanol was placed on top to remove any air bubbles and to create a
horizontal interface for the stacking gel. When the separating gel had set the
ethanol was washed off with dH»O, any remaining water was removed with

blotting paper.

The stacking gel was loaded with the appropriate toothed comb and after it had

polymerised the comb was removed and wells were washed and outlined on the
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glass with a marker pen to help position the samples. Gels that were not to be

used immediately were kept at 4°C in running buffer.

2.2.2.2 Sample preparation and electrophoresis of SDS PAGE gels

Samples were generally prepared in PBS + 0.02% azide to which a final equal
volume of sample buffer was added. Reduced samples had the addition of 50
mM B-mercaptoethanol. Samples were boiled for approximately 5 minutes

before being loaded into the wells.

After the samples were loaded, gels were electrophoresed at 130 V for
approximately 2 hours. The gel was quickly rinsed with RO water and then

gently removed from the ceramic backing plate.

2.2.2.3 Coomassie blue staining of SDS PAGE gels

SDS PAGE gels were placed in a plastic container followed by enough
Coomassie blue R250 stain to cover the gel. A typical 10% SDS PAGE gel was
stained for approximately 1 hour on a shaker at room temperature, while higher

percentage gels were stained for longer time periods.

Stained gels were then destained by adding the destain solution and left on a
shaker until the background was negligible. The destain solution was replaced
when a considerable amount of Coomassie blue had leached out of the gel. For
overnight destaining an equal volume of the destain solution and water was

used. Destained gels were dried using the Novex Gel drying kit as described by
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the manufacturer’s instructions.

2.2.3 Western blotting
2.2.3.1 Semi-dry Transfer
SDS/PAGE gels were electrophoresed as described (section 2.2.2.2) without
the staining procedure. After electrophoresis gels were equilibrated in transfer
buffer (0.037% (w/v) SDS; 48 mM tris base; 29 mM glycine; 20% (v/v)
methanol) for at least 30 minutes at room temperature. Ten pieces of blotting
paper of identical size to the gel were also soaked in transfer buffer. Similarly,
one piece of nitrocellulose (Sartorius, Melbourne, Australia) or PVDE
(Millipore, Sydney, Australia) was cut to the exact size of the gel and soaked in

transfer buffer.

Five layers of blotting paper were placed onto the semi dry transfer apparatus

(Biorad, Hercules, CA, USA) followed by the nitrocellulose and then the gel

=—— — Blotting paper (5 layers)

Gel

PVDF or nitrocellulose

= —  — — — Blotting paper (5 layers)

+ ve

Figure 2.1: Asrangement for a semi-dry western transfer of proteins from
a gel onto a PVDF or nitrocellulose membrane. Five pieces of blotting paper
are layered followed by a sheet of PVDF or nitrocellulose membrane and then
the gel. Another five layers of blotting paper are then layered on top. All
components are cut to an equivalent size and are layered one piece at a time to
avoid trapping air bubbles.
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(Figure 2.1). Another five layers of blotting paper were then placed on top of
the gel. The transfer was run at 15 volts constant for approximately 30 minutes

(10% SDS PAGE gels) or 1 hour (15% SDS PAGE gels).

2.2.3.2 Immunolabelling western blots.

After proteins from SDS PAGE gels had been transfered to nitrocellulose or
PVDF membrane they were blocked with HDC for 1 hour at room temperature.
Membranes were incubated with the appropriate antibody, which was diluted in
HDC or in many cases consisted of TC sn from hybridoma cultures. In each
case, membranes were sealed in plastic bags, and then left on a shaker for 1

hour at room temperature.

The nitrocellulose strip(s) were then thoroughly washed in RO H»O before
being incubated in plastic bags with either sheep-anti-mouse Ig-HRP or sheep-
anti-mouse Ig-AP conjugated antibody at a dilution of 1:1000 in HDC for 1
hour at room temperature. The nitrocellulose strips were again thoroughly
washed in 0.5% (v/v) Triton X100 followed by RO H>O. Membranes labelled
with HRP were then developed using ECL (Pierce, Sydney), while membranes
labelled with AP were developed using ECF (Amersham, Sydney) as described

by the corresponding manufacturer’s descriptions.
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2.2.4 Agarose gel electrophoresis reagents

* 6x Sample buffer: 0.25% (w/v) bromophenol blue

40% (w/v) sucrose
0.25% (w/v) xylene cyanol FF

Made in milliQ water, stored at 4°C

* Running buffer (50x): 242¢/1 Tris base;

57.1 ml/] galacial acetic acid;

100 ml/1 0.5 M EDTA (pH 8.0).

2.2.5 Agarose gel electrophoresis

Agarose was dissolved in hot running buffer at the desired concentration. The hot
agarose solution was poured into the casting tray (BioRad, USA) and then the comb was
aligned and inserted. Once the agarose had set the comb was removed and the
electrophoresis chamber was filled with running buffer. Gels were electrophoresed at 70

volts until the dye front had migrated the appropriate distance down the gel.

2.3 Bacterial culture

2.3.1 General recipes

* 2YT media: 5 g/l NaCl
16 g/l Tryptone (Oxoid, Melbourne, Australia)
10 g/l Yeast extract (Oxoid, Melbourne, Australia)

pH 7.0 using 5 N NaOH

Sterilized by autoclaving
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*2YT agar media:  Same as 2YT media + 15 g/l of agar (Oxoid, Melbourne, Australia).

Sterilized by autoclaving

* Wash Buffer: 10% glycerol (v/v in RO water)

Sterilized by filtering or autoclaving

2.3.2 Freezing cells

Cells were pelleted and washed once in 10% glycerol. Cells were resuspended in 10%

glycerol before being stored indefinitely at -80°C.

2.3.3 Preparing electrocompetent DH5 o cells
A fresh colony of DH5a was innoculated in 5 ml of 2YT media and left to incubate
overnight at 37°C with shaking. The 5 ml culture was expanded to 250 ml by incubating

for 2-3 hours at 37°C until an ODss; of 0.8 was reached.

Cells were harvested at 4000 rpm for 10 minutes at 4°C and then resuspended in wash
buffer. Cells were pelleted once again and resuspended in 2 mL of wash buffer. 40 pl
aliquots were then aliquoted into sterilised Eppendorf tubes before being stored at

-80°C.
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2.3.4 Transformation of electrocompetent DHS5 ¢ cells
25 ng of plasmid DNA was mixed with a 40 pl aliquot of DH50. electrocompetent cells.
Cells were electroporated using a Biorad Gene Pulser with the following settings: 200

ohms, 25 uF, 2.5 kV.

Cells were left to recover for one hour in 2YT media at 37°C with no selection agent.
Cells were plated on petri dishes prepared with 2YT-agar +100 pg/ml ampicillin in
dilutions of 1/1, 1/10 and 1/100. Plates were incubated overnight at 37°C. Plate(s)

containing distinct colonies were stored at 4°C until needed.

2.3.5 Purification and analysis of plasmids from transformed bacteria

Transformed bacteria were streaked onto 2YT agarose plates containing the appropriate
selective agent and left to grow overnight at 37°C. The following morning plates were
analysed and typically 2 - 4 isolated colonies were selected and grown up in 5 ml liquid
2YT cultures. Plasmids were purified from transformed cultures using Qiagen mini-
prep columns following the manufacturer’s instructions. Purified plasmid DNA was
then analysed by agarose gel electrophoresis to confirm its identity. Transformed

bacteria were frozen for later use.
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CHAPTER 3

Producing stably transfected cell
lines that inducibly or
constitutively express human
clusterin.
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3.1 Introduction

Clusterin is found in most bodily fluids where it presumably collects from the numerous
tissues/organs in which it is expressed. The expression of clusterin in healthy organs
appears to be restricted mainly to epithelial cells and in some cases highly specialized
cell types (Jordan-Starck et al., 1992). However in times of stress many cells express
clusterin and the amount produced is significantly higher than is the case for non-
stressed cells. For example, a seventeen-fold increase in clusterin mRNA occurs in
castrated rat prostate tissue (Bettuzzi ef al., 1989). Similarly, clusterin expression is
increased four fold in tumours treated with toremifene (which induces apoptosis)
compared to control tumours (Huovinen et al., 1993), while in scrapie-infected brains of
hamsters clusterin expression is increased ten fold compared to non-infected brains
(Duguid et al., 1989). The timing of clusterin upregulation during cell death has led
some to believe that it is a cell death marker and predict that it may have a role in either
cell protection or cell death (Buttyan et al., 1989; Alitzky et al., 1992). However, there
are numerous reports that show cell death in the absence of clusterin expression. This
indicates that clusterin expression is not essential for cell death to occur (refer section

1.3; Jomary et al., 1995; Garden et al., 1991; Seiberg and Marthinuss, 1995).

In order to create transfected cell lines secreting clusterin, use was made of two different
commercial expression systems. The Lac Switch expression system from Stratagene
(CA, USA) is comprised of two plasmids and allows controllable expression of any
desired protein for which cDNA is available (Figure 3.1). Protein expression is
controlled via the E.coli lactose operon in pPOPRSVI. Repressor molecules transcribed

from p3’SS have a high affinity for the lactose operon which when bound inhibit the
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Lac repressor proteins (LRP)

15 bp linker = AGC AGC CTG AGG CCT
NLS = CCT AAG AAG AAG AGG AAG GTT
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LRPs bind to operator sites ( ) which inhibits transcription.
The presence of IPTG decreases the affinity of LRPs for the
operator sites.

F igure 3.1: The Lac Switch expression system produced by Stratagene (CA, USA).
Transfection with one plasmid, p3’SS, results in the endogenous production of lac repressor protein
which inhibits the lac promotor on pOPRSVI. The second plasmid, pOPRSVI, is introduced
containing a sequence coding for the desired protein, the expression of which is under the control of
lac operator sites. Once stably integrated into the genome of the transfected cells, the addition of
IPTG to the culture medium results in the inhibition of endogenous lac repressor molecules and thus
expression of the desired protein.
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transcription of the cDNA insert in pPOPRSVI. Inducing agents such as IPTG interact
with repressor molecules to reduce their affinity for the lactose operon. The addition of

an inducing agent therefore allows transcription of the cDNA insert to proceed (Figure

3.1).

The other expression system used was the pRc/CMV expression system (Invitrogen,
Leek, The Netherlands). This expression system provides extremely high levels of
protein expression due to the powerful cytomegalovirus promotor (Figure 3.2). This
system consists of only one plasmid and successful incorporation into the genome

results in constitutive expression of the inserted cDNA.

Bqlli
12

Pwul
4896

Figure 3.2: The pRc/CMV expression system produced by Invitrogen (Leek, The Netherlands). This

system is comprised of only one plasmid and results in constitutive expression of the product coded by the
mnserted cDNA.
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To create a negative control transfected cell line that expressed a non-relevant protein
the pEGFP-N1 expression system (Clonetech, CA, USA) was used. The pEGFP-N1
expression system allows constitutive expression of the enhanced green fluorescent
protein (EGFP) in mammalian cells. The EGFP is derived from green fluorescent
protein (naturally produced by the bioluminescent jellyfish Aequorea victoria) and has
higher fluorescence intensity than the native protein. The CMV promotor that is present
in the CMV/pRc expression system (Figure 3.3) is also present in the EGFP expression
system, providing high protein expression. This system was therefore used to act as a

negative control for the other expression systems encoding clusterin.
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F igure 3.3: The pEGFP-N1 expression system produced by Clonetech (CA, USA). This
system is comprised of only one plasmid and results in constitutive expression of EGFP.
Note this protein does not contain a secretion signal and therefore expressed protein
remains intracellular.
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3.2 Methods

3.2.1 Plasmid amplification and purification - The Lac Switch system plasmids (p’3SS
and pOPRSVI) were purchased from Stratagene (CA, USA). pRC-CMV was purchased
from Invitrogen (Leek, The Netherlands), pEGFP-N1 was purchased from Clontech

(CA, USA).

Plasmids were electroporated into DHS5a cultures under conditions described in section
2.3.4. Large cultures of successfully transformed bacteria were created and plasmids

were purified as described in section 2.3.5.

3.2.2 Electroporation of DNA into eukaryotic cells - Cells were grown to confluency
and then washed twice in 50 ml of PBS to remove all calf serum. 5-10 ug of sterile
linearised plasmid was used per 0.5 - 1 x 10° cells. Plasmids were transfected into cells
by electroporation using a BioRad Gene Pulser (BioRad, Hercules, CA, USA) using the

following settings- 250 Volts; 96 UF.

The LacSwitch system plasmids, p3’SS and pOPRSVI (which contained full-length
clusterin cDNA previously prepared by Wilson, M.R., unpublished), were
electroporated into L929 cells and grown in the presence of 0.4 mg/ml hygromycin
(Calbiochem, Sydney, Australia) and 0.4 mg/ml Geneticin™ (Gibco Life Technology,
Melbourne). Cells were then cloned and screened as described below. As a control,
L.929 cells were transfected with p3’SS, and pOPRS VI vector which contained the full

length clusterin cDNA in reverse orientation.
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Full-length human clusterin cDNA had previously been ligated into the pRc/CMV
plasmid (Wilson M.R, unpublished). This plasmid was also electroporated into 1.929,
HeLa, and K562 cells under the same conditions as descibed above. Cells were cloned
(see below) and grown in media containing 0.4 mg/ml Geneticin ™. As a control, cell
lines were also transfected with the pRc/CMV plasmid lacking an insert. Negative

control transfected cells that were resistant to Geneticin were selected at random.

The pEGFP-N1 plasmid was also electroporated into 1.929 cells under the same
conditions as described above. Cells were cloned and screened as described below and

were grown in media containing 0.4 mg/ml Geneticin.

3.2.3 Cloning of transfected cell lines - After transfection, cells were plated in 96 well
trays in DMEM:F12 containing 20% FCS and 20% FCM. Selective agents were added
two days after electroporation to kill cells that did not contain plasmid(s). When the
individual cultures had grown confluent they were screened by immuno-dot blotting TC
(refer section 3.2.4 below). Cells transfected with the pEGFP plasmid were screened for

expression of EGFP by fluorescence microscopy.

Once positive colonies of cells had been identified they were cloned twice by limiting
dilution as described in (Davis et al., 1994). Briefly, cells were plated in 96 well trays at
concentrations of either 1 cell per well or 0.5 cell per well. When colonies of cells had
grown confluent they were screened before being cloned again or expanded for further
experimentation. Cells were not used for experimentation unless they had been cloned

twice.
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3.2.4 Screening of clusterin-expressing transfected cell lines - Immuno-dot blots; Cells
were grown to confluency in either 96 or 24 well trays and if required were induced to
express clusterin for 24 hours. 2 pl of TC sn from transfectant cells was adsorbed onto
nitrocellulose and left to dry. Nitrocellulose strips were then blocked with 1% HDC
followed by either G7 or DNP-9 TC sn. The secondary antibody was sheep-anti-mouse-
HRP antibody (Silenus laboratories, Melbourne, Australia) prepared at a dilution of
1:1000 in 1% HDC. All antibody and blocking steps were carried out for 1 hour on a
shaker at room temperature. Membranes were developed with ECL (Pierce, Sydney,

Australia) following the manufacturer’s instructions.

Flow cytometry, fluorescence microscopy; L929 cells which were transfected with
pEGFP-N1 were trypsinized from culture vessels. 10,000 cells were analysed with a
flow cytometer (FACSort, Becton Dickinson, Sydney, Australia) and were compared to
wild type 1929 cells to confirm EGFP expression. Transfected cells were also examined
through a Leitz DMIL inverted fluorescence microscope (Leica, Sydney Australia).
Photographs were taken through a Wild Photomat MPS45 camera system (Leica,

Sydney Australia).

3.2.5 Quantifying clusterin secretion by transfected cell lines- Inmuno-dot blots were
used to quantify clusterin secretion for different transfected cell lines. Cells were

innoculated into 24 well trays and left to adhere to the culture surface overnight. 300 ul
of fresh culture media (+ 5 mM IPTG for 1.929 LS.clus) was then added to the cultures

and then left for 48 hours. TC sn were then collected and analysed by immuno-dot blot
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(as described above) and cells were trypsinized and counted using a haemocytometer.

Immuno-dot blots were analysed by densitometry (Biorad, Hercules, CA,. USA).

3.3 Results

3.3.1 Production of L929 cell lines stably transfected with the Lac switch system
1.929 cells transfected with the Lac Switch system containing human clusterin cDNA
has previously been described (Humphreys D., Honours thesis, 1994). In summary, cells
were transfected by electroporation and cloned twice by limiting dilution to ensure a
true clone was obtained. Immuno-dot blot analysis of TC sn probed with the G7 anti-
human clusterin mAb identified clusterin secreting clones (Figure 3.4 A). Further
analysis of TC sn by western immunoblotting confirmed that secreted clusterin was
indistinguishable in size from clusterin purified from human serum (Figure 3.4 B).
These inducible clusterin-secreting cells were named L929-LS.clus(F), and the
corresponding controls which contain the clusterin cDNA in reverse orientation were
named 1.929-LS.clus(B). Examination by light microscopy did not reveal any
morphological differences between L929-LS.clus(F) cells induced to express clusterin

and either non-induced 1.929-LS .clus(F) cells or L929-LS.clus(B) cells.
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Figure 3.4: (A) Dot blot analysis of TC sn from L929 LS.clus(F) clone showing that cells express
human clusterin when induced with IPTG. “x” indicates the position where media was dotted onto the
membrane. (B) Western immunoblot confirming that human clusterin is correctly processed in L.929-
LS.clus(F) cells. Lane 1, 100 ng of pre purified clusterin purified from human serum; lane 2 and 3, TC sn
of L929-LS clus(F) which had been induced for 24 hours. Lanes 1 and 2 were incubated with G7 antibody
that only recognises human clusterin. Lane 3 was incubated with DNP-9, an isotype negative control
antibody. Arrows indicate the position of molecular weight markers. (Taken from D Humphreys Honours
Thesis, 1994).

3.3.2 Production of L929 cell lines stably transfected with pRc/CMV.

The pRc.clusterin and pRc plasmids were linearised with Bgl II restriction enzyme
before being electroporated into 1929 cells. The selective agent Geneticin (400 pg/mi)
was added to the growth medium two days after transfecting and plating L1929 cells.
Transfected cells grew quickly and within 10 days there were enough cells to begin

screening.

TC sn from individual wells containing transfected pRc.clus cells were screened by

immuno-dot blots probed with the G7 anti-human clusterin mAb. Initial screening was
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performed on wells that contained viable cells. Clusterin-secreting cells were then
cloned (Figure 3.5 A). A total of thirteen colonies grew from the first round of cloning.
Analysis of the TC sn from each of these colonies revealed that they secreted different
amounts of clusterin. The strongest clusterin secreting colony (E3) was cloned again.
The second round of cloning resulted in 12 colonies which each secreted a similar
amount of clusterin. Colony B3 was expanded and named L929-pRc.clus (Figure 3.5
A). Clusterin secreted from L929-pRc.clus was indistinguishable from purfied human
serum clusterin on western immunoblots and had a molecular mass of about 80 kDa

under non-reducing conditions and about 40 kDa under reducing conditions (Figure 3.5

B).

Similarly, pRc transfected 1.929 cells that did not secrete human clusterin were cloned
twice by limiting dilution and one of these colonies of cells was expanded and named
L929-pRe. These cells were used as the control cell line for 929 pRc.clus cells.
Examination by light microscopy did not reveal any morphological differences between

L929-pRc.clus and 1.929-pRc cells.

The Lac Switch expression system uses the RSV promotor, which is weaker than the
cytomegalovirus promotor used by the pRc/CMYV system. TC sn from 1.929-LS.clus(F)
and L929-pRc.clus cells were analysed to estimate the amount of clusterin produced by
each expression system. Initially, cells were grown in serum-free media in order to
maximise the amount of clusterin in the TC sn binding to the dot blot membrane.
However, when transfected cell lines were grown in serum-free media for 24 hours no

clusterin could be detected. Therefore immuno-dot blot comparisons was performed on
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Figure 3.5: (A) The clone history of the L929-pRc.clus transfectants. Each rectangle
represents a plating of cells and the number enclosed represents the number of colonies that
grew in that plating. Bold underlined text represents the plate position of a colony which
was screened and selected for subsequent cloning. Arrows indicate cloning, generally two
rounds of cloning were performed on the selected colony. The text underneath each
rectangle represents the plate position of the parental colony and the concentration of the
plating. ie {1} = 1| cell/well; {0.5} = 0.5 cells/well (refer 3.2.3). (B) Analysis of .929-
pRc.clus TC sn by western immunoblotting demonstrates that cells secrete correctly
processed human clusterin. Lane 1 and 3, 100 ng purified serum clusterin; Lane 2 and 4,
L929 pRc.clus TC sn. Lanes 3 and 4 were electrophoresed under reducing conditions. Note
that the intensity of the reduced clusterin bands are considerably less than non-reduced
bands due to poor recognition by the G7 anti-clusterin antibody. Arrows indicate the
position where molecular mass markers migrated to.

51



transfected cells TC sn samples which contained 10% FCS (Figure 3.6). To compensate
for the amount of serum binding to the membrane, clusterin standards were also made
up in growth media containing 10% FCS. Densitometer analysis of the dot blots
estimated that L929-pRec.clus cells secreted about 0.2 pg of clusterin per cell over 48
hours while L.929-LS .clus(F) cells secreted about 4 fg of clusterin per cell over 48 hours.
Therefore, L929-pRc.clus cells secrete human clusterin at a rate about 50x that of IPTG

induced L.929-LS .clus(F) cells.

®H )
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Sample2 [{F @

Sample 3 ' Y

Figure 3.6: Immuno-dot blots of triplicate TC sn samples obtained from (i) L929-pRc.clus cells or (ii)
induced L.929-LS.clus cells after 48 hours growth. Clusterin standards were also dotted onto the same
membrane before probing with the anti-clusterin G7 antibody (not shown). Densitometer analysis of these
dots indicated that L929-pRc.clus cells secreted approximately 50 x more human clusterin than L929-
LS.clus cells.
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3.3.3 Production of HeLa cell lines stably transfected with pRc/CMYV,

The pRc/CMV plasmids were transfected into HeLa cells by electroporation. The
selective agent Geneticin (400 pg/ml) was added to the growth medium two days after
transfecting and plating of the HeLa cells. Transfected cells grew slowly because cells
did not grow in a monolayer, but rather they grew in clumps forming nodules. Cells
were therefore regularly trypsinized to maintain a monolayer of cells which enhanced

growth.

TC sn from individual wells containing transfected HeLa-pRc.clus cells were screened
by immuno-dot blots probing with the G7 mAb. Initial screening of the first round
clones indicated that 4 of the 96 wells contained cells which constitutively secreted
clusterin (Figure 3.7 A). Cells from one of these wells (H11) was then cloned. After the
first round of cloning 6 of the 14 wells in one tray contained cells which secreted
clusterin. Each clone secreted different amounts of clusterin. The strongest secreting
clone (G7) was cloned for the second time. The second round of cloning isolated clones
which secreted a similar amount of clusterin (Figure 3.7 B). Cells growing in well E4
were expanded and named HeLa-pRc.clus (Figure 3.7 A). HeLa-pRc transfected cells
containing no clusterin cDNA were also created by electroporation and cloned twice by

limiting dilution.
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Figure 3.7: (A) The clone history of the HeL.a-pRc.clus transfectants. Each rectangle
represents a plating of cells and the number enclosed represents the number of colonies that grew

in that plating. Bold underlined text represents the plate position of a colony which was screened
and selected for subsequent cloning. Arrows indicate cloning, generally two rounds of cloning were
performed on the selected colony. The text underneath each rectangle represents the plate position
of the parental colony and the concentration of the plating. ie {1} = 1 cell/well; {0.5} =0.5
cells/well (refer 3.2.3). (B) Analysis of HeLa-pRc.clus TC sn by immuno-dot blot demonstrating
that transfected cells secrete more human clusterin compared to HeLLa WT cells. “x” represents the
positions where TC sn were dotted. Clusterin was detected with the G7 mAb.
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3.3.4 Production of L929 cell lines stably transfected with pEGFP-N1.

pEGFP-NI plasmid was purified from transformed DH5q bacteria and then linearised
with Dra Il restriction enzyme. The pEGFP-N1 plasmid was transfected into 1929 cells
by electroporation. The selective agent Geneticin (400 pg/ml) was added to the growth
medium two days after transfection and plating of the L929 cells. Electroporated cells
grew quickly and wells containing cells expressing EGFP were identified by

fluorescence microscopy within four days.

Transfected cells were cloned twice by limiting dilution (Figure 3.8 A), and the final
clone from well C2 was expanded and called L929-EGFP. These cells express high
levels of GFP protein which was easily visualised by fluoresence microscopy (Figure
3.8 B). Interestingly, there were variations in the level of EGFP production within
cultures of cloned cells. Flow cytometric analysis of the C2 clone shows a broad green
fluorescent peak which ranges from negligible fluorescence (ie same fluorescence as
1.929 wild type cells) to approximately 10-100 fold brighter green fluorescence than
1929 wild type cells (Figure 3.8 C). The C2 cell line was maintained for long periods of
time (months), and throughout this time the cells did not lose their ability to produce
EGFP. The reason(s) for this wide cariation in the levl of expression of EGFP in
individual transfected cells is uncertain. Examination by light microscopy did not reveal

any morphological differences between L929-EGFP and the parental 1929 cell lines.
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Figure 3.8: (A) The clone history of the L929-EGFP transfectants. Each rectangle represents
a plating of cells and the number enclosed represents the number of colonies that grew in that
plating. Bold underlined text represents the plate position of a colony which was screened and
selected for subsequent cloning. Arrows indicate cloning, generally two rounds of cloning were
performed on the selected colony. The text underneath each rectangle represents the plate position
of the parental colony and the concentration of the plating. ie {1} =1 cell/well; {0.5} =0.5
cells/well (refer section 3.2.3). (B) Fluoromicrograph of L929-EGFP cells (x400). (C) Flow
cytometry analysis showing the fluorescence of L929-EGFP cells (thick, green line) versus the
fluorescence of wild type 1.929 cells (thin, black line). Most L929-EGFP cells have high green
fluorescence compared to 1.929 wild type cells due to the expression of EGFP.
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3.3.5 Production of K562 cell lines stably transfected with pRc/CMV.

The pRc.clus and pRc plasmids were transfected into K562 cells by electroporation. The
selective agent Geneticin (400 pg/ml) was added to the growth medium two days after
transfecting and plating the K562 cells. Electroporation resulted in the death of a large
number of cells. Surviving cells grew very slowly. Dot blot analyses did not detect any
secreted clusterin in TC sn of electroporated K562 cells. This procedure was performed
many times without success. The reason(s) for the inability to produce clusterin-

secreting transfected K562 cells are uncertain.

3.4 DISCUSSION:

This chapter described the transfection of L929 and HelLa cell lines with expression
systems containing human clusterin cDNA. The Lac Switch expression system and the
pRc/CMV expression systems were both trialled in L929 cells while the latter was only
used in HeLa cells. The Lac Switch expression system is comprised of two plasmids,
p3’SS and pOPRSVI, and allows controllable expression of inserted cDNA. Human
clusterin cDNA had previously been inserted into pOPRS VI in the two possible
orientations, foward (sense information allowing expression) and reverse (non-sense

information, no expression).

1.929 cells were transfected by electroporation with either of the expression systems
before being cloned twice by limiting dilution. The final secondary clones secreted
human clusterin which had a molecular mass of 75 - 80 kDa under non-reducing

conditions and a molecular weight of 40 kDa under reducing conditions (ie
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indistinguishable from purified clusterin from human serum). This indicates that the
murine L929 cell line can secrete human clusterin that is glycosylated and

proteolytically processed.

Negative control cell lines were also made. In the case of the Lac Switch expression
system, the negative control consisted of transfected cells containing pOPRSVI in which
clusterin was present in the reverse orientation (called L.929-LS.clus(B)). In the case of
the pRc/CMV expression system, the negative control consisted of transfected cells
containing pRc plasmid with no clusterin insert (called L929-pRc). These cells were
transfected by electroporation and as these cell lines could not be screened for protein
expression they were selected solely on the basis of their ability to grow in selective
agents. The morphology of the transfected L929 cell lines were identical to the parental

1929 cells.

L.929-pRc.clus cells were expected to express more clusterin per cell than 1.929-
LS.clus(F) cells due to the powerful CMV promotor. Immuno-dot blot comparisons of
TC sn confirmed this. L929-pRc.clus cells secreted about 0.2 pg of clusterin per cell
over 48 hours while IPTG-induced L929-LS.clus(F) cells secreted about 4 fg of

clusterin per cell over 48 hours.

There are two previous reports of other transfected cells lines which over-express
clusterin (Pilarsky et al., 1993; Sensibar et al., 1995). Pilarsky et al. transfected baby
hamster kidney (BHK-21) cells with the vector pBEH in which canine clusterin cDNA

was inserted. The parental cell line was reported not to naturally express clusterin under
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normal culturing conditions. However, the question of whether these cells secreted
endogenous clusterin when stressed was not addressed. The transfected cell line
constitutively expressed high levels of canine clusterin (Pilarsky et al., 1993). Sensibar
et al. (1995) transfected LNCaP cells (a human prostatic cancerous cell line) with the
vector pPBK/CMV in which mouse (SGP-2) clusterin cDNA was inserted. There was no
indication as to whether the parental LNCaP cells secreted endogenous clusterin under
normal culturing conditions or when cells were stressed. However the transfected cell
lines constitutively expressed high levels of mouse clusterin. The rate of clusterin
secretion by each of these transfectant cells was not determined. The expression of
clusterin by these transfected cell lines was found not to affect cell morphology or
viability indicating that the expression of clusterin did not cause cell death (Pilarsky ez

al., 1993; Sensibar et al., 1995).

The level of naturally produced clusterin mRNA in L.929 cells is low under normal
culturing conditions (Kyprianou et al., 1991). However, the high level of human
clusterin expression did not appear to affect morphology or viability, as judged by light
microscopy. As found in other transfected cell types the high levels of clusterin
expression in 1929 cells under normal culture conditions did not result in death. The
effect of clusterin expression on stress-induced cell death was also of interest and the

findings of this study are described in chapter 4.

The 1.929-EGFP transfectants were created to act as another negative control for the
clusterin-expressing cells. This cell line was created by electroporating the pEGFP-N1

construct into 1929 cells. This construct, like the pRc/CMV expression system,
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contained a CMV promotor. However the pEGFP-N1 expression system differed from
those used to express clusterin in that the cDNA for EGFP contained no secretion signal
and thus when expressed the protein remained intracellular, which enabled quick

screening by flow cytometry and fluorescence microscopy.

The pRc/CMYV expression system was also transfected into HeLLa and K562 cell lines.
Clusterin was secreted at high levels by HeLa cell transfectants and these cells were
called HeLa-pRc.clus. The control cell line that contained the pRc/CMV expression
system without the cDNA insert was called HeLa-pRc. Unfortunately no K562
transfectants were produced. In each attempt cultures grew very slowly in the presence
of selective agents, and no clusterin was ever detected in TC sn. It is possible that high

levels of clusterin expression cells are toxic in K562 cells.

In conclusion, various 1.929 cell lines were created that secreted different levels of
human clusterin. 1.929-LS.clus(F) cells expressed human clusterin only upon the
addition of IPTG while L929-pRc.clus cells constitutively expressed high levels of
clusterin. L929-pRec.clus cells secreted approximately 50x more clusterin than L.929-
LS.clus(F) cells into the TC sn. The morphology and viability of each of these cell lines
was not affected by human clusterin expression. These cells lines are useful tools for the

analysis of clusterin’s effects on cell death (Chapter 4).
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CHAPTER 4

Mode of 1929 cell death in
response to various cytotoxic
agents and effects of clusterin

overexpression.
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4.1 INTRODUCTION

4.1.1 The morphology of cell death

The inevitable death of cells within the body is a frequent event that can occur either
when cells come in contact with damaging external stimuli or as a planned event
whereby the body directly instructs cells to die. Necrosis is a term used to describe
uncontrolled cell death that occurs when cells are exposed to external noxious stimuli.
Apoptosis describes cell death that results from a specific signal(s) directed to a cell that
in turn activates a complex cascade of intracellular reactions. Apoptosis and necrosis are

distinguished by morphological and biochemical criteria.

The distinguishing morphological characteristics of apoptosis include condensed,
fragmented cell nuclei, reduction of cell volume and cell membrane blebbing (Figure
4.1A). The blebbing of the cell membrane leads to the formation of apoptotic bodies.
Apoptotic bodies hold fragments of the cells such as organelles, DNA, and cytoplasm
and allow for quick phagocytosis by other cells such as macrophages where they are
broken down and/or recycled (refer Savill et al., 1993). The formation of apoptotic
bodies partly explains how the cell decreases in size. The reduction of cell volume may

also results from a loss of water and ions (Cohen, 1993).

In contrast, the distinguishing morphological characteristics of necrosis include
pronounced swelling of the nucleus, mitochondria and cell membrane (Figure 4.1).
These characteristics result because the cell cannot maintain homeostasis. Eventually
the swelling of the cell results in the rupture of the outer cell membrane releasing
cellular contents into the surrounding tissue. Also released are noxious compounds that

provoke inflammation of the local tissue.
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Figure 4.1: The typical morphological cascade of events that occur during
apoptosis and necrosis. (A) Apoptosis results in condensation of the cell volume
through the loss of water and ions. The nucleus also condenses and fragments. The
outer cell membrane begins to bleb, fragmenting the cell into apoptotic bodies.
Apoptotic bodies are thought to be recognised and phagocytosed by macrophages
or other cells. Throughout apoptosis the cell membrane integrity is retained. (B)
Necrosis is initiated from the exposure of a toxic insult that initially causes
reversible swelling of the cell. Continued presence of the insult results in
irreversible swelling of the cell and pronounced swelling of the mitochondria and
nucleus. This finally results in cell rupture and total disintegration of the cell.
Figure modified from Boehringer internet catalogue
(http://biochem.roche.com/techserv/apoptosis/slide1.html).
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4.1.2 The molecular biology of apoptotic cell death

The molecular biology of apoptosis is complex cascade of events. Vaux and Strasser
(1996) suggest the categorization of these events into phases called the stimulus,
activation, effector, and post mortem phases. The stimulus phase describes the events
where the apoptotic signal is presented to the cell, which may be in the form of a drug,
toxin or the activation of cell surface receptor(s). The activation phase describes events
that detect the stimuli and transmit this signal through a cascade of reactions which in
turn activates the effector phase. The effector phase involves the activation of proteases
and other destructive events which initiate the physical death of the cell, while the
postmortem phase describes the events which cause the morphological features of

apoptosis as described above (section 4.1.1, Figure 4.1).

There are a wide variety of signals that are known to induce apoptosis in many different
cell types. However, signals that induce apoptosis in one cell type do not necessarily
induce apoptosis in another cell type and this indicates that the events that occur in the
stimulus and activation phases may be cell-type specific. On the other hand the events
that occur in the effector phase are thought to be similar between cell types (Vaux and
Strasser, 1996). The effector phase includes the activation of numerous cysteine
proteases that are mammalian homologues to ced-3 found in the nematode
Caenorhabditis elegans (Nicholson and Thornberry, 1997). These proteases are called
caspases and require specific cleavage of their tetrameric polypeptide chain that creates
two active heterodimeric enzymes, each consisting of a small and large chain (Salvesen
and Dixit, 1997). Of the fourteen caspases that have been identified three (caspases 3, 2,
10) appear to be essential for the effector phase in apoptosis (Nicholson and Thornberry,
1997). Caspases 6, 7, and 8 also appear to be involved in apoptosis and are thought to

promote various protein cascades, while the other caspases are involved in the
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activation of proinflammatory cytokines (Salvesen and Dixit, 1997).

Mitochondria have also recently been identified as an important regulatory element of
apoptosis. Mitochondria of apoptotic cells have been shown to undergo a large
reduction in the mitochondrial membrane potential (Kroemer et al., 1997), which is
thought to result from a phenomenon called permeability transition (an increase in the
permeability of the inner mitochondrial membrane) (Zamzami et al., 1995).
Mitochondrial proteins have also been shown to be released from mitochondria into the
cytosol during apoptosis. Cytochrome ¢ and apoptosis inducing factor (AIF) are two
such proteins and are important for the apoptotic pathway to proceed. AIF is capable of
inducing apoptosis in many cell types (Zamzami et al., 1996) and is thought to play a
key role in apoptosis as it can induce nuclear condensation and fragmentation in the
absence of other cytosolic components (Susan et al., 1996). Cytochrome ¢ has been
shown to trigger the activation of caspase-3, which then triggered events required to
induce DNA fragmentation (Kluck et al., 1997a,b; Liu et al., 1996). It is unclear at
present whether the release of such proteins from the mitochondria is directly linked to
the reduction of mitochondrial membrane potential or permeability transition. However,
the events that lead to the disruption of mitochondrial membrane potential appear to be
linked to the effector phase, especially as this only occurs in cells that are committed to

apoptotic cell death (Kroemer et al., 1997).

In contrast necrotic death does not involve any protein activation or regulatory events.
This is because cells are exposed to situations that are intolerable and therefore undergo

rapid death caused by the inactivation of basic cell functions.
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4.1.3 Biochemical properties of apoptotic cells

The changes that occur in the late stages of apoptosis (postmortem phase) are unique
and can be exploited to specifically identify apoptotic from healthy or necrotic cells.
Biochemical characteristics of apoptotic cells that are not found in necrotic or healthy
cells include an increase in cell membrane permeability, exposure of phosphatidylserine
(PS) on the outer surface of the cell membrane, mitochondrial depolarisation, and
internucleosomal fragmentation of chromosomal DNA (Gorman et al., 1994). Each of
these characteristics along with the changes in cell morphology are routinely used to
identify apoptotic cells. Unfortunately most studies only analyse one or possibly two

characteristics to determine apoptosis.

The membranes of apoptotic cells have been shown to be more permeable to small
molecules than healthy viable cells, but yet less permeable than membranes of dead
cells. This was demonstrated with the use of small fluorescent dyes which are
impermeable to healthy cells but freely pass into dead cells and stain apoptotic cells to
an intermediate level (Schmid et al., 1994; Dive et al., 1992; Zamai et al., 1996;
Idziorek et al., 1995; Lyons et al., 1992). However, the reason for the increase in cell
membrane permeability during apoptosis are unclear. Structural changes to the outer
membrane such as the redistribution of PS to the outer leaflet of the membrane may

explain in part the increased permeability.

PS is a negatively charged phospholipid that is an important membrane component of
mammalian cells (Alberts, 1989). In healthy cells PS is confined to the inner leaflet of
the plasma membrane; however, during apoptosis, PS redistributes to the outer leaflet of
the plasma membrane (Martin et al., 1995). It has been proposed that PS acts as a ligand

that is recognized by macrophages and instucts them to remove the dying cell (Fadok et
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al., 1992a,b).

The nucleus is another organelle that undergoes dramatic changes in the final stages of
apoptosis. Chromosomal DNA of the nucleus is normally tightly wound about proteins
called histones (approximately 180 bp per histone) to form nucleosomes (Alberts,
1989). In apoptotic cells, exposed DNA that links nucleosomes together is cut by
activated endonucleases which results in mono and oligonucleosome fragments (Wyllie,
1980: Nature). DNA is initially cleaved into >700 and 200-250 kbp size fragments by a
Mg** dependent enzyme (Sun and Cohen, 1994; Oberhammer et al., 1993), before being
further degraded into multiples of 200 bp fragments. Analysis of DNA from apoptotic
cells was the initial technique used to identify apoptotic cells as electrophoresis of the
fragmented DNA resolves a characteristic "DNA ladder" (Wyllie, 1980). The reason(s)
for the fragmentation of DNA is not clear but it may be a method by which the cell
makes sure no “readable” DNA escapes and transfects other cells. This would be
undesirable especially if the dying cell contained viral information, or if the DNA
induced an autoimmune response (Peitsch et al., 1994). The thorough fragmentation of
DNA is obviously irreversible and therefore the completion of this step guarantees cell

death. DNA laddering is now considered to be one of the hallmarks of apoptosis.

4.1.4 TNF ocinduced death in L929 cells

The high level of interest in the field of apoptosis has lead to identification of many
agents that cause apoptosis. TNFq, a cytokine secreted by many cell types, is capable of
inducing apoptosis in several cell lines (Sarraf, 1994). It is also capable of causing
necrosis in tumours (hence its name) while not affecting “normal” cells in surrounding
tissues (Sarraf, 1994). Many studies use the 1.929 mouse fibrosarcoma cell line to test

the cytotoxic effects of TNFa (Flick et al., 1984; Levesque et al., 1995; Mishra et al.,
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1995; Trost et al., 1994). Independent studies analysing the mode of cell death in .929
cells have reported TNFa to induce either necrosis (Schulze Osthoff ef al., 1992;

Grooten et al., 1993) or apoptosis (Fady er al., 1995; Kyprianou ez al., 1991).

TNFo interacts with cells through two cell surface receptors known as TNF-R1 and
TNF-R2. The high affinity type I (TNF-R1) receptor is 55 kD while the low affinity
type Il receptor (TNF-R2) is 75 kD (Sarraf, 1994). The extracellular domains of these
receptors have three or four subdomains with a strong conserved pattern of cysteine
residues (Loetscher et al., 1990; Schall er al., 1990). Sequence analysis reveals that the
extracellular domains of the TNF receptors are most similar to the extracellular domains
of NGF-R and FAS, while their cytoplasmic domains show no homology to any known

protein (Schall et al., 1990; Loetscher et al., 1990).

As TNFa can bind up to three receptors it was proposed that receptor aggregation is
required to activate an intracellular signal (Song et al., 1994). This theory has been
supported by studies using transfected 1.929 cells that contain constructs for
chloramphenicol acetyltransferase (CAT), a well known cytosolic trimeric protein,
linked to TNF-R1. The inducible expression of CAT-TNF-R1 led to forcible
trimerisation of the TNF receptors which resulted in cell death, just as if TNFo had
been used (Fiers et al., 1996). Intracellular signalling resulting from the activation of
TNF-R1 is initiated by the death domain protein called TRADD, which recruits other
recently identified proteins called RIP, TRAF2 and FADD/MORT1 (Kronke ef al.,
1996 and references therein). FADD/MORTI recruits caspase-8 or caspase-10 to this
assembly where either is proteolytically activated (Boldin et al., 1996; Muzio et al.,

1996; Vincenz and Dixit, 1997).
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One of the earliest events detected following the treatment of cells with TNFa. is an
increase in protein phosphorylation (Van-Lint ef al., 1992). The most prominant protein
that is phosphorylated is HSP25/27 (Mehlen et al., 1995). Van-Lint and colleagues
(1992) demonstrated that TNFa treatment of 1.929 cells results in the stimulation of
numerous serine and threonine protein kinases, which included two MAP kinases. The
stimulation of MAP kinases is thought to be important because they have not only been
shown to phosphorylate proteins in the cytosol but are responsible for the activation of
various nuclear transcription factors (Fiers et al., 1996). For example, p38 MAP kinase
is activated in TNFo treated 1929 cells and is responsible for the activation of an
unknown nuclear transcription factor required for interleukin-6 expression (Beyaert R et
al., 1996). While the activation of various MAP kinases has been shown to be essential
for the activation of cell death, their activation alone does not necessarily result in cell
death. One such example is Jun kinase, a member of the mitogen-activated protein
kinase (MAPK) family. This is activated in L929 cells following TNFa. treatment
(Gardner and Johnson, 1996) and is essential for cell death to occur (Kronke ez al.,
1996). Co-treating cells with fibroblast growth factor-2 diminishes the cytotoxic effects

of TNFo. but does not inhibit the activation of Jun kinase (Gardner and Johnson, 1996).

The TNF signalling cascade also involves lipids, as ceramide production is increased in
TNFo-treated 1929 cells (Hayakawa et al., 1996; Jayadev et al., 1997). Ceramide is
produced from the sphingomyelin pathway and is a product of the hydrolysis of
sphingomeylin (Kronke et al., 1996). Activation of the sphingomeylin pathway involves
other unknown reactions which result in an increase of arachidonic acid (AA)

production and may require cytosolic phospholipase A, (Jayadev et al., 1994; Jayadev
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et al., 1997). Research comparing the effects of TNFo treatment on wild type 1.929

cells to the TNFq resistant 1929 cell line, C12, revealed that the production of AA, and

hence ceramide, are crucial to activate cell death (Jayadev er al., 1997).

Mitochondria have been proposed to be the first targets of TNFo damage (Hennet ef al.,

1993 Schulze-Ostoff et al., 1993). In 1929 cells, TNFo treatment has been shown to
generate reactive oxygen species (ROS) in the mitochondria (Schulze-Osthoff et al.,
1992) which is dependent on the presence of glutamine (Goossens et al., 1996). It has
been suggested that ROI generated in TNFo-treated 1.929 cells are the cytotoxic agents
as the addition of antioxidants and iron chelators counteract the effects of TNFo
(Schulze-Osthoff et al., 1992; Goossens et al., 1995). ROI have also been implicated as

causing DNA damage in TNFo-treated 1.929 cells (Shoji et al., 1995).

The mode of death in 1.929 cells exposed to TNFq has previously been reported to be
either apoptotic (Fady et al., 1995; Kyprianou et al., 1991; Tomasovic et al., 1994) or
necrotic (Schulze Osthoff et al., 1992; Grooten et al., 1993; Schulze Osthoff et al.,
1993; Goossens et al., 1996). These claims have been based on studies of DNA
fragmentation and general cell morphology. This chapter describes research which
analysed a variety of 1.929 cell characteristics to help distinguish the mode of TNFo-
induced death. The parameters studied included changes in membrane permeability (7-
AAD), redistribution of PS to the cell surface, DNA fragmentation, and general cell
morphology. In addition, transfected 1.929 cells which secrete high levels of clusterin

were also examined to determine whether clusterin expression had any effects on

TNFo-induced cell death.
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4.2 MATERIALS AND METHODS

4.2.1 Materials - Actinomycin D (Act D), 7-aminoactinomycin D (7-AAD), acridine
orange (AQ), propidium iodide (PI), staurosporine, colchicine and azide were all
obtained from Sigma (St. Louis, MO, USA). Annexin V-FLUOR (FITC conjugate) was

obtained from Boehringer Mannheim (Sydney, Australia). Recombinant human TNFq,

was a gift from Dr D Rathgen (Peptide Technology Ltd, Sydney, Australia). TGFB was

purchased from Sigma. All other general chemicals were purchased from Sigma or Ajax

Chemicals (Sydney, Australia).

4.2.2 Tissue culture - Cells were seeded into 24 well plates and left to aclimate for at

least 16 hours before being treated. To induce death, cells were incubated with one of
the following; 100 ng/ml of recombinant human TNFq, 100 ng/ml TNFo + 4 pug/ml Act
D, 2 uM colchicine, 1 uM staurosporine, or 0.6% (w/v) sodium azide. After various
durations, media containing non-adherent (floating) cells were removed while the

remaining adherent cells were incubated with trypsin/EDTA for 5 minutes at 37°C to

remove them from the plastic. Both populations of cells were pooled before staining.

When testing for (i) the effects on cell survival of secreted proteins adsorbed to the
culture vessel surface, or (ii) the expression of clusterin at the cell surface, adherent
cells were removed from the plastic surface by removing the culture medium and
overlaying the cells with 0.5x PBS/EDTA (refer 2.1.1). After a 5-10 min incubation, the

cells were removed by vigorous washing with 0.5x PBS/EDTA.

4.2.3 Flow cytometry - Flow cytometry data was collected using a Becton Dickinson

FACSort and analysed using CELLQuest software (Becton Dickinson, Sydney,
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Australia). For each flow cytometric analysis, data were acquired for 10,000 events.

4.2.3.1 Determining the rate of death in L929 cells caused by each cytotoxic
agent- Cells were seeded into 24 well tissue culture plates for 16 hours before
treatment. Cells were treated with each cytotoxic agent and at various time
points, remaining adherent cells were removed with trypsin and pooled with
non-adherent cells before being stained with 1 pg/ml PI in PBS for 10 minutes

and analysed by flow cytometry. Viable cells were identified by their lack of

staining with PI.

4.2.3.2 Membrane permeability of cells- The red fluorescing nuclear stain 7-
AAD was used to discriminate between dead, apoptotic and viable cells, as
described in (Schmid ez al., 1994). To summarise, cells were washed in PBS
and then resuspended in a small volume (50 pl) of PBS containing 20 ug/ml of
7-AAD and incubated in the dark on ice for 20 minutes. Cells were then
resuspended in 100 - 500 ul of PBS before being analysed by flow cytometry.
In some cases experiments only required discrimination of viable and dead
cells. In these cases cells were stained with 1 pg/ml of PI for 5 minutes and

then immediately analysed by flow cytometry.

4.2.3.3 Phosphatidylserine exposure- The fluorescent FITC-labelled annexin
V protein (Boehringer, Sydney, Australia) was used to identify the presence of
PS on the outer cell membrane. Cells were washed in annexin V buffer (10
mM Hepes, 140 mM NaCl, 5 mM CaCl,) and then resuspended in a small

volume of annexin V buffer containing annexin V (according to the
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manufacturer’s description) and 7-AAD (1 ug/ml). Dead cells (cells which

were most permeable to 7-AAD) were electronically gated out from the

analysis.

4.2.3.4 Nuclear DNA content- Nuclear DNA content was assayed with
propidium iodide (PI) as described in (Nicoletti et al., 1991). Briefly cells were
washed and pelleted in PBS before being permeabilized with 0.3% Triton X-
100 (in PBS) overnight at 4°C. The following morning permeabilised cells

were stained with 1 pg/ml of PI before being analysed by flow cytometry.

4.2.3.5 Determining the level of intracellular clusterin- In one type of
experiment it was necessary to establish the level of intracellular clusterin for

live versus dead cells in the same culture. This was done in the following way.

For each test, 2.5 x 100 cells were pelleted by centrifugation, resuspended in 50
ul of 20 pg/ml 7-AAD in PBS, and incubated on ice for 20 min. The cells were
then washed 3x with cold PBS and permeabilized by resuspension in 1 ml of
ice cold 50% (v/v) ethanol in PBS, followed by vortexing for 1 min and
incubation on ice for a further 4 min. The cells were then washed 3x with cold
PBS before incubating them with G7 MAD or a control MAb, followed by a
sheep-anti-mouse Ig-FITC (SaMIg-FITC) conjugate (Silenus Laboratories,
Melbourne, Australia). Dead cells were discriminated by their high red
fluorescence, while cells that in culture still had an intact cell membrane were

discriminated by their relatively low red fluorescence.
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4.2.3.6 Determining the amount of L929-pRc.clus cell surface clusterin-
Cells were removed from TC flasks by constantly withdrawing and dispelling
large volumes of 0.5x PBS/EDTA over the culture vessel surface. Cells were
washed 3x with cold PBS. Cells were then incubated with G7 Mab or a control
Mab, followed by a SaMIg-FITC conjugate before being analysed by flow

cytometry.

4.2.4 Analysis of DNA fragmentation- To isolate DNA, 2-3 x10° cells were washed in

PBS before being lysed in 0.5 ml of 10 mM Tris, 6 mM EDTA, 0.5% SDS (w/v), pH
8.0, containing 300 pg/ml of proteinase K (Bresatec, Adelaide). Lysates were incubated
for 16 hours at 55°C before being subjected to two phenol:chloroform extractions
followed by one chloroform extraction (as described in Kyprianou ef al., 1991). DNA

was precipitated from the extracts by adding two volumes of cold 100% ethanol, 1/10

volume of 3 M sodium acetate and 1/100 volume of 1 M magnesium chloride followed

by overnight incubation at -20°C. DNA was pelleted at 13,000 rpm in a bench top

microfuge before being washed in cold 80% (v/v) ethanol, air dried and then redissolved

in 20-50 pl of 10 mM Tris, | mM EDTA, pH 8.0, and quantified by Ajgo.
Contaminating RNA was removed by adding 2 pul of RNAse cocktail (Bresatec,

Adelaide, Australia) to each DNA sample and incubating for 1 h at 37°C. Purified DNA

was subjected to electrophoresis on 1.6% agarose gels and, after staining with ethidium
bromide (0.5 pug/ml), visualized with a Novaline gel documentation system (Novex,

Sydney).
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4.2.5 Microscopy- 1929 cell morphology in response to various treatments was studied
using a Leitz Diavert white light inverted microscope (Leica, Germany). Cells were
observed in cultures without the aid of stains. For the examination of nuclear
morphology, cells were removed from flasks with trypsin before being stained with 5
ug/ml of acridine orange and then being washed twice with PBS. Micrographs and
fluorographs were taken on a Wild MPS45 photoautomat system through a Leitz DMIL
(Leica, Germany) inverted fluorescence microscope following the manufacturer’s

instructions.

4.2.6 Preparation of cell lysates, fluoro-imaging and dot blot assays- To prepare
cytoplasmic fractions (i.e. cytosol plus ER/Golgi), cells were lysed in TTX buffer (20
mM Tris HCI, pH 8.0, 100 mM NaCl, 0.2% Triton X-100) on ice for 15 min (Reddy et
al., 1996). The lysates were centrifuged at 10,000 rpm in a microfuge for 5 min and the
supernatants mixed 1:1 with sample buffer (SB; 0.5 M Tris.Cl, 20% (v/v) glycerol, 5%
(w/v) sodium dodecyl sulfate, 0.005% bromophenol blue, pH 6.8) and electrophoresed
on 10% SDS polyacrylamide gels. Nuclear extracts were made as described in (Reddy
et al., 1996); briefly, cell were lysed as above and the total lysate overlayed on a
cushion of 10% sucrose in TTX buffer before centrifuging at 800 g for 10 min. The
pelleted nuclei were resuspended in SB and boiled for 5 min before loading on to 10%
SDS polyacrylamide gels and electrophoresis. Total cell extracts were prepared by
washing cells once in PBS, and then lysing them directly in SB and boiling them for 10
min before loading on to SDS polyacrylamide gels. Samples separated by SDS/PAGE
(refer 2.2.2) were electrophoretically transferred to nitrocellulose membrane as
described in section 2.2.3. Fluoro-imaging was performed using a Storm 840

fluoroimager (Molecular Dynamics, Sunyvale, CA, USA) and all data analyses carried

out using the ImageQuantTM software (Molecular Dynamics, Sunyvale, CA, USA).
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4.2.7 Electroporation of proteins into L929 cells- 1.929 cells were prepared in

electroporation buffer (1.26 mM CaCl,, 5.37 mM KCI, 0.52 mM KH,POy, 0.64 MgCl,,

0.63 MgSQy, 85.5 mM NaCl, 5.8 mM NaHCO;, 0.50 mM NaH,PO,, 12.5 mM Hepes)

as described by Glogaver and McCulloch (1992). Cells were electroporated in

electroporation buffer that contained 0.5 mg/ml of either BSA or clusterin, which had or

had not been labelled with FITC. Electroporation was performed using a BioRad Gene
pulser (BioRad, Hercules, CA, USA) with the following settings: 200 or 400 volts, 96
uF. Thereafter, cells were trypsinized (with trypsin/EDTA mix from TRACE,
Melbourne, Australia) for various times (maximum 15 minutes) to establish how much
protein became incorporated into the cell rather than on or in the outer membrane. The
viability (refer section 4.2.3.2) and the amount of protein incorporated into cells was

then analysed by flow cytometry.
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4.3 RESULTS:

4.3.1 Rate of 1929 cell killing effected by different cytotoxic agents

There have been numerous reports describing agents capable of inducing apoptosis.
These agents do not necessarily cause apoptosis in all cell types as they often involve
specific ligand interactions. Therefore, several reported apoptotic inducers were tested
on L929 wild type cells and transfected cells to determine whether they induced

apoptosis. Table 4.1 lists the cytotoxic agents tested and the concentrations used.

Table 4.1 Cytotoxic agents at the concentrations used to test the mode of
death in L.929 cells.

Cytotoxic Agent Known Functions Concentration
TNFo Cytokine 100 ng/ml
TNFa + 100 ng/ml
actinomycin D Protein synthesis inhibitor 4 ug/ml
Staurosporine Protein kinase inhibitor 1 uM
Colchicine Disrupts microtubules 2 uM
Azide Respiratory poison 0.6 % (wlv)

Of the agents tested, TNFo/Act D killed 1929 cells most rapidly, killing >90% of cells
within 12 hours (Figure 4.2). The next most rapidly acting agent was staurosporine,
which killed >90% of cells within 18 hours (Figure 4.2). TNFaq, colchicine and azide
were slower acting in that each agent required more than 48 hours to kill >90% of cells

(Figure 4.2).
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Figure 4.2: Comparing the viability of .929 cells over time when treated with various
cytotoxic agents. Viability determined on the basis of the ability of cells to exclude PI. Treatments
are as follows:- O 2 uM colchicine; @ 100 ng/mL TNF; © 100 ng/mL TNF + 4 ug/mL Act D;

O 1 uM staurosporine; & 0.6% Azide. All time points shown represent the mean for three
independent cultres of cells and error bars are the standard deviation of the mean. In some cases the
error was too small to be visable.

4.3.2 Effects of cytotoxic agents on cell size and cell membrane permeability
Particles differing in size can be identified by flow cytometry as populations
distinguished on the basis of the forward scatter signal. Classically, cells undergoing
necrosis initially increase in size before losing membrane integrity. In contrast, cells
undergoing apoptosis shrink and maintain a smaller size than healthy cells. These size

differences can be detected by flow cytometry (Darzynkiewicz et al., 1992).

The DNA stain 7-AAD can be used to discriminate viable, apoptotic and dead cell
populations (Schmid ef al., 1994). Flow cytometry was used to measure changes in cell

size (forward scatter) and the extent of staining with 7-AAD (red fluorescence) in L929

cells treated with each of the cytotoxic agents. Analysis of TNFa-treated cells stained

with 20 pg/ml 7-AAD resolved three populations (Figure 4.3B). There was consistently
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Figure 4.3: Flow cytometry density plots of 7-AAD uptake versus forward scatter in L929 cells
exposed to the treatments indicated. The treatments were: A) Untreated L929 cells; B) 100 ng/ml TNFo
for 24 hours; C) 100 ng/ml TNFo + 4 ng/ml actinomycin D for 6 hours; D) 1uM staurosporine for 10
hours; E) 2 uM colchicine for 36 hours; F) 0.6% (w/v) sodium azide for 24 hours. The identity of
different cell populations is identified with labelled arrows. The results shown are representative of many
independent experiments.
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a small population of cells with a reduced size and an intermediate to high level of 7-
AAD staining, suggestive of apoptosis. This population was not fully resolved from the
dead cell population (Figure 4.3B). A similar pattern was found for 1.929 cells treated
with TNFo/Act D, although the proportion of cells with reduced volume and
intermediate staining with 7-AAD was less (Figure 4.3C). In contrast, analysis of
staurosporine-treated cells stained with 20 ug/ml 7-AAD discriminated only two
populations of cells, viable and dead (Figure 4.3D). This suggests that staurosporine
causes necrosis in L.929 cells. A similar pattern was found for azide-treated cells which
suggests it too causes necrosis; although there were some cells detected with
intermediate 7-AAD staining, most of these did not show a reduced forward scatter
signal relative to viable cells (Figure 4.3F). Analysis of 1.929 cells treated for periods
less than 36 h with colchicine and stained with 20 pug/ml 7-AAD resolved only two
populations, viable and dead. However, when the same analysis was performed with
cells exposed to colchicine for periods longer than 36 h, a large population of cells with
reduced volume and intermediate staining with 7-AAD (and large amounts of cell
debris) was detected, suggestive of apoptosis (Figure 4.3E). All treatments produced
cell debri (visible by light microscopy) which was detected by flow cytometry as

particles with low forward scatter (indicated in Figure 4.3).

4.3.3 Effects of cyotoxic agents on exposure of PS at the cell surface

Annexin V is a protein that belongs to the family of annexins that bind calcium and
phospholipids. Annexin V has a high affinity for PS and has been used by many groups
to identify PS exposed on the outer surface of apoptotic cells (Martin ef al., 1995; Fadok

et al., 1992a and b; Vermes et al., 1995; Koopman et al., 1994). Treated and untreated

L.929 cells were dual-stained with annexin V-FITC and 1 pg/ml 7-AAD and analysed
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by flow cytometry. Dead cells identified by 7-AAD staining were electronically
excluded from the analysis. With the exception of azide, all treatments resulted in
significant binding of annexin V to intact L.929 cells, indicating exposure of PS at the

cell surface (Figure 4.4).

4.3.4 Flow cytometric analysis of DNA fragmentation induced by cytotoxic agents
DNA fragmentation that occurs in the nucleus of cells can be identified by flow
cytometric analysis of permeabilized cells stained with the DNA intercalating fluor PI
(Nicoletti et al., 1991). Permeabilisation of cells with detergent-containing isotonic
buffer allows any small fragments of DNA to diffuse out from the cell. In preliminary
experiments, this technique was used to test what treatments elicited DNA

fragmentation in 1.929 cells.

Flow cytometric analysis of healthy untreated 1.929 cells identified two main
populations of cell nuclei which had similar but distinct levels of PI staining (Figure 4.5

A). The nuclei which stained most intensely with PI were from cells in the G,/M stage
of mitosis (as these cells are about to undergo cell division and contain twice the

amount of DNA), while the other main population of nuclei belonged to cells in the G,

stage of mitosis. Nuclei from cells in the S phase were detected in the region between

these two populations (Nicoletti e al., 1991).

Treatment of 1.929 cells with each cytotoxic agent resulted in a population of nuclei

which had low PI stained nuclei (Figure 4.5 B-F). This indicates that all treatments
resulted in some form of DNA degradation. TNFo + Act D and staurosporine
treatments were by far the most potent inducers of DNA fragmentation, as

fragmentation was first detected at 6 hours. TNFq, azide and colchicine treatments
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untreated 1929 cells (green line) versus 1929 cells treated (orange line) with the agent indicated.

Dead cells (identified by their permeability to PI) were electronically excluded from histograms. The
treatments were A) 100 ng/ml TNFa for 48 hours; B) 100 ng/ml TNFa + 4 pg/ml actinomycin D for
4 hours; C) 1 uM staurosporine for 7 hours, D) 2 uM colchicine for 24 hours; E) 0.6% (w/v) sodium
azide for 24 hours. The results shown are representative of many independent experiments.
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were slower inducers of DNA fragmentation, which was first detected at 36 hours. This
flow cytometric technique is limited in that the nature of the induced DNA
fragmentation cannot be determined. As both necrosis and apoptosis can result in DNA
degradation further analysis of DNA was required to help establish the mode of cell

death. Therefore DNA was extracted and analysed by agarose gel electrophoresis.

4.3.5 Gel electrophoretic analysis of DNA fragmentation induced by cytotoxic agents

Kyprianou et al. (1991) extracted intact DNA from untreated L929 cells and fragmented

DNA from TNFo treated 1929 cells. Initial attempts to repeat this procedure only
yielded degraded DNA that appeared as a smear when analysed by agarose gel
electrophoresis. The smearing represents DNA that had become degraded. This is most
likely due to various DNases, which normally are tightly regulated, that have become
released upon lysis of the cell. Therefore to inhibit the affecting DNases different lysis
buffers were prepared which contained varying concentrations of EDTA (Table 4.2), a
protease inhibitor. The different lysis buffers were used to extract DNA from healthy
untreated 1929 cultures. The purified DNA was then analysed by agarose gel
electrophoresis (Figure 4.6 A). Lysis buffer C (which contained 25 mM EDTA_
resulted in a viscous DNA preparation which did not migrate into the gel as a single
band, but rather as a smear at the top of the gel (Figure 4.6 A lane 3). DNA purified
using the other lysis buffers appeared as a single major band which in each case
migrated a small distance into the gel (Figure 4.6 A lanes 1 and 2). Lysis Buffer B
(which contained 12 mM EDTA) resulted in the least amount of DNA smearing

indicating less DNase damage. This buffer was used for all further extractions of

genomic DNA from L1929 cells.
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Table 4.2 Composition of different lysis buffers used to extract genomic DNA

from 1929 cells.
Lysis Buffer Concentration of EDTA Components common to all buffers
A 5 mM 25 mM Tris
B 12 mM 0.25% SDS
C 25 mM pH 8.0
A B
1 2 1 2 3 4 5

N 23,13

9,41
6,55

4,36

2,32
2,02

Figure 4.6: 1.6% agarose gel electrophoresis of DNA extracted from L929 cells treated as follows:-
A) DNA extracted from untreated L929 cells using buffer A (lane 1); buffer B (lane 2), buffer C (lane 3);
refer table 4.2. B) Lane 1: untreated 1.929 cells; Lane 2: 1 uM staurosporine for 7 hours; Lane 3: 1 uM
staurosporine for 24 hours; Lane 4: 100 ng/ml TNF + 4 pg/ml actinomycin D for 7 hours; Lane 5: 100
ng/ml TNF + 4 pg/ml actinomycin D for 24 hours; Lane 6: DNA markers; C) Lane 1 DNA markers; Lane
2: untreated cells; Lane 3: 100 ng/ml TNF for 48 hours; Lane 4: 2 uM colchicine for 48 hours; Lane 5:
untreated HL60 cells; Lane 6: etoposide treated HL60 cells (ie positive control for DNA laddering); Lane

7:0.6% azide.
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Analysis of DNA extracted from L.929 cells treated with staurosporine or TNFo/Act D
revealed DNA “ladders”, a typical feature of apoptosis (Figure 4.6 B, lanes 2/3 & 4,
respectively). DNA laddering in staurospine treated cells was most apparent in cultures
that had been treated for between 7 and 24 hours. Treating cells with TNFo. + act D for
periods longer than 16 hours resulted in extensive DNA degradation which on gel
electrophoresis appeared as a smear (Figure 4.6 B, lane 5). DNA laddering was not
detected in L929 cells treated with either TNFo, colchicine or azide at any time point up
to 48 hours. However, L929 cells treated with these cytotoxic agents for 24 hours or

longer resulted in non-specific cleavage of DNA which when analysed by gel

electrophoresis appeared as a smear (Figure 4.6 C, lanes 3, 4 and 7, respectively).

4.3.6 Effects of cytotoxic agents on nuclear and cell morphology

AO i1s a fluor that stains single and double stranded DNA as well as RNA. 1t is cell-
permeable and is a useful stain to visualise nuclear morphology. Nuclei of healthy cells
are large, intact and stain uniformly while apoptotic nuclei are generally small, compact
and fragmented. Nuclei of necrotic cells are generally larger than healthy cell nuclei and
do not show condensation or fragmentation (Gorman et al., 1994). Following the
various treatments, cell morphology was examined by light microscopy. Cells were
trypsinized and pooled before staining with AO; nuclear morphology was analysed by

fluorescence microscopy.

Nuclei of untreated cells were large intact structures which stained heavily but

uniformly with AO (Figure 4.7 A). In untreated L929 cultures more than 95% of cells
remained attached to the culture vessel surface. Nuclei from TNFq-treated cells were

either (i) small and weakly stained, or (ii) normal size and brightly stained (Figure 4.7
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B). Rounded-up, detached cells were common under these conditions and a very small
proportion of the adherent population showed extensive membrane blebbing (estimated

~1%) (Figure 4.7 B; no blebbing visible in the field shown). The appearance of nuclei in
TNFo/Act D-treated cells was similar to those of cells treated with TNFo alone,

although fewer large brightly stained nuclei were visible at corresponding time points
and some fragmented nuclei were detected (Figure 4.7 C). The addition of Act D greatly
enhanced the sensitivity of cells to TNFa and, between 5 and 7 hours after the initial
exposure, induced violent blebbing of the cell membrane (Figure 4.7 C). When removed
from culture vessel surfaces by treatment with trypsin, a fraction of cells treated with

TNFo or TNFo/Act D were observed to be smaller in size than untreated cells.

The AO-stained nuclei of staurosporine-treated 1.929 cells showed a variety of
morphologies, consisting of the following types: (i) brightly stained, condensed and
fragmented, (ii) condensed but dimly stained and (iii) brightly stained and intact (Figure
4.7 D). Staurosporine induced membrane blebbing within 1 hour of treatment (Figure
4.7 D) and after trypsinization many staurosporine-treated cells were noticably smaller
than untreated cells. Similarly, the AO-stained nuclei of colchicine-treated cells showed
a variety of morphologies, consisting of the following types: (i) condensed, lightly
stained nuclei, (ii) brightly stained, heavily fragmented nuclei, or (iii) brightly stained
intact nuclei (Figure 4.7 E). Following trypsinization, cells treated with colchicine for

periods of 48 hours or longer were noted to be smaller in size than untreated cells.

AO-staining of nuclei within azide-treated cells revealed two distinct morphologies: (1)
nuclei which only stained adjacent to the nuclear membrane and within one or more
small intra-nuclear patches and (ii) brightly, uniformly stained nuclei (Figure 4.7 F).

These nuclei were of equivalent size to non-treated cell nuclei. Following
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Untreated

Figure 4.7: Light micrographs (top; magnification 100x) and the corresponding fluorographs
(bottom; magnification 400x) of AO-stained L1929 cells treated as indicated (note fields of view are not
coincident). (A) Untreated cells; (B) 100 ng/ml TNF; (C) 100 ng/ml + 4 pg/ml Act D; (D) 1 uM
staurosporine; (E) 2 uM colchicine; (F) 0.6% azide. On fluorographs, thin black arrows point to intact
brightly stained nuclei, thick white arrows indicate condensed faintly stained nuclei, thick red striped
arrows indicate fragmented nuclei. On light micrographs, the arrows indicate membrane blebbing.
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trypsinization, L929 cells treated with azide were of similar size to untreated cells.

Interestingly, azide did induce some membrane blebbing (Figure 4.7 E).

4.3.7 Human clusterin expression does not affect TNF ccinduced cell death in L929-
LS transfectants.

There were were no differences in morphology detectable by light microscopy between
L929-LS.clus(F), L929-LS .clus(B) and L929 wild type cells. Similarly, when L929-
LS.clus cells were induced to secrete clusterin, no changes in cell viability or
morphology were apparent. The effects of TNFa,, TNFo/Act D and colchicine
treatments on L.929-LS transfectants were then analysed. The mode of cell death in
transfected cells in response to the cytotoxic agents was similar to L929 wild type when
analysed by 7-AAD staining (Figure 4.8 vs 4.3) or light microscopy. The induction of
human clusterin expression in L929-LS .clus(F) cells did not provide any protection to
any of the cytotoxic agents when compared with non-induced L.929-LS.clus(F) or L929-
LS.clus(B) cells (Figure 4.8 B & C). Previous kinetic studies on L929-LS transfectant
cells revealed that clusterin is first detected in the TC sn 6 hours after induction with 1
mM IPTG (Humphreys, 1994). Even inducing clusterin expression in cells 12 hours

prior to treatment did not provide any protection against the cytotoxic agents.
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Figure 4.8: A) Flow cytometry density plots of 7-AAD uptake versus forward scatter in L929-
LS.clus(F) and L929-LS.clus(B) transfectants exposed to the various cytotoxic agents indicated. The
treatments were 100 ng/ml TNFo for 48 hours; 100 ng/ml TNFa: + 4 ug/ml Act D; 2 uM colchicine. B)
Histograms showing average percent of viable cells (as determined in figure 4.3) in cultures exposed to
either 100 ng/ml TNFo or 100 ng/ml TNFot + Act D. The treatments are indicated by a corresponding
“x" in the table below the histogram. C) Histograms showing average percent of viable cells (as
determined in figure 4.3) in cultures exposed to 2 pM colchicine. The treatments are indicated by a
corresponding “x” in the table below the histogram. For each histogram error bars represent standard
error of the mean and in some cases are too small to be visible.
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4.3.8 Mode of cell death in L929-pRc transfectants in response to staurosporine,
colchicine and azide.

All the cytotoxic agents listed in table 4.2 were tested on the L929-pRc transfectants.
Treatment of L929-pRc and L929-pRe.clus cells with staurosporine or colchicine
induced changes similar to those induced by these agents in wild type L929 and 1929
Lac Switch transfectants (Figure 4.9 A vs Figure 4.3; refer section 4.3.2). Therefore it
was concluded that these agents also induce apoptosis in L929-pRc.clus and L929-pRc
cells. Azide-treated L929-pRc.clus cells stained with 20 pg/ml 7-AAD resolved three
populations in which the intermediate population was more apparent when compared to
the wild type L929 cells (Figure 4.9 A vs Figure 4.3 F). However, annexin V staining,
DNA analysis and light microscopy revealed that azide resulted in necrotic death as
found in wild type 1.929 cells. Clusterin expression in L929-pRc.clus cells did not
protect those cells, in comparison to L929-pRc cells, from the cytotoxic effects of

staurosporine, colchicine or azide (Figure 4.9).

4.3.9 Cytoprotective effects of clusterin expression in L929-pRc transfectants
1.929-pRc or L929-pRc.clus cells treated with TNFo or TNFou + Act D resulted cell
death similar to that described for 1.929 wild type (section 4.3.2-6). The effects of
TNFq, and Act D in combination with TNFa, were tested on the survival of L929-pRc
and 1.929-pRc.clus cells. When non-clusterin secreting L929-pRc cells were exposed to
TNFa or TNFo + Act D, a greater proportion of cells were non-viable (as determined

by 20 ug/ml 7-AAD staining) relative to L929-pRc.clus cells treated with the same

agents (Fig 4.10 A and B). Interestingly, TNFo treatment of L929-pRe.clus cells
resulted in characteristics of cell shrinkage and intermediate staining with 7-AAD being

more apparent in L929-pRc.clus cells than in control L929-pRc cells (e.g. Figure 4.10 A
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Figure 4.9: A) Flow cytometry density plots of 7-AAD uptake versus forward scatter in L929
pRe.clus and pRe cells treated with various cytotoxic agents indicated; B) Histogram showing the
treatment:control ratio (T/C ratio) for the percentage of viable L929-pRc (pRc) and L929-pRe.clus
(pRc.clus) cells in cultures exposed to the treatments indicated compared with control untreated cultures
(Calculated by dividing the % viable cells in treated cultures by the % viable in untreated cultures). In
each case, the table below the x-axis indicates the cell line and the conditions applied. The treatments
were 2 UM colchicine for 48 h, 1 uM staurosporine for 16 h and 0.6% (w/v) sodium azide for 24 h.
Viable cells were determined by 7-AAD staining and flow cytometric analysis (see figure 4.3). Each
histogram represents the mean of three replicate measurements and the error bars shown represent SD of
the mean. In a number of cases the SD is too small to be visible. None of the differences between L.929-
pRc and L929-pRc.clus cells are statistically significant (p>0.05, Student's t-test).
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Figure 4.10: A) Flow cytometry density plots of 7-AAD uptake versus forward scatter in L929-
pRc.clus and L929-pRe cells treated with 100 ng/ml TNFo or 100 ng/ml TNFo + 4 pg/ml Act. D. B)
Histogram showing average percent of viable cells after treatment as determined by flow cytometry

analysis of 7-AAD stained cultures (refer figure 4.3). The treatments are listed in the table below the
histogram and are indicated by an “x”. Error bars are the standard deviation of the mean and in some

cases are too small to be visible.
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vs Figure 4.3).

The extent of DNA fragmentation in response to TNFo was also compared between

L929-pRe.clus and L929-pRc cells. DNA fragmentation was both analysed in cells by
flow cytometry or by extracting genomic DNA from cells, which was then analysed by

agarose gel electrophoresis. Both techniques confirmed that L929-pRc cells were more
sensitive to TNFa as L929-pRc.clus cells had significantly less DNA fragmentation

than L929-pRe cells (Figure 4.11 A and B respectively).

4.3.10 Overexpression of clusterin affects the sensitivity of L929 cells to TGF B and
TNF o

It was previously reported that exposure of L929 cells to TGF provides them with
protection against TNFa-mediated cytotoxicity (Chang, 1995). Clusterin has also been
reported to bind to the cytoplasmic domain of the TGFB1 receptor (Reddy et al., 1996).

Therefore, L929-pRc.clus cells were used to test whether the upregulated expression of

human clusterin would influence the effects of TGFB on TNFo-mediated cell death.
The pre-exposure of L929.pRc cells to TGFf} was confirmed to protect cells from death
induced by subsequent exposure to TNFo (Figure 4.12 7 versus 3). In contrast, pre-
exposure of L929-pRec.clus cells to TGFP had no effect on the sensitivity of the cells to
TNFo (Figure 4.12 8 versus 4). Furthermore, L929-pRc.clus cells show significant cell
death in response to TGFp, while L929-pRc cells did not die under the same conditions

(Figure 4.12 6 versus 5).
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Figure 4.11: A) PI fluorescence of permeabilised L929-pRc.clus and L929-pRc cells which had
been left untreated or treated with 100 ng/ml TNFo for 48 hours. B) 1.6% agarose gel electrophoresis of
DNA extracted from L929 cells treated as follows:- Lane 1: markers; Lane 2: L929-pRc.clus untreated
cells; Lane 3: L929-pRc.clus TNFa treated (100 ng/ml) cells; Lane 4: L929-pRc untreated cells; Lane 5:
L.929-pRc TNFa treated (100 ng/ml) cells; Lane 6: HL60 untreated cells; Lane 7 HL60 cells treated with
etoposide (20 pg/ml). DNA from HL60 cells confirmed that the DNA extraction method was capable of
extracting internucleosomally fragmented DNA. Thus TNFa treatment does not result in
internucleosomal DNA fragmentation but rather random DNA fragmentation in L929-pRc cells.
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Figure 4.12: Percentages of 7-AAD stained cells defined by flow cytometric analysis as dead
(refer figure 4.3) from cultures of L.929-pRc (pRc) or L929-pRc.clus (pRe.clus) cells exposed to 2 ng/ml
of TGFp for 48 h and/or 100 ng/ml TNFo. for 24 h. Cultures treated with both TGF and TNFa first had
a 24 h incubation with TGFJ followed by a 24 h incubation with both TGFf and TNFc. In each case,
the table below the x-axis indicates the cell line and the conditions applied (indicated by "x"). Each data
set represents the mean for triplicate cultures and the error bars shown represent SD of the mean in each
case. The result shown is representative of three independent experiments. There was no significant
difference in the proportion of dead cells in untreated pRc versus pRc.clus cultures (1 vs. 2; Student's t-
test, p> 0.5). Whether exposed to TNFa alone, or to TGFf} followed by TNFa, there was significantly
less cell death in pRe.clus versus pRe cells (4 vs. 3, p<0.001, and 8 vs. 7, p<0.05, respectively; Student's
t-tests). There were significantly more dead cells in cultures of pRc.clus cells exposed to TGFp relative
to pRe cultures treated the same way (6 vs. 5; p<0.005, Student's t-test). Following exposure to TNFq,
there were significantly more dead cells in control pRc cultures relative to those that had been pre-
exposed to TGFP (3 vs. 7; p<0.001, Student's t-test). Under the same conditions, there was no significant
difference between the level of dead cells in TNFa-treated pRc.clus cultures versus those that had been
pre-exposed to TGFP prior to treatment with TNFo (4 vs. 8; p>0.2, Student's t-test).
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4.3.11 Secreted or exogenous clusterin does not protect cells from TNF a-mediated
cytotoxicity

The data in figure 4.10 (A, B) show that L929-pRec.clus cells are protected against
TNFo-mediated death. In order to establish the cellular site at which clusterin provides
this protective effect, L929-pRc cells were cultured in “conditioned” 1.929-pRc.clus TC
media containing secreted clusterin or media containing added exogenous clusterin and
then treated with TNFo. Neither “conditioned” TC sn from L929-pRc.clus cells nor
exogenous clusterin at 60 pg/ml affected the response of L929-pRc cells to TNFa.,

(Figure 4.13 A, B).

Treating L929 cells with TGF results in the secretion of protein(s) that can become
bound to the surface of tissue culture vessels and provide protection against the
cytotoxic effects of TNFo (Chang, 1995). To determine whether clusterin-secreting

cells also secreted protective proteins, L929-pRc cells were grown in culture vessels

where L.929-pRc.clus cells has previously been cultured and gently removed. There was
no significant difference in viability following TNFo treatment of L929-pRc cells
grown on either new culture wells or culture wells in which L.929-pRc or 1.929-pRc.clus

had previously been grown (Figure 4.13 C).

The cell surface was the only other possible extracellular site where clusterin may be
responsible for TNFo, resistance. However, using flow cytometry, negligible clusterin
was found to be associated with the surface of L929-pRc.clus cells (Figure 4.13 D),

suggesting that cell surface-bound clusterin was not producing the effect. One
interpretation of these results is that they suggest that protection against TNFo-mediated

cell death is afforded by an intracellular action of clusterin protein.
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Figure 4.13: Influence of secreted molecules and added exogenous clusterin on the cytotoxic
effects of TNFa on 1929 cells. Histograms showing the average percentages calculated from triplicate
cultures of viable L929-pRc cells, defined by 7-AAD staining and flow cytometric analysis (refer figure
4.3), from cell cultures exposed to a range of conditions. A) Where TNFa was applied, pRc cells were
exposed for 24 h to 100 ng/ml TNFa added to fresh culture medium or to culture supernatant removed
from other cell cultures (which had previously been incubated for 24 h). In each case, the table below the
x-axis indicates the conditions applied (indicated by "x"). There were no significant differences in the
percentages of viable cells in cultures exposed to the different culture media, with or without TNFa
(single factor ANOVA, 0.05<p<0.025). B. pRe cells were incubated with TNFa with or without the
addition of 60 pg/ml of purified exogenous human serum clusterin. In each case, the table below the x-
axis indicates the conditions applied (indicated by "x"). The addition of exogenous clusterin had no
effect on the viability of the cells under any of the conditions tested (p>0.2, Student's t-test). In a number
of cases the SD is too small to be visible. C) Viability of cultures treated with TNFa, where indicated,
after growing on surfaces which previously contained the indicated cell type (designated by “x”) or fresh
cultures. D) Flow cytometry histogram showing that no surface bound human clusterin is detectable on
L929-pRe.clus cells. Green line = L929-pRec.clus cells stained with G7, 78E, 41D Ab cocktail; black line
=L.929-pRc.clus cells stained with an isotype control Ab.
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4.3.12 Analysis of intracellular forms of clusterin in transfected L929 cells

Analysis of lysates of induced L.929-LS clus and L929-pRc.clus cells by SDS/PAGE
and immunoblotting revealed the presence in both cell types of two forms of clusterin
with apparent molecular masses, under non-reducing conditions, of about 80 kDa and
64 kDa (Figure 4.14 A). The 80 kDa form was also found in cell culture supernatants

and dissociated into two subunits under reducing conditions, indicating that it had been
appropriately cleaved at the Asp205 - Ser206 bond (Kirszbaum ef al., 1989). The 64

kDa form was not found in cell culture supernatants and did not dissociate into subunits

on reduction.

Analyses were also performed on lysates prepared from 1.929 pRc.clus cells exposed for

48 hours to 100 ng/ml TNFo. Significantly more clusterin was found associated with all

cell fractions prepared from TNFa-treated L929-pRc.clus cells versus untreated control
cells (Figure 4.14 B; lanes 3, 5, 7 vs 2, 4, 6 respectively). The majority of this increase
appeared to be the 80 kDa form of clusterin associated with the nuclear fraction (lane 7
vs 6), however, there was also a noticable increase in both the 80 and 64 kDa clusterin
species present in the cytoplasmic fractions (lane 5 vs 4). The nuclear-associated
clusterin (Figure 4.14 B; lane 7) was physically indistinguishable from purified human
serum clusterin (Figure 4.14 B; lane 1), which is itself indistinguishable from cell-

secreted clusterin (Figures 4.14 A; lane 3).

In addition, the cytoplasmic and total cell fractions prepared from TNFo.-treated L929-
pRc.clus cells contained a form of clusterin which was detected on immunoblots that
was difficult to detect in fractions prepared from untreated L929-pRc.clus cells. This

novel form of clusterin is most clearly resolved under reducing conditions, where it can
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Figure 4.14: A) Immunoblot of whole cell lysates and tissue culture supernatants from L929-
LS.clus cells and L929-pRe.clus which were grown in 5 ml of culture medium in 25 cm? ﬂas.ks for 24
h. L929-LS.clus cells were grown in the presence of 5 mM IPTG to induce clusterin expression.
About 3 x 106 cells were recovered from each flask after the 24 h period. Cells were remoYed from the
flasks with trypsin/EDTA, washed, and then lysed in a volume of 1 ml as described in section 4.2.6.
Aliquots of cell lysates (40 pl) and culture supernatants (20 pl) were electrophoresed on a 10% SDS-
polyacrylamide gel and then electrophoretically transferred to nitrocellulose membrane. Membranes
were probed with a cocktail of G7, 78E and 41D MAbs (which only recognise human clusterin). Lane
1, whole cell lysate from L929-pRc.clus; lane 2, whole cell lysate from induced L.929-LS.clus; Lane 3,
culture supernatant from L929-pRe.clus; Lane 4, culture supernatant from induced L929-LS.clus.
Lanes 1-4 were run under non-reducing conditions. Lanes 5-8 contain identical samples to those in
lanes 1-4 but were run under reducing conditions.

B) Immunoblot of various cell fractions prepared from L929-pRc.clus cells that had been exposed to
100 ng/ml TNFa:. for 48 h, or untreated controls. Cells were removed from the flasks with
trypsi/EDTA, washed, and then lysed as described in section 4.2.6. Fractions from about 1.5 x 108
cells were loaded onto each track. Samples were electrophoresed under non-reducing conditions on a
10% SDS-polyacrylamide gel and then electrophoretically transferred to nitrocellulose membrane
Lane 1, 320 ng of purified human serum clusterin; Lane 2, total cell fraction, untreated controls; Lane
3, total cell fraction, TNFa-treated; Lane 4, cytoplasmic fraction, untreated controls; Lane 5,
cytoplasmic fraction, TNFa-treated; Lane 6, nuclear fraction, untreated controls; Lane 7, nuclear
fraction, TNFo-treated.

C) Same as B except samples were reduced with B-mercaptoethanol. Arrows indicate the position of
two clusterin bands at about 36 and 38.5 kDa in the total cell and cytoplasmic fractions prepared from
TNFo treated cells.

D) Immunoblot of whole cell lysates from L929-pRc.clus treated with various cytotoxic agents. Cells
were removed from the flasks with trypsin EDTA, washed and lysed as described in section 4.2.6.
Fractions from about 1.5 x 10° cells were loaded onto each track. Samples were reduced with -
mercaptoethanol before being loaded onto SDS PAGE gels. After electrophoresis, proteins were
transferred onto nitrocellulose membrane and probed with the G7 anti-human clusterin antibody. Lane
1 TNFo treated (48 hrs); Lane 2 colchicine treated (48 hrs); Lane 3 azide treated (48 hrs); Lane 4
staurosporine treated (16 hrs); Lane S TNFo + Act D treated(16 hrs); Lane 6 untreated (48 hrs).
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be seen as a closely spaced pair of bands migrating at apparent sizes of about 36 and
38.5 kDa (Figure 4.14 C; lane 3 and 5, bands indicated with arrows). In the same
preparations, the normal processed form of clusterin is detected as a poorly resolved
pair of bands migrating at an apparent size of about 43-45 kDa. The 36/38.5 kDa form
of clusterin may also be present to a lesser extent in nuclear fractions prepared from
TNFa-treated L929-pRc.clus cells, although, by immunoblot analysis, this is difficult to
discern because of the large amounts of normal processed clusterin bound to dead cell
nuclei (Figure 4.14 C; lane 7). The 36/38.5 kDa clusterin is also detectable in lysates of
1.929-pRc.clus cells exposed to staurosporine, colchicine, and to a much lesser extent
azide (Figure 4.14 D; lanes 4, 2, and 3 respectively). Like the constitutive form of

clusterin, the 36/38.5 kDa form has clearly been internally proteolytically cleaved.

Wilson ef al. (1995) has reported that when purified exogenous clusterin is added to
nutrient-deprived cultures of various cell types it readily binds to the nuclei of dead
cells. Therefore it was suspected that in TNFa-treated cultures of L929-pRc.clus cells,
cell-secreted clusterin was simply binding to the nuclei of dead cells once their cell
membrane was no longer intact. This hypothesis was tested by first staining L.929-
pRc.clus cells, either untreated or treated with TNFa, briefly with 1 pg/ml 7-AAD, and
then permeabilizing the membranes of the cells before detecting intracellular clusterin
with G7 MAD followed by SaMIg-FITC (refer section 4.2.3.5). Two colour flow
cytometric analysis then allowed the determination of the relative amounts of clusterin
associated with dead cells (discriminated as "strongly" stained with 7-AAD) versus cells
still possessing an intact cell membrane (discriminated as "weakly" stained with 7-
AAD) (Figure 4.15 A). This analysis confirmed that in TNFo-treated L.929-pRc.clus

cultures, relative to cells with an intact cell membrane, dead cells had greater amounts
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Figu re 4.15: A) Flow cytometry overlay histograms showing the level of cell-associated clusterin
for ethanol-permeabilized L929-pRc.clus cells that had been exposed to TNFao. for 48 hours. Dead cells
(that in culture lacked an intact cell membrane) were discriminated on the basis of high red fluorescence
(staining with 7-AAD; refer section 4.2.3.2). Cell-associated clusterin was detected as described in
section 4.2.3.5 and is represented by green fluorescence (dead cells - green line; cells that in culture had
an intact cell membrane - red line). The dotted line represents dead cells that were stained with DNP-9
(an isotype-matched control antibody) then SaMIg-FITC. B) Flow cytometry overlay histograms
showing the level of clusterin-FITC (purple line) or BSA-FITC (green line) that bound to permeabilized
L1929 WT cells treated with TNFo. Black line represents unlabelled cells. C) same as B except cells were
not treated with TNFa.. Results shown are representative of three independent experiments
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of cell-associated clusterin. Inspection of the stained cells by fluorescence microscopy
indicated that clusterin was predominantly localized on the nuclei and cell membranes
of dead cells. Flow cytometry was also used to demonstrate that both clusterin-FITC
and BSA-FITC bound at high levels to permeabilised wild type 1.929 cells which had
previously had been treated with TNFo (Figure 4.15 B) or left untreated (Figure 4.15

O).

4.3.13 The protection provided by clusterin expression is dependent upon the amount
of clusterin expressed.

The first round of cloning L.929-pRc.clus cells produced several clones that expressed
different levels of clusterin. The highest expressing clone (E3) was chosen for a second

round of cloning and used for experimentation (refer Figure 3.5). To confirm that

resistance to TNFo seen in L929-pRe.clus cells was directly related to clusterin

expression, the cytotoxic effects of TNFo was tested on the first round clones. Clones

which expressed lower levels of clusterin as determined by immuno-dot blots were
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Figure 4.16: Viability of x1clones of 1.929-pRe.clus cells treated with 100 ng/ml of TNFa for 24
hours. Viability was determined using 7-AAD<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>