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ABSTRACT

A poptosis is the process of program m ed cell death  by w hich cells 

comm it suicide. Apoptosis occurs in order to dispose of unw anted  cells 

w ithout cell lysis or release of intracellular components which could result in 

inflam m ation  or autoim m unity. D uring developm ent m uch cell death  

occurs by apoptosis and this is im portant not only for m orphological 

sculp ting , such as limb developm ent, bu t also in the generation  of a 

functional antigen-reactive repertoire in the developm ent of the im m une 

system. D uring differentiation of T lymphocytes in the thymus, m any cells 

die by apoptosis in the cortex, either because they fail to receive survival 

signals or they have self-reactive antigen receptors. Therefore cortical 

thymocytes are a good model for cells which are sensitive to the induction of 

the suicide pathway.

In order to investigate the signalling pathw ays involved in the 

induction of apoptosis, I have studied a cortical thymocyte cell line, F57T3.2 

(T3.2), w hich undergoes apoptosis in response to a range of stimuli which 

induce cell death in normal thymocytes. The occurrence of apoptosis in T3.2 

w as exam ined in detail by com paring the effects of different stim uli: 

lonom ycin, Phorbol 12, 13-Dibutyrate (PdBu), anti-CD3, Concanavalin-A  

(Con-A), Hydrocortisone, Thapsigargin and Staurosporine. The effects of 

these stim uli were analysed w ith a variety of different assays including, 

grow th arrest, DNA fragmentation. Transmission Electron Microscopy, [Ca^+]i 

flux and tyrosine phosphorylation. The onset and extent of apoptosis in T3.2 

was found to be similar to that reported for freshly isolated thym ocytes 

indicating that T3.2 is a good model for thymocyte apoptosis.

M utants of T3.2 were generated which were resistant to apoptosis 

induced by the different stimuli, in order to try and identify apoptosis specific 

gene products. All m utant cell lines were found to be resistant only to the



stimulus w ith which they were selected which suggests that the mutagenesis 

protocol targeted only early events in the apoptosis induction pathway. To 

rem ove sibling m utations, com plem entation assays w ere perform ed on 

m utants which exhibited similar phenotypes. Two separate and distinct 

mutations were found in the lonomycin and Thapsigargin pathw ays and one 

each in the Hydrocortisone and Con-A pathways. Additionally, I examined 

whether the expression of any genes known to be involved in apoptosis had 

been altered in the mutants by Western blotting and probing for, c-Myc, Bcl-2, 

Bax, ICE and glucocorticoid receptor (GR). The differences between w ild type 

and m utant cells are analysed and discussed.
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CHAPTER 1

General Introduction
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1.1 The apoptotic process

1.1.1 Discovery and definition

A poptosis w as first described in 1972 by electron m icroscopic 

observation of cells which appeared to be undergoing a deliberate and ordered 

form of cell death (Kerr et al., 1972). Dying cells were breaking dow n and 

packaging their components and then disintegrating into m em brane intact 

vesicles thus avoiding the release of intracellular com ponents into the 

extracellular matrix. In areas where tissue is damaged by ischaemia, physical 

injury or chemical insult, local inflammation usually results. This is due to 

necrotic cell death where the cells simply lyse, spilling out their contents and 

causing an influx of inflammatory cells in order to clear away the debris so 

the process of repair can begin (Cohen, 1993). However in certain situations 

this can be detrim ental as certain cells may contain toxic com ponents or 

components which could lead to the generation of autoim m unity (Savill et 

al., 1993).

Apoptosis was first characterised by a number of sequential and unique 

morphological events. After the cell is triggered to enter apoptosis, the time 

lapse until induction can be varied but once the process has started , 

progression is rapid. The endoplasmic reticulum disperses as in mitosis, but 

p ro te ins rem ain  in tact and  active (W yllie, A. H ., 1994, Personal 

communication). The cytoplasm condenses due to a loss of w ater and ions 

but the intracellular organelles remain intact and in the case of mitochondria, 

active (section 1.1.2). The nucleus begins condensation by m argination of 

chrom atin to form caps under the nuclear membrane and term inates w ith 

total chrom atin condensation followed by nuclear fragm entation. During 

chromatin condensation, DNA fragmentation into 220 bp fractions occurs and 

at the surface of the cell, the membrane begins to bleb extensively. During
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these events the plasma and nuclear m em branes rem ain intact and the 

vesicles released are also able to maintain homeostasis (Howie et al., 1994). If 

phagocytic cells are present in vivo or in vitro then apoptotic cells are taken 

up and digested in order to facilitate sanitary disposal (section 1.1.3). If 

phagocytic cells are absent then the cells may become necrotic, releasing their 

intracellular contents (Savill et al., 1993), thereby indicating the importance of 

phagocytosis in apoptosis.

1.1.2 The role of mitochondria in apoptosis

There is m uch evidence w hich suggests that m itochondria  are 

involved in the induction of apoptosis but the exact nature of their role 

remains unclear (Zamzami et al., 1995). In a Xenopus system, a subcellular 

fraction consisting almost exclusively of mitochondria has been found to be 

required for the induction of apoptosis (Newmeyer et al., 1994). In attempts to 

uncover the mitochondrial function required for apoptosis, ATP production, 

hydrogen-electron chain inhibition, loss of mitochondrial DNA (Jacobson et 

al., 1993) and production of reactive oxygen intermediates (Jacobson and Raff, 

1995) have been excluded from being requirem ents for apoptosis. One 

possibility was that mitochondria acted to sequester Ca^+ which was required 

to induce apoptosis as lonom ycin treatm ent of the fraction inhibited  

apoptosis. However inhibition of the m itochondrial sequestering activity 

failed to inhibit apoptosis (Newmeyer et al., 1994) thereby indicating that the 

lonomycin was having some other effect.

A lthough the exact function of the m itochondria rem ains unclear, 

there are changes which take place w ithin mitochondria at an early stage of 

apoptosis. Mitochondria in splenocytes were observed to exhibit a reduction 

in their membrane potential after Dexamethasone treatm ent which coincided 

with an increase in reactive oxygen species activity. These two events were
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deduced to be early apoptotic events as they were observed to occur before 

DNA fragm entation. This depolarisation was found to be Cyclosporine A 

(CsA) sensitive highlighting the possibility of mitochondria inner membrane 

m egachannel involvem ent (Zamzami et al., 1995). It is apparen t that 

m itochondria play an im portant role in the induction of apoptosis bu t their 

major function in that role appears to be m ore com plicated than  the 

production of ATP in order to fuel the apoptotic events w ithin the cell.

1.1.3 The importance of phagocytic clearance of apoptotic cells

The fact that apoptotic cells will eventually release their intracellular 

contents unless they are cleared indicates that phagocytosis is essential for the 

effective functioning of apoptosis. Clearance of apoptotic cells in vivo 

protects their im m ediate environm ent from any noxious com ponents or 

dam aged DNA the cells may contain (Savill et al., 1993). In instances where 

there is very low levels of apoptosis, apoptotic cells can be taken up  by 

neighbouring cells of the same type, but where there are very high levels of 

apoptosis such as the thymus, then professional phagocytes or macrophages 

are employed to clear away the dying cells (Ren et al., 1995). The importance 

of this phenom enon is clearly demonstrated in the case of mice which were 

treated by intraperitoneal injection with anti-Fas antibody (Ogasawara et al., 

1993). This induced very extensive hepatocyte apoptosis and there was not 

enough phagocytic machinery to absorb all the cells. It was thought that the 

unabsorbed apoptotic cells underwent necrosis causing the death of the mice.

Apoptosis is im portant in the prevention of m alignancy as it can be 

triggered by DNA damage (Strasser et al., 1994a) and therefore can result in 

rem oval of cells w ith  genetic lesions. The majority of anticancer drugs 

produce apoptosis in their targets and consequently there is m uch interest in 

developing agents to increase drug specificity and to render resistant targets
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more sensitive to the induction of apoptosis (Carson and Ribiero, 1993). 

However, the increase in apoptosis m ust be paralleled w ith an increase in 

phagocytosis if there is to be any beneficial effect.

In order for the apoptotic cell to be phagocytosed, there m ust be a 

system in place by which the phagocyte can distinguish an apoptotic cell from 

a background of healthy cells. There are an ever increasing num ber of 

mechanisms being described by which phagocytic cells are able to take up and 

dispose of apoptotic cells. These mechanisms include uptake of apoptotic 

cells via phagocyte lectin interactions, via phagocyte th rom bospondin  

receptors and via phosphatidylserine and its receptors.

It is thought that apoptotic cells destined to be taken up via lectin 

interactions strip off sialic acid residues to reveal N-acetylglucosamine, N- 

acetylgalactosamine and galactose residues. These newly revealed sugars are 

now available for interaction w ith phagocyte lectins and the apoptotic cells 

can be taken up (Duvall et al., 1985). Work studying the uptake of apoptotic 

neutrophils by macrophages indicates that the uptake is m ediated by a 

throm bospondin moiety on the neutrophil which binds macrophage-secreted 

throm bospondin which in turn binds to an ttvPs integrin (vitronectin) and 

the 88 kDa CD36 protein (Ren et al., 1995). Another m echanism which is 

implicated in the uptake of murine apoptotic thymocytes, is where apoptotic 

cells upregula te  their levels of phosphatidylserine to a po in t w here 

macrophages bearing phosphatidylserine receptors recognise and phagocytose 

these cells (Savill et al., 1993). These mechanisms appear to have no definite 

restrictions and it seems possible that they might be able to substitute for each 

other in the event of one system failing, thereby creating a fail-safe for this 

im portant phenom enon.
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1.2 Gene products involved in apoptosis

The observation that in m any systems both  mRNA transcrip tion  

a n d /o r  protein synthesis are required for the induction of apoptosis (Cohen,

1993), prom pted the search for genes which were required or were newly 

expressed in order for apoptosis to function. Using m any different 

techniques, a large number of genes have been isolated which play a role in 

apoptosis or program m ed cell death in many different systems. This section 

looks at the genes and gene products which have major im portance in 

furthering the understanding of the process of apoptosis.

1.2.1 The involvem ent of the hcl-2 family 

Bcl-2

Study of hum an lymphoid malignancies, which were characterised by a 

chromosomal translocation, gave rise to the cloning of the bcl-2 oncogene. 

H aem atopoietic populations are controlled by proliferation as well as cell 

death and due to the inappropriate expression of Bcl-2, the death end of this 

balance is upset and malignancies result. Once Bcl-2 had been isolated, its 

function as a protector of cells from apoptosis w as quick to em erge 

(Korsmeyer, 1992).

Bcl-2 has been observed to protect a wide range of cell types against a 

range of apoptotic stimuli including: growth factor deprivation, irradiation, 

heat shock, Ca^+, H 2O 2 / the action of c-myc, p53 gene p roducts and 

chemotherapeutic drugs. However Bcl-2 has been shown, in some cases, not 

to protect against: T cell-mediated cytotoxicity, thymic negative selection, 

H 2O 2 and TNF. Due to Bcl-2's wide range of action it has been suggested that
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it blocks apoptosis at some stage in a common pathway but in addition there 

m ust be other mechanisms as thymic negative selection is unaffected (Reed,

1994).

Bcl-2 is a 25-26 kDa protein which contains no recognised motifs to 

which any function can be assigned. It has 19 hydrophobic amino acids in its 

COOH tail implying anchoring of the protein within membranes w ith  most 

of the protein (active domains) facing into the cytosol (Reed, 1994). So far 

there is no hard evidence which denotes a specific function for this protein 

bu t there are two different theories which may point to a function or 

functions.

Bcl-2 has the ability to block apoptosis induced by ionising radiation 

which produces hydroxyl ions directly by radiolysis of water. These hydroxyl 

ions are capable of damaging DNA, protein and lipid membranes, which in 

excess produce morphology similar to apoptosis (Hockenbery et al., 1993). In 

addition, the concentration of free radicals (ROI) appears to control which 

death process is effected, as high concentrations induce necrosis rather than 

apoptosis (Buttke and Sandstrom, 1994).

H ydrogen peroxide (H2O 2), which contains an O2 w ith  an unpaired 

electron, has been observed to induce apoptosis in a range of cell types (Buttke 

and Sandstrom , 1994) and in an IL-3 dependent pro-B cell line (FL5.12) 

(Hockenbery et al., 1993). Transfection of this line and the consequent over

expression of Bcl-2 protected the cells from both IL-3 w ithdraw al and low 

concentrations of H 2O 2 . The protecting activity appeared to be located in the 

cytoplasm and dependent on the removal of ROI. This conclusion was draw n 

as the apoptosis induced by a quinone com pound, m enadione, was not 

blocked by Bcl-2 which coincided with a failure in blocking an oxidative burst
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(Hockenbery et al., 1993). These findings indicated a role for Bcl-2 acting as a 

ROI trap thus preventing ROI-mediated cell damage. In addition the bcl-2 

knock out mouse develops two potentially ROI related pathologies, polycystic 

kidney disease and hypopigmentation, further reinforcing this finding (Veis 

et al., 1993).

In contrast, in an experiment to test the requirem ent of ROI for the 

induction of apoptosis, apoptosis in response to Staurosporine or anti-IL-3 

was observed to progress normally in either aerobic or anaerobic conditions. 

Bcl-2 was also able to block apoptosis induced under both oxygen conditions 

(Jacobson and Raff, 1995). This result implied that ROI generation is not 

essential for apoptosis even though it can induce apoptosis. Furthermore, the 

observed generation of ROI (Hockenbery et al., 1993) w ould appear to be a 

consequence of apoptosis and Bcl-2 would appear to inhibit their generation 

by blocking cell death (Jacobson and Raff, 1995).

The second theory suggests that a function of Bcl-2 is to m odulate ER 

associated Ca^+ fluxes and prevent the transmission of an apoptotic signal. 

The finding that Bcl-2 was also located in the ER prom pted an investigation 

into the possibility of an interaction betw een Bcl-2 and [Ca^+]i. Bcl-2 

transfected WEHI7.2 cells d isplayed resistance to D exam ethasone and 

Thapsigargin-induced apoptosis but growth arrest still occurred in response to 

both stimuli. Examination of [Ca^+Ji revealed that, in Bcl-2 transfected cells, 

the [Ca2+]i change in response to Thapsigargin was approximately half that of 

untransfected  cells. This difference was reitera ted  w hen [Ca^+Ji and 

extracellular Ca^+ were considered separately. Bcl-2 was not found to interfere 

w ith the inhibition of the ER Ca^+ pum p and so it was concluded that Bcl-2 

was interfering w ith the release of Ca^+ from the ER (Lam et al., 1994). In 

addition Bcl-2 transfected NIH-3T3 fibroblasts were found to have lost their 

characteristic Ca^+ oscillations prior to apoptosis induced by IL-3 withdrawal 

(Magnelli et al., 1994).
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These results imply that Bcl-2 may interact in some way w ith Ca^+ 

channels in the ER membrane to alter [Ca^+]i fluxes. This would imply that 

Bcl-2's function is dependent on its m em branous location. H ow ever, 

expression in FL5.12 cells of a truncated Bcl-2 m issing its signal-anchor 

dom ain, was located uniformly throughout the cytoplasm. Cells w ith  this 

expression pattern  of Bcl-2 rem ained resistant to apoptosis following IL-3 

w ithdraw al precluding that the function of Bcl-2 was dependent on its 

m em brane-bound state. A lthough full length  Bcl-2 p rov ided  better 

protection, it was thought that this was due to membrane binding causing 

Bcl-2 to be in a better location in which to carry out its function (Hockenbery 

et al., 1993).

O ther Bcl-2 family members

Due to the interest generated by the importance of Bcl-2 in apoptosis, 

there have been extensive searches for homologues of Bcl-2 and consequently 

a num ber of related genes have been isolated. One of the first to be isolated 

was bcl-x, a result of cloning bcl-2 genes in chickens. Consequently two 

hum an isoforms were isolated from a hum an library: B c1-x l  which appears 

similar to Bcl-2 and Bcl-Xg which lacks a 63 amino acid stretch (Boise et al., 

1993). Subsequent comparison revealed that Bcl-2 homologues contain two 

conserved domains of homology BH-1 and BH-2, which appear to im portant 

for dim érisation and function (Williams and Smith, 1993). Bcl-Xs appears to 

be missing both of these domains which greatly affects its function. Murine 

FL5.12 cells transfected w ith  hum an B c1-x l  were more resistant to IL-3 

w ithdraw al than Bcl-2 transfectants. However Bcl-Xg conferred no resistance 

to IL-3 withdrawal and even abrogated the protection afforded by Bcl-2 when 

co-transfected (Boise et al., 1993).

In a different approach, a monoclonal antibody to Bcl-2 was used to 

im m unoprecipitate Bcl-2 and any associated proteins from hum an RL-7 and 

RL5.12 cells. A 21 kOa band was isolated, microsequenced and the analogous
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hum an and murine cDNAs isolated. This homologue was named bax and its 

mRNA was found to be expressed in a wide range of tissues. A cDNA library 

and N orthern blot analysis identified different forms of mRNA arising by 

alternative splicing: a membrane bound form (Baxa) and two cytosolic forms 

(Baxp and Baxy). Bax was found to be highly homologous to Bcl-2 especially 

in regions BH-1 and BH-2 but interestingly, overexpression of Baxa in FL5.12 

cells was found to accelerate IL-3 related apoptosis. To investigate the 

relationship betw een Bcl-2 and Bax, Bcl-2 was expressed in FL5.12 cells at 

different levels compared to Baxa. Where there was more Bcl-2 the cells were 

protected and where there was more Baxa, apoptosis was accelerated. Further 

im m unoprécipitation experiments produced evidence for a model where the 

ratio of Bcl-2/Bax determines susceptibility to death following an apoptotic 

stimulus. In this scenario, when Bcl-2 is in excess, homodimers form and the 

cells are protected bu t as Bax expression increases there are progressively 

more Bcl-2/Bax heterodimers and Bax homodimers. W hen Bax homodimers 

are in excess cells are at their most sensitive to apoptotic signals (Oltvai et al., 

1993).

A dditionally , fu rther evidence for this m odel has come from  

examining different clones of BL-41 cells which varied in their susceptibility 

to induction of apoptosis via sig-cross linking. Bax expression was induced in 

sensitive variants and weakly induced in resistant variants after sig cross- 

linking indicating that the level of Bax was controlling sensitivity  to 

apoptosis. The levels of Bcl-2 and Bcl-x was com parable in all clones. 

Furtherm ore, constitutive expression of Bcl-Xg was found to be higher in 

sensitive cells than  in resistant cells indicating another potential Bcl-2 

regulating activity (Bargou et al., 1995).

The rapidly expanding Bcl-2 family of proteins involved in cell death 

has recently been added to by using the yeast two hybrid system to isolate Bcl-2 

associated proteins in RL5.12 cells. A cDNA encoding a protein migrating at
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30 kDa on SDS page was isolated and named bad. Although Bad had highly 

conserved BH-1 and BH-2 regions, it was distinct from other members outside 

of this region and had no signal anchor domain indicating that it is expressed 

in  the cytosol. Co-transfection experiments revealed that Bad was able to 

abrogate the protective effects of B c1-x l  but not the effects of Bcl-2, while 

b ind ing  to both  products. Bad was not able to confer protection from 

apoptosis on its own in RL5.12 cells. Im m unoprécipitation experim ents 

favour a m odel where Bad competes w ith Bax for Bcl-2 and B c1-x l  binding. 

H igh [Bad] leads to successful competition and the release of Bax which then

bcl-2/ £; — bax/ ^ 
bcl-2 “

_  bax/ 
bax

[bax]

Death

bcl-xL/bcl-xL/
bax

bax

[bad]

Figure 1.1

m akes the cell more sensitive to apoptosis. Figure 1.1 show s a highly 

schematic and non-exhaustive representation of the models outlined above 

(Yang et al., 1995).

Another Bcl-2 binding protein, BAG-1, was isolated by screening a X 

phage expression library w ith recombinant Bcl-2 protein. The predicted 

sequence of BAG-1 revealed a novel 29-30 kDa protein w ith no similarity to 

Bcl-2 or related proteins. Co-transfection of Jurkat T cell lines revealed that 

BAG-1 conferred minimal resistance to anti-Fas or Staurosporine bu t w ith
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Bcl-2 was able to significantly enhance protection. However, in NIH-3T3 

fibroblasts extensive overexpression of BAG-1 was able to protect against 

Staurosporine-induced apoptosis as effectively as Bcl-2. The data indicates 

that BAG-1 adds yet another level of complexity to the regulation of apoptosis 

by the ever expanding Bcl-2 family (Takayama et al., 1995).

The yeast two hybrid system has also been used to identify proteins 

w hich bind to ElB 19K, an adenovirus protein that can protect cells against 

T N F a , anti-Fas and NGF deprivation-induced apoptosis. A novel cDNA 

w ith homology, particularly in regions BH-1 and BH-2, to bcl-2, was isolated 

and nam ed bak (Farrow et al., 1995). Expression of Bak was found to: firstly, 

accelerate apoptosis in NGF deprived neurones (Farrow et al., 1995), secondly, 

to counteract the effect of Bcl-2 in RL5.12 upon IL-3 withdrawal and in serum 

deprived Rat-1 cells expressing c-myc (Chittenden et al., 1995). Thirdly, Bak 

w as found  to p reven t apoptosis in WI-L2 cells in response to serum  

w ithdraw al and the cytotoxic drug menadione in contrast to the findings in 

RL5.12 cells (Kiefer et al., 1995). Overall it appears that Bak functions in a 

similar m anner to Bax although it does not appear to bind to Bcl-2, Bcl-Xg or 

Bax indicating that there may another unidentified partner (Farrow et al.,

1995).

It is clear from these findings that the control of apoptosis by the Bcl-2 

family and related binding proteins is extremely complex. As some of the 

members appear to have similar effects, this may be indicating that there is 

some redundancy in the control of apoptosis. This w ould allow family 

m embers to substitute for each other in situations where the norm al effector 

protein had been incapacitated thereby providing a safeguard to ensure that 

apoptosis occurs in the appropriate manner.
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1 .2 .2  Genetic basis of apoptosis in C  ele^ans

Caenorhabditis elegans (C. elegans) is a small nematode in which 131 of 

its 1090 cells in the herm aphrodite variant undergo apoptosis during  its 

development. The pattern of apoptosis is exactly duplicated for each worm 

and cells destined to enter apoptosis can be identified w ith 1 0 0 % accuracy. 

Consequently program m ed cell death (PCD) can be studied in this system at 

the resolution of a single cell (Hengartner and Horvitz, 1994b).

The programmed cell deaths can be easily identified by microscopy and 

abnorm al cell deaths noted. Therefore, to investigate the genetics involved 

in  cell d e a th , h e rm a p h ro d ite s  w ere  m u ta g e n ise d  w ith  e th y l 

m ethanesulfonate (EMS) and the progeny screened by m icroscopy for cell 

death  anomalies. The first m utations to be isolated were ced-1 and ced-2. 

These were mutations which prevented the phagocytosis of apoptotic cells by 

neighbouring cells. Fortunately, the dead cells did not disintegrate as they do 

in m am m alian systems, bu t rem ained intact where they could be easily 

spotted and the m utant worms isolated. Additionally, in another m utant, 

nuc-1, which is deficient in an endonuclease, DNA persists as a compact dot 

but the nucleoplasm is removed. In ced-1 and ced-2 worm s DNA also was 

not degraded and remained as a clearly visible button under light microscopy. 

The fact that the DNA was not degraded in these anim als im plied that 

nuclease activity was being supplied by the engulfing cell (Hedgecock et al., 

1983).

In order to isolate more m utants, the ced-1 and ced-2 anim als were 

used in  further mutagenesis experiments. This was to prevent the uptake of 

apoptotic cells so that they would remain clearly visible and allow apoptosis 

negative phenotypes to be easily identified. A new m utation, ced-3, was 

isolated w hich showed no apoptotic cells during developm ent. The cells 

which did not die, differentiated and appeared to be functional but did not 

proliferate. A previously isolated m utation w ith the same phenotype was
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found to be in a different gene to ced-3 and was nam ed ced-4 (Ellis and 

Horvitz, 1986). To investigate the actions of these genes, mosaic worm s were 

generated where expression of other markers allowed the phenotype of each 

cell to be determined. In cells where ced-3 and ced-4 were expressed, cell 

death  proceeded normally bu t in cells which lacked expression, PCD was 

blocked. This implied ced-3 and ced-4 were acting w ithin doom ed cells to 

induce program m ed cell death during developm ent (Yuan and H orvitz, 

1990).

Further mutagenesis experiments allowed the isolation of another five 

m utations involved in the engulfment of apoptotic cells which were named: 

ced-5, ced-6, ced-7, ced-8 and ced-10. Analysis of double m utations led to the 

proposal that there are tw o partially redundan t processes involved in 

engulfm ent (Ellis et al., 1991). This is similar to findings in m am m alian 

systems w here there appears to be more than one m echanism  by w hich 

apoptotic cells can be phagocytosed (section 1.1.3).

While screening for other genes involved in program m ed cell death, 

m utations in a new gene, ced-9, were isolated. M utations which abnormally 

activated  ced-9  inhibited  norm al cell deaths w hile m utations w hich 

inactivated ced-9 caused cells which normally live to undergo PCD which 

were embryonic lethal. This indicated that ced-9 functions to block PCD in 

the cells in which it is expressed. In order to analyse its interaction w ith other 

genes, ced-9 (loss of function) m utants were crossed w ith ced-3 and ced-4 

m utants. Both ced-3 and ced-4 were able to block the embryonic lethal 

phenotype indicating that the function of ced-9 is to inhibit the activity of 

ced-3 and ced-4 (Hengartner et al., 1992). W hen ced-9 w as cloned and 

sequenced it was found that the predicted protein shared 23% homology w ith 

bcl-2 which was concentrated in the BH-1 and BH-2 domains (section 1.2.1). 

This was not surprising as their functions are very similar in their respective 

systems. Additionally, transfection of an inducible» bcl-2 gene was able to
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counteract the inactivated ced-9 phenotype. CED-9 was found to be the worm 

Bcl-2 equivalent as: the proteins are very alike showing similar hydropathy 

plots in the C terminal half, the final intron in both is in the same place and 

hcl-2 can act like ced-9 in C. elegans (Hengartner and Horvitz, 1994a)

Doomed Dead
Cell Cell /  \

[  Engulfment \
Apoptosis

, ced-3 ced-1
ced-9--------------1 ced-2 ^ __

ced-4 ced-5
ced-6
ced-7
ced-8
ced-10

Figure 1.2

Figure 1.2 shows a schem atic diagram  of the genetic pathw ay 

controlling program m ed cell death in C. elegans adapted from (Hengartner 

and Horvitz, 1994b). As C. elegans is a relatively simple system, the genetic 

pathw ay for programmed cell death is correspondingly straight forward. It is 

likely, therefore, that the genetic pathw ays in m am m alian system s will 

emerge as extremely complicated. Currently mammalian equivalents for ced- 

9 (bcl-2) and ced-3 (apopain, section 1.2.5) have been identified  while 

equivalents for the others rem ain illusive. It seems probable that C. elegans 

will rem ain im portant to the study of apoptosis as the search for the other 

m am m alian equivalents continues.

32



1.2.3 Apoptosis induced via the TNF/nerve growth factor family

The TN F/nerve growth factor family consists of a large num ber of 

homologous proteins of which some are capable of inducing apoptosis in a 

variety of cell types (Smith et al., 1994). The Fas (CD95) and Fas ligand 

molecules are the best studied members of this family and are im portant in 

the function of the immune system. Mutations in the fas gene (Ipr) and Fas 

ligand gene (gld) produces a phenotype where hom ozygous mice have a 

massive peripheral accumulation of CD4 CD 8 - cells and a systemic lupus 

erythrematosus-like autoimmune disorder (section 1 .6 .1 ).

CD95 is a 45 kDa cell surface protein which has a single transmembrane 

domain. It is a member of the TN F/nerve grow th factor receptor family 

which includes: TNF Receptor types I and II, low affinity nerve growth factor 

receptor, CD40, CD27, CD30 and 0X40 (Suda et al., 1993). The extracellular 

dom ain consists of 157 amino acids w ith 17 in the transm em brane dom ain 

and 145 in the cytoplasm (Itoh et al., 1991). It is widely expressed in thymus, 

liver, heart, lung, kidney and ovary indicating a range of locations where 

CD95-mediated apoptosis may be important (Nagata and Suda, 1995).

Antibodies against Fas have been observed to induce apoptosis in cells 

expressing CD95 (Nagata and Suda, 1995). Studies have revealed that CD95 

activity is dependent on cross-linking of more than two molecules on the cell 

surface (Dhein et al., 1992; Suda et al., 1993). This, together w ith the trimeric 

structure of the TNF receptor implies that CD95 functions as a trimer.

A function of the Fas protein is to control the peripheral T cell 

population (section 1.6.2). Recently, it was observed that anti-CD3-induced 

apoptosis in Jurkat cells could be inhibited by blocking w ith  CD95 ligand 

soluble decoys (F(ab')2 fragm ents of anti-CD95, unable to cross-link and 

signal). Soluble CD95 ligand was found in the supernatant of activated Jurkat 

cells w hich im plied the presence of an autocrine suicide m echanism
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involving secreted CD95 ligand inducing apoptosis via CD95 in response to 

anti-CD3 stimulation. (Dhein et al., 1995). Additionally, T cell hybridom a 

lines A l.l , 2B4 and DOll.lO , which undergo activation-induced apoptosis in 

response to anti-CD3 or ionophore and phorbol ester, were found to increase 

their surface expression of CD95 and CD95 ligand after stim ulation. 

Apoptosis in T cell hybridomas was inhibited by interfering w ith the CD95- 

CD95 ligand interaction and the incidence of apoptosis was unaffected by 

culturing single isolated cells. This implies that activated cells are capable of 

killing themselves via this interaction (Brunner et al., 1995). These data give 

evidence for an im portant mechanism of activation-induced T cell apoptosis 

and hint that there may be two pathways of TcR ligation-induced apoptosis in 

which one signals directly to the cell via CD3 and the other w here CD95 

ligand is secreted, binds CD95 and stimulates apoptosis. Lpr/lpr mice appear 

to have relatively normal negative selection (Herron et al., 1993), which is 

m ediated via the T cell receptor (TcR). Therefore negative selection is 

unlikely to be m ediated by CD95 and an alternate pathw ay m ust be 

function ing , indicating  that apoptosis at d ifferen t stages of T cell 

development, which are mediated through the same receptor, may be effected 

by different pathways.

There are two mechanisms by which cytotoxic cells can induce cell 

death in target cells. One mechanism involves perforin  and granzym es 

where perforin forms a pore in the membrane allowing secreted granzymes 

to be internalised, causing the death of the cell. The other utilises the CD95- 

CD95 ligand interaction to induce apoptosis in susceptible targets (Podack, 

1995). A function of the perforin pathw ay was dem onstrated in perforin- 

deficient mice where they fail to clear virus infections in vivo bu t cytotoxic 

activity could be found in vitro indicating both the function of the perforin 

pathway and the existence of another cytotoxic mechanism (Kagi et al., 1994). 

This activity was com pletely abolished w hen Ipr targets w ere used in 

conjunction w ith perforin deficient CTLs. The CD95 killing activity was

34



dependent on TcR stimulation and specific for the target cell (Lowin et al.,

1994). In general, the perforin mechanism kills non-compliant targets such as 

virally induced cells and the other kills compliant cells and may function to 

m aintain the homeostasis of normal cell populations (Podack, 1995). The 

CD95-mediated pathway is dependent on target expression of CD95, the source 

of the requirement for a compliant target, whereas perforin appears to be able 

to kill any target.

CD95 may also be involved in the removal of potentially lethal cancer 

cells during tumourigenesis (section 1.5.3).

The transduction of the apoptotic signal from CD95 is poorly defined 

bu t a few proteins and signal systems have been identified as being involved. 

Activation of apoptosis via anti-CD95 has been observed to be m ediated via 

the sphingom yelin- ceram ide pathw ay. The involvem ent of ceram ide 

signalling in apoptosis is outlined in section 1.4.2.

In order to identify functional domains w ithin the CD95 molecule, 

cDNA for CD95 was progressively deleted and transfected into cells which 

were then tested for the induction of apoptosis by anti-CD95 antibody. The 

param eters for CD95-mediated apoptosis were variable in different cell types. 

L929 cells were sensitive to anti-CD95 apoptosis only in the presence of 

actinomycin-D implying that there was constitutive expression of a protective 

factor which was regulated at the mRNA level whereas WR19L cells did not 

require actinomycin D to undergo apoptosis. L929 cells transform ed w ith 

CD95 missing the C-terminal 15 amino acids showed increased sensitivity to 

apoptosis and the cells entered apoptosis in the absence of actinomycin-D in a 

m anner similar to w ild type transfectants. A further deletion of 8  amino 

acids prevented CD95-mediated apoptosis implying that part of the effector 

dom ain had been deleted. Analysis of CD95 and TNF receptor sequence 

revealed a 6 8  amino acid domain, conserved between the two molecules, that 

appeared to be required to transduce the apoptotic signal. These experiments
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im plied that: 1 ) there is a C-terminal regulatory dom ain to which a factor 

expressed in L929 cells can bind and inhibit apoptotic signals and 2) a 6 8  

amino acid domain (death domain) is required in CD95 to transduce apoptotic 

signals which is inhibited by the regulatory dom ain (Itoh and Nagata, 1993). 

The protein tyrosine phosphatase, PTP-BAS, has been observed to associate 

w ith  the 15 amino acid regulatory domain. Cells expressing PTP-BAS were 

observed to be resistant to CD95 killing whereas PTP-BAS non-expressing 

cells were sensitive indicating that PTP-BAS may be the regulatory factor 

described above (Cleveland and Ihle, 1995). PTP-BAS has recently been 

recloned using the yeast two hybrid system with CD95 cytoplasmic domain as 

bait. This protein was renam ed FAP-1. Transfection studies confirmed the 

findings obtained w ith  PTP-BAS and suggest that FAP-1 is a negative 

regulator of the CD95-induced pathway leading to cell death (Sato et al., 1995).

As the death domain is thought to have signalling function, the yeast 

two hybrid system was utilised to isolate proteins that bind to the cytoplasmic 

region of CD95. Using the hum an CD95 as bait, a novel protein was isolated 

and nam ed FADD (Chinnaiyan et al., 1995) or MORT-1 (Boldin et al., 1995). 

Expression studies w ith the isolated cDNA revealed a num ber of different 

protein variants at 34, 32, 28 and 27 kDa. This protein was found to bind to 

CD95 via the death dom ain but not in CD95 molecules bearing the lpr<̂ s 

m utation  (section 1.6.2) (Boldin et al., 1995) h inting that the functional 

disruption in lpr/lpr mice may be caused by an inability of MORT-1 to bind to 

CD95. Its overexpression was found to induce apoptosis in several cell lines 

which could be inhibited by crmA, the Interleukin-l-p-converting enzym e 

(ICE) inhibitor (section 1.2.5) (Chinnaiyan et al., 1995).

A different yeast protein interaction system using the hum an CD95 as 

bait, revealed a novel 74 kDa protein which was named RIP. This protein is 

entirely cytoplasmic and consists of a death dom ain and a protein kinase 

dom ain. Transfection of BHK cells w ith  RIP and the consequent

36



overexpression led to cell death which was found to be dependent on the 

k inase  dom ain , as de le tion  abrogated  th is activ ity . P re lim inary  

im m unopreciptations w ith CD95 revealed a 57 kDa protein reactive to RIP 

antisera potentially implicating RIP downstream  of CD95 in the apoptosis 

pathway (Stanger et al., 1995).

These proteins were isolated in artificial conditions and  their 

association w ith CD95-induced apoptosis has not been fully dem onstrated. 

Therefore in order to isolate physiologically associated proteins, CD95 was 

cross-linked and interacting proteins isolated. In unstim ulated cells, CD95 

was found in monomeric form and not associated w ith any other proteins. 

Immunoprécipitations revealed 4 proteins bound to CD95 after cross-linking 

w hich were nam ed CAPl-4. A version of CD95 w ith a part of the death 

dom ain deleted was unable to induce death and also unable to associate with 

any CAP proteins. CAP 1-2 were found to be two of the variants of MORT- 

1/FADD at 28 and 29 kDa respectively (see above). Further investigation 

indicated that these proteins are recruited instantly  to CD95 upon  its 

oligom erization where the complex acts to transduce an apoptotic signal 

(Kishkel et al., 1995).

As CD95 is involved in the clearance of T cells after an im m une 

response, the question of its function in B cells was addressed. CD95 was 

found to be expressed prim arily on activated B cells as it was induced by 

PWM, a T cell-dependent B cell mitogen. These cells were sensitive to the 

induction of apoptosis by anti-CD95. To investigate in vivo function, SC ID 

mice, grafted with hum an lymphoid cells, were injected w ith antigen and the 

effects of anti-CD95 analysed. Anti-CD95 was found to abrogate the Ig 

response indicating that activated B cells in vivo were sensitive to anti-CD95- 

induced apoptosis. Re-injection of T cells had no effect and the num ber of 

specific Ig secreting cells was observed to decrease with treatm ent confirming 

the in vitro findings (Daniel and Krammer, 1994).
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Another member of the TNF family is CD40 which is involved in B 

cell apoptosis. CD40 has no death dom ain bu t its function appears to be 

rescue of B cells from apoptosis (Smith et al., 1994). M ature B cells undergo 

apoptosis w hen the antigen receptor is strongly cross-linked. Anti-CD40 

antibodies have been shown to be able to rescue B cells from antigen-induced 

apoptosis and rescued cells go on to upregulate MHC class II. As the ligand 

for CD40 (CD40L) is expressed on activated helper T cells, it appears that B 

cells m ay be rescued from apoptosis by helper T cells when brought together 

by antigen to which both T cells and B cells are reactive. As self-reactive T 

cells have already have been deleted or anergised by thymic selection, this 

m odel w ould allow a m echanism for the prevention of B cell-m ediated 

autoimmunity to function (Tsubata et al., 1994).

Other members of this family include the two TNF receptors, TNFR I 

and TNFR II. One function of TNFR I is to m ediate apoptosis induced by 

TN Fa. TNFa is a homologue of CD95 ligand and TNFR I is homologous to 

CD95 (Rothe et al., 1995) im plying that the m echanism s of apoptosis 

induction may overlap. TNFR I has a CD95-like death dom ain and is 55 kDa 

in size whereas TNFR II does not and is 75 kDa (Smith et al., 1994). TNFR I 

has been observed to mediate TNF-induced apoptosis whereas TNFR II has 

been implicated in cell proliferation and survival. Three factors, TRAFl-3, 

have been identified to interact w ith the cytoplasmic region of TNFR II. 

Recently, tw o novel proteins which associate w ith  TNFR II have been 

isolated and characterised. These were named c-IAPl and C-IAP2 as they were 

found to belong the baculoviral inhibitor of apoptosis protein family which 

contain characteristic tandem  repeats spanning 70 amino acids. These 

proteins were found to bind to TRAF-1 and TRAF-2 and m ay function to 

promote survival in cells where apoptotic signals have been delivered (Rothe 

et al., 1995).
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The main mechanism by which virally infected cells are cleared is via 

the induction of apoptosis by cytotoxic cells. Any virus which is able to block 

the death signal will have a selective advantage as its host will survive to 

produce virus progeny and the best places to acquire such proteins are the 

cells ow n mechanisms for counteracting apoptosis. Drosophila homologues 

of c-IAPs, DIAPs have recently been show n to have protective effects in 

transgenic flies. Overexpression of the reaper (see below) gene causes flies to 

exhibit shrunken eyes from excessive apoptosis. Co-expression of DIAPs 

counteracts this effect and restores the w ild phenotype highlighting the 

potential function of the c-IAPs associated w ith TNFR II which is associated 

w ith activation and proliferation rather than death (Hay et al., 1995).

In order to isolate proteins associated w ith TNFR I, its intracellular 

dom ain was used as bait in the yeast two hybrid system. A protein that 

specifically interacts with TNFR I of 34 kDa was isolated and nam ed TRADD. 

Overexpression of TRADD was found to induce apoptosis in a variety of cell 

lines and to induce activation of NF-kB. The cowpox inhibitor crmA was able 

to block apoptosis induced by TRADD, indicating the potential involvement 

of apopain (section 1.2.5) whose activity is blocked by crmA  (Nicholson et al., 

1995). However, activation of NF-kB was not blocked indicating that two 

different signalling pathw ays may be activated via TRADD. Deletional 

m utagenesis identified a CD95 hom ologous death  dom ain  w hich was 

required for both apoptosis and NF-kB activation (Hsu et al., 1995).

The final im portant mem ber of this family w hich is involved in 

apoptosis is the Drosophila gene reaper. Reaper was identified by deletional 

m utagenesis of the genome and progeny fly examination. In the embryo, 

reaper mRNA is expressed in locations which coincide w ith  the onset of 

program m ed cell death w hich indicated its involvem ent w ith  apoptosis 

(White et al., 1994). Reaper is a small cytoplasmic protein of 65 amino acids 

which is an inducer of cell death rather than part of the apoptosis machinery
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itself (Raff, 1994). Comparison of Reaper's amino acid sequence w ith TNFR I 

and CD95 revealed that it was highly homologous to the death dom ain of 

TNFR I and less so to CD95. This implies that there may be similar death 

signalling system s in Drosophila as have been previously described in 

mam m alian systems using other cell death gene homologues (Golstein et al., 

1995).

Additionally, a further gene hid (head-involution defective) has been 

identified as an inducer of cell death. M utation of this gene results in the 

persistence of cells in the dorsal fold which prevents the m igration of the 

head into its proper location which results in the observed phenotype. 

A nalysis show ed that the phenotypes of hid  and reaper only exhibit 

themselves w hen both genes have been m utated thereby explaining w hy 

previous searches for death genes in Drosophila had not been successful 

(Roush, 1995). This suggests that these genes could share a degree of 

redundancy where each is able to replace the other in the case of inactivation 

or m utation. This is a phenom enon which could well be in  existence 

throughout the different signalling pathways which lead to apoptosis.

1.2.4 Oncogenes and apoptosis

In any population of non-dividing cells, any m utant which acquires a 

proliferation advantage will outgrow  the other non-dividing cells. An 

interesting problem that arises is how this aberrant proliferation is suppressed 

w hile substantial appropriate  proliferation is allow ed to proceed. As 

neoplasia is comparatively rare in m an there m ust be either an exceedingly 

low m utation rate or a very efficient mechanism for weeding out neoplastic 

cells.
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c-Myc

The oncogene c-myc is a DNA binding protein w ith a short half-life 

that is found to be deregulated in many tumours. Its structure indicates that 

its prim ary function is to modulate transcription of other genes. A few genes 

have been identified as targets for c-Myc protein but their identification has 

offered no indication of c-Myc's biological function. c-Myc has been observed 

to be sufficient for proliferation (Eilers et al., 1989) and inhibition w ith  anti

sense mRNAs was observed to block this phenom enon (Prochownik et al., 

1988). The domains of c-Myc which are required to induce proliferation were 

show n to coincide w ith those involved in transcription factor functions 

(Evan et al., 1992).

The fact that c-Myc can generate continuous proliferation in vitro, 

suggests that deregulation of a single gene is sufficient for transform ation. 

However, over-expression or deregulation of c-Myc expression in vivo does 

not autom atically lead to transform ation, and transform ants that do arise 

tend to be monoclonal in origin implying that in vivo deregulation of c-myc 

is not sufficient for neoplastic transformation. This was shown using isolated 

tum ours w ith de-regulated c-myc where they were found to be dependent on 

the presence of m itogens to m aintain proliferation w hich w ere in tu rn  

mediating the levels of c-Myc (Evan et al., 1994). Importantly, in fibroblasts 

which over express c-myc, where c-myc is not controlled by mitogens and the 

cells continue to proliferate, the absolute number of cells do not increase as 

there is a large am ount of apoptosis. Again m utational studies co-localised 

the transcription factor domain, the proliferation dom ain and the apoptosis 

domain indicating that the activities were tightly linked (Evan et al., 1992).

This linkage betw een proliferation and death  provides a safety 

mechanism to prevent tumourigenesis. Proliferating cells w ith  de-regulated 

c-myc are also hypersensitive to the induction of apoptosis. It is possible that 

transform ation involving c-myc requires a second m utation to inhibit the
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increased susceptibility to cell death. One such example is neoplasm s 

involving the oncogene bcl-2. In serum deprived fibroblasts, Bcl-2 co-operates 

w ith c-Myc. c-Myc gives the cells the ability to proliferate but also makes 

them  sensitive to apoptosis in serum starved conditions. Bcl-2 counteracts 

the apoptosis and allows the number of cells to accumulate (Wagner et al.,

1993). Culture of pre-neoplastic bone m arrow cells from Ep-myc transgenic 

mice, transfected w ith bcl-2 revealed that both c-myc and bcl-2 were required 

to achieve a stable, proliferating cell population (Vaux et al., 1988). This 

suggests that cell death is an im portant lim itation in tum ours driven by c- 

myc.

There are two m odels that attem pt to explain the induction of 

apoptosis by c-Myc following serum withdrawal. Firstly, there is the conflict 

m odel where c-Myc produces two signals one for proliferation and one for 

death. The circumstances of the cell then determine the ultimate its fate; i.e. 

proliferation induced by mitogens or the induction of apoptosis by growth 

factor w ithdraw al. Secondly there is the dual signal m odel w here c-Myc 

activates both program m es at the same time. The dom inant program m e is 

apoptosis which is then suppressed by ectopic factors allowing the cell to 

proliferate. Such factors could be serum or Bcl-2 (Evan et al., 1994; Harrington 

et al., 1994).

p53

Another im portant oncogene involved w ith  cell death is the tum our 

suppresser gene p53. p53 was first noted as the gene most often m utated in 

hum an neoplasia and therefore has been studied very carefully (Harrington 

et al., 1994). Experiments in HL-60 cells, which lack endogenous p53, revealed 

that p53 was responsible for inducing a G1 growth arrest after y-irradiation as 

w ild type p53 transfection and expression could be directly related to the 

induction of growth arrest (Kuerbitz et al., 1992).
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The derivation of the p53"/‘ null mouse allowed critical testing of the 

function of p53. The development of this mouse was normal except that the 

mice were extremely sensitive to tumours. Thymocytes from these mice 

w ere completely resistant to apoptosis induced by y-irradiation and other 

DNA dam aging agents compared to non-transgenic, litterm ate controls but 

rem ained sensitive to glucocorticoids. This confirmed the involvem ent of 

p53 in the cell death in response to DNA damage (Clarke et al., 1993; Lowe et 

al., 1993). p53 also appears to have function in causing a transient G1 arrest, 

prior to entry into S phase. This was observed in m urine p53"/" which no 

longer demonstrate the arrest after ionising radiation treatm ent (Kastan et al., 

1992). This led to the proposal that the function of p53 is to pause the cell 

cycle while damage assessment and repair is effected. If the dam age is 

repairable then p53 holds the cycle while DNA is repaired but if damage is too 

great then the cell is disposed of via apoptosis (White et al., 1994). This model 

explains w hy p53 inactivation is so common in neoplasia as p53 dysfunction 

would allow the survival of cells with damaged, possibly transforming DNA.

p53 is not an obligate component of the apoptosis m achinery as 

apoptosis can occur in its absence (Clarke et al., 1993; Lowe et al., 1993), and 

even in response to extreme DNA damage. Additionally, c-Myc and E lA  (see 

below) require co-operation of p53 to induce apoptosis even though neither 

induce DNA damage, implying that p53 may have other, as yet unknown, 

functions (Harrington et al., 1994).

ElA

The hum an tum our prom oting adenovirus encodes two transform ing 

oncogenes which mediate their activity by inducing proliferation as well as 

interfering w ith apoptosis. ElA  stimulates proliferation but fails to transform 

cells as they undergo apoptosis, involving p53, while ElB blocks the ElA- 

induced apoptosis and thereby allows transformation. The activity of ElB can 

be substituted by bcl-2. (White, 1993). ElB has two transcripts; a 19 kDa protein
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which inhibits apoptosis and has been shown to bind to Bak (Farrow et aL, 

1995) and a 55 kDa protein which binds directly to p53 and inhibits its activity 

(White, 1993).

A lthough  E lA  does not induce DNA dam age, it is able to 

transcriptionally stimulate the accumulation of p53 (Braithwaite et aL, 1992) 

which then may induce the apoptosis observed in response to ElA. It appears 

that E lA  may function in a similar manner to c-Myc as chimeras of the two 

pro teins w ere found to retain transform ing activity. In transform ing 

chimeras active domains were required in cis from both proteins implying 

that transform ing activity by both proteins may involve interactions w ith 

common substrates (Ralston, 1991). It appears that the adenovirus has a c- 

myc-like activity and a bcl-2-like activity w hich upon  infection induces 

pro liferation  and inhibits apoptosis, possibly via p53, and  allow the 

propagation of the virus. This suggests that if the suppression of apoptosis is 

a critical step towards tum our form ation there m ay be potential for new 

strategies for the treatment of cancer (White, 1993).

1.2.5 Involvement of cysteine proteases in apoptosis

During the dissection of the pathways involved in program m ed cell 

death in the nematode Caenorhabditis elegans (section 1 .2 .2 ), tw o m utations, 

ced-3 and ced-4 were isolated and found to be required for program m ed cell 

death during development (Yuan and Horvitz, 1990). Cloning, sequencing 

and database searching revealed that ced-3 shares 29% amino acid identity 

w ith  Interleukin-1  p-converting enzyme (ICE) w ith  43% iden tity  in the 

postulated active site (Yuan et aL, 1993). ICE is active as tetram er of two plO 

subunits and two p20 subunits and acts as a cysteine protease to cleave pro-IL- 

Ip  at A sp ll6 -A la ll7  to produce mature IL-lp (Kumar, 1995).
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In order to investigate the function of ICE, the m urine ICE cDNA was 

overexpressed in RAT-1 fibroblasts and apoptosis measured. Apoptosis was 

induced in cells which were transfected w ith cDNA encoding both subunits 

bu t not in those expressing one subunit or an inactivated (point m utations in 

CED-3 homologous domain) form of ICE. This activity was duplicated in cells 

overexpressing CED-3. Additionally, crmA, the cowpox inhibitor of ICE, and 

bcl-2 were able to block apoptosis. These results indicated the involvement of 

ICE in the induction of apoptosis in vitro (Miura et al., 1993). The fact IL-l-p 

has not been linked to apoptosis and that ICE is expressed in tissues which do 

not express IL-ip have led to proposal that ICE has some other unknow n 

function in apoptosis. Alternatively it has been postulated that another 

cysteine protease, similar to ICE, is the true apoptotic effector (Jacobson and 

Evan, 1994b).

To establish the relevance of ICE in apoptosis in vivo , ICE knock-out 

mice were made which expressed no detectable ICE. These mice were normal 

and no defect in apoptosis was detected. Furthermore apoptosis induced in 

macrophages and thymocytes appeared normal. The mice were defective in 

IL -lp  and a  production and the levels of IL- 6  and TNFa were reduced. 

Interestingly, the mice were resistant to endotoxic shock induced by LPS but 

this was thought to be due to altered cytokine profiles rather than  any 

apoptotic phenomena (Li et al., 1995). This lends credence to the notion that 

ICE itself may not be the mediator of apoptosis but rather that another ICE- 

like protein is involved.

To date there are seven members of the ICE/CED-3 family of proteases 

which are ICE, ICErei-H, ICErei-EI, Nedd-2fICH-l, ICH-2, prICE and CPP-32. 

ICErei-II and ICErei-HI were cloned from a hum an monocyte library and found 

to be 52% homologous to ICE and 25% homologous to CED-3. Transfection of 

activated ICErei-H and ICErei-IH induced a significant amount of cellular
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apoptosis. Like ICE they have plO and p20 subunits and transfection studies 

have indicated that the cleavage of the pro-p2 0  domain is required to achieve 

active protein (Munday et aL, 1995).

Nedd-2 was isolated as a gene involved in mouse CNS which led to the 

hum an equivalent, ICH-1, being cloned. Nedd2/ICH-1 is a closer relative to 

CED-3 than ICE, having 31% homology and is expressed in two forms, long 

(L) and short (s). The short form Nedd2a/ICH-1 s is 21 amino acids shorter in 

the p20 dom ain and overexpression of this isoform protected RAT-1 cells 

from serum withdrawal in a similar manner to Bcl-2. In a fashion reversed 

bu t reminiscent of bcl-x, the long form, Nedd-2L/ICH-lL, was found to induce 

apoptosis when overexpressed (Wang et al., 1994). However, the short form 

was unable to protect against apoptosis induced by the long form (Kumar, 

1995). This left the relationship between the two isoforms and their influence 

on apoptosis in unknown territory.

ICH-2 was cloned from a hum an thymus cDNA library by screening 

w ith an ICE gene probe. In vitro studies indicated that while ICE and ICH-2 

have common catalytic properties, they probably differ in substrate specificity 

(Kamens et al., 1995). No apoptotic studies on ICH-2 have been published to 

date. A further ICE-like protein (prICE) has been identified in chickens which 

cleaves poly(ADP-ribose) polymerase (see below) which is an activity similar 

to the cleavage of pro-IL-l(3. No sequence or homology data is currently 

available and so it is not known if it is the chicken version of a family 

member or a novel protein (Kumar, 1995).

A po ten tial substrate  for the ICE activity is poly(A D P-ribose) 

polymerase (PARP) which may be involved in maintaining genome integrity 

and DNA repair in response to environmental insults. The cleavage of PARP 

results in the separation of two Zn-finger DNA binding motifs preventing its 

recruitm ent to areas of damage and probably disabling its repair activity. In 

addition, the endonuclease im plicated in DNA laddering appears to be
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negatively regulated by PARP which w ould allow it to becom e highly 

activated in situations where PARP had been deactivated (Nicholson et aL,

1995).

The PARP cleavage activity was isolated and identified (Nicholson et 

aL, 1995) as the previously cloned CPP-32 (Kumar, 1995). Using a cell free 

apoptosis system as a readout, this final member of the ICE/CED-3 family was 

examined and its capacity to cleave PARP and induce apoptosis ascertained. 

Inhibition of CPP-32 was found to prevent the cleavage of PARP and to 

prevent the induction of apoptosis in this system. This phenom enon could 

not be repeated w ith ICE and CPP-32 was found to be required bu t was not 

sufficient to induce apoptosis. CPP-32 was renamed apopain and is proposed 

to be the hum an equivalent of CED-3 and prICE and a central m ediator of 

apoptosis (Nicholson et aL, 1995)

1 .2 .6  Other gene products involved in apoptosis

In order to isolate genes involved in cell death, a cDNA library from a 

T cell hybridoma was subtracted from a cDNA library from the same T cell 

hybridom a, after induction of apoptosis. One clone isolated as a newly 

expressed mRNA turned out to be the previously cloned orphan  steroid 

horm one receptor, nur77  (Woronicz et aL, 1994). The mRNA was observed 

to be newly expressed after 45 minutes treatment with anti-TcR antibody, Ca^+ 

ionophore and phorbol esters which resulted in apoptosis. Interestingly, 

nur77 mRNA could also be induced by m itogens but this mRNA species 

lacked poly(A)+ sequences in contrast to mRNA induced by apoptotic stimuli. 

No difference in stability could be detected between the two species of mRNA 

and so it was thought that the Poly(A)+ tail was having some other effect, 

perhaps on translation (Liu et aL, 1994). Examining the p ro tein  levels 

revealed that Nur77 was present at high levels in apoptotic T cell hybridomas
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and thymocytes but not in growing T cells or stimulated splenocytes which 

supports the theory of the poly(A)+ tail affecting translation (Woronicz et al.,

1994).

D om inant negative m utants of nur77  (Woronicz et al., 1994) and 

antisense experim ents (Liu et al., 1994) have been used to examine the 

relevance of Nur77 in the induction of apoptosis. The dom inant negative 

m utan t consisted of the DNA binding site w ithout the transactivation 

dom ain which could occupy the DNA thereby preventing wild type Nur77 

from functioning. Apoptosis induced by anti-CD3 antibody was found to be 

inhibited by the presence of the dom inant negative m utant indicating that 

Nur77 was required for anti-CD3-mediated apoptosis in T cell hybridomas. In 

the second approach, antisense nur77  was used in a transient transfection 

assay. After transfection, cells were treated w ith anti-TcR antibody and 16 

hours later a specific enrichment of cells carrying the antisense nur77  was 

observed implying that the antisense mRNA had blocked the expression of 

Nur77 and thereby the induction of apoptosis. These experiments indicated 

that Nur77 was important in TcR/CD3-mediated apoptosis.

To further investigate the function of nur77  in apoptosis, transgenic 

mice were generated which either expressed wild type nur77 or the dom inant 

negative m utant constitutively in thymocytes under the control of the Ick 

proximal promoter. F5 transgenic mice are mice which carry a rearranged 

TcR specific for influenza virus nucleoprotein  pep tide  [NP-(366-370)] 

recognised in the context of H-2D^ (Mamalaki et al., 1992). Mice doubly 

transgenic for the dom inant negative nur77 m utant and F5 TcR were injected 

w ith a course of F5 peptide and thymocyte profiles examined after 5 days. F5 

single transgenic mice displayed a complete loss of double positive cells 

which was significantly inhibited in double transgenic mice, im plying that 

nur77 has an im portant role in thymic negative selection. However, deletion 

mediated by superantigen was unaffected (Calnan et al., 1995).
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Another subtractive approach was used to isolate mRNA's newly 

expressed in thymocyte apoptosis. Two mRNA's in particular were noted to 

be elevated in thymocytes after y-irradiation. RP- 8  appears w ithin 1 hour of 

irradiation and RP-2 appears w ithin 2 hours. Both messages are lost after 6  

hours. Sequence analysis showed that RP-8  has a Zn finger dom ain implying 

DNA binding and transcriptional activity and that RP-2 potentially could be 

an integral mem brane protein (Owens et al., 1991). A dditionally, in situ 

hybridisation has shown that RP- 8  mRNA is exclusively expressed in the 

cerebellar granule cells of weaver mice w hich undergo program m ed cell 

death. In mice homozygous for the weaver m utation, the cerebellar granule 

cells fail to differentiate and enter apoptosis during the first two weeks of 

postnatal development. RP-8  was not seen in the cerebellum of w ild type 

mice where relatively little PCD occurs. This data indicated that RP- 8  is 

involved in apoptosis in other cell types and m ay have an im portan t 

regulatory function (Owens et al., 1995).

1.3 Intracellular signal transduction pathways in apoptosis

As the work described in chapters 3-6 describes experiments carried out 

in  T lineage cells this section will only deal w ith the signal transduction 

involved in the apoptosis of T lineage cells. The process of clonal deletion is 

induced by the same interaction that induces T cell activation (Jameson et al.,

1995). Therefore it is reasonable to assum e that generally  the signal 

transduction pathways will be the same or very similar. Consequently a brief 

overview of signal transduction in activated T cells and details of known 

apoptotic signals will be presented here. The mechanisms discussed in this 

section are diagrammed in figure 1.3 for ease of reference.

Receptor-mediated apoptosis is the major mechanism used to induce 

apoptosis in thymocytes and effect negative selection (section 1.6.1). This 

process which is modelled by treatment w ith lonomycin, PdBu, anti-CD3 and 

Thapsigargin, is an active process requiring signal transduction and new gene
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tran scrip tion  (Gold and M atsuuchi, 1995). The central question  in 

determ ining the signalling required for apoptosis is how does the T cell 

distinguish an activating and a deleting signal through the same receptor. In 

thymocytes this will be discussed in section 1.6.1. However, in  activation- 

induced death of mature T cells it appears that a stimulus through the TcR 

w ithout CD28 induces death or anergy whereas co-stim ulation w ith  CD28 

induces the secretion of IL-2 which rescues the cell from apoptosis (Gold and 

M atsuuchi, 1995).

1.3.1 The role of C a ^  in signal transduction

Calcium ions (Ca^+) are a very common second messenger in m any 

species and cell types. Ca^+ is m aintained at a cytoplasmic concentration of 

about 100 nM which is 20,000 fold less than in the extracellular space which is 

routinely at 2 mM. In order to m aintain this vast concentration gradient, 

there are a large number of proteins which bind Ca^+ efficiently both to buffer 

or lower [Ca^+]i and to mediate signal transduction pathways. Low [Ca^+]i is 

probably im portant to the cell because high [Ca^+] precipitates phosphate and 

so the cell has had to evolve strategies for m aintaining low cytosolic [Ca^+]i 

which may have been adapted for signal transduction. Due to its diffusion 

coefficient, Ca^+ diffuses very slowly and it is estim ated that it will only 

diffuse up to 0.5 p,m in 50 |iS before encountering a b ind ing  protein. 

Therefore it can quickly build up a very high concentration in  a relatively 

local area inside the cell m aking it ideal as a second m essenger w ith  

pleiotropic effects (Clapham, 1995).

The cell has two major sinks for the storing of Ca^+, the endoplasm ic 

reticulum  and the extracellular matrix. The movement of Ca^+ is controlled 

by a range of proteins which bind Ca^+ in the cytosol and ion channels and 

pum ps which exist in the membrane. Numerous experiments have
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Figure 1.3 Signal transduction pathways involved in T cell activation

A highly schematic and non-exhaustive diagramm atic representation 

of some of the signal transduction pathways involved in the activation of T 

cells. These pathw ays are also implicated in the activation of apoptosis in 

thymocytes and T cells.
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suggested the existence of different Ca^+ channels which are: 1) a Ca^+-release- 

activated-Ca2+-channel (CRAC) which is activated by Ca^+ or possibly the 

Ca2+-influx factor (see below) and allows Ca^+ to enter from the extracellular 

matrix. 2) Inositol triphosphate (IP3) receptors which, w hen occupied, allow 

the release of Ca^+ from the ER. It is not know n w hether these are ion 

channels or whether they interact w ith other ion channels. 3) A channel not 

activated by IP3 or Ca^+ but which can be activated by GTP7S, a G protein 

activator (Fasolata et al., 1994; Clapham, 1995; Lewis and Cahalan, 1995).

In T lymphocytes the release of Ca^+ from the ER is insufficient for 

activation, proliferation and secretion of IL-2 (Lewis and Cahalan, 1995), 

influx across the plasma membrane is also required. Previously it was 

thought that Ca^+ was responsible for mediating the opening of CRAC but 

experiments have revealed an ER-derived factor that is released w ith Ca^+ 

from ER stores that appears to be capable of opening CRAC. This factor was 

named CIF and was observed to have the following properties: CIF could be 

isolated from the cytosol of activated cells and the ER of resting cells; CIF 

could be released from isolated vesicles by IP3 generating stimuli, Ca^+ pum p 

inhibitors and chelators of external Ca^+ which had in common only the 

ability to empty intracellular Ca^+ stores. CIF had the ability to stimulate Ca^+ 

influxes in intact cells, including m acrophages and fibroblasts, and had 

lip o p h ilic  p ro p e rtie s  im p ly ing  the  ab ility  to cross m em branes 

(Randriamampita and Tsien, 1993). A second hypothesis proposes that parts 

of the ER which lie close to the plasma membrane are able to directly interact 

w ith CRAC in the event of ER Ca^+ depletion. This obviates the necessity for 

a CIF factor and provides an efficient system for co-ordinated Ca^+ signalling 

from two sources (Berridge, 1994).

In an individual activated cell [Ca^+]i appears not simply to increase for 

a time and then decrease but rather it oscillates for the duration of signal 

transduction. In T cells [Ca^+j^ oscillations have been observed to be

52



dependent on Ca^+ influx via CRAC. It is postulated that cross talk between 

the ER stores and CRAC can account for the oscillations observed. A small 

leak from ER stores, induced by IP3 or similarly acting com pound, causes 

partial ER store depletion and partial opening of CRACs. The increase in 

[Ca2+] prom pts the ER stores to refill, inducing closure of CRAC. The Ca^+ 

pum ps in the plasma membrane reduce the [Ca^+]i and the original stimulus, 

presum ably still in evidence, reinstates the cycle (Berridge, 1994; Lewis and 

Cahalan, 1995).

It is clear that the usage of Ca^+ secondary m essenger is extremely 

complex and there are m ultiple mechanisms for stim ulating the release of 

Ca2+ from the ER. The cytoplasmic Ca^+ binding proteins, the [Ca^+]i cycling 

m echanism s and the physical properties of Ca^+ allow the conception of a 

system  where the concentration, cycling rate and intensity, cellular location 

and duration of Ca^+ fluxes can be fine tuned in each situation so that Ca^+ 

can cause the observed pleiotropic effects w ith in  m ultip le cell types. 

Additionally, lonomycin and Thapsigargin, two treatm ents used to induce 

apoptosis (chapter 3), function by mimicking [Ca^+]i fluxes. lonom ycin 

captures extracellular Ca^+, carries it across the plasma membrane and causes 

a [Ca2+]i increase (Lichtman et al., 1983) whereas Thapsigargin induces a [Ca^+Ji 

flux by inhibiting the ER [Ca^+] pum p (Clapham, 1995).

1.3.2 The Phospholipase C signalling pathway

W hen the T cell is activated in vivo or in vitro, via the TcR, a 

m em brane bound enzyme called phospholipase C becomes activated via 

protein tyrosine kinases and initiates one of the major signalling pathw ays 

involved in T cell activation or TcR-mediated apoptosis. The pro tein  

tyrosine kinases also activate phosphoinositol 3-OH kinase (PI-3K) (see below) 

and GTPase activating protein (GAP) (section 1.3.3) w hich in turn  control
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d iffe ren t pa thw ays (Berridge, 1994). P hospho lipase  Cy cleaves 

phosphatidylinositol 4,5-bisphosphate to produce IP3 and diacylglycerol 

(DAG).

As discussed in the previous section, there are IP3 receptors in  the ER 

which w hen bound to IP3 mediate Ca^+ release and Ca^+-mediated signalling. 

Diacylglycerol stimulates activation of a, p and y subtypes of protein kinase C 

(PKC) which in turn  activates further protein kinase cascades (section 1.3.3) 

(Gold and Matsuuchi, 1995).

1.3.3 Involvem ent of protein kinases

There are two major classes of protein tyrosine kinases (PTK) which 

have associations with the TcR. These are members of the Src PTK family and 

members of syk/ZAP-70 family (Weiss and Liftman, 1994). There are at least 

three Src family members expressed in T cells Lck, Fyn and Yes. Lck has been 

shown to interact w ith CD4, CDS and IL-2R and in addition m ay be able to 

associate w ith the TcR itself. Its activity upon receptor stimulation is critical 

for thymocyte development and probably for rearrangem ent and selection 

signalling events mediated by the TcR. The importance of Lck in thymocyte 

development was demonstrated by the Lck knock-out mouse which have no 

double positive cells, no single positive cells and very few peripheral T cells 

(Molina et al., 1992). Additionally, in transgenic mice expressing a dom inant 

negative Lck protein, a dose dependent reduction in all T cell subsets except 

those lacking CD4 and CDS and a disturbance in TcR rearrangem ents were 

observed confirming the importance of Lck (Levin et al., 1993). One of Lck's 

functions could be the phosphorylation of the CD3Ç chain which then allows 

the recruitment of ZAP-70 (in T cells).

There is a further level of regulation of Src family PTKs which is 

m ediated by two proteins with antagonistic, contradictory effects, CD45 and
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Csk. Csk has the ability to add a negative regulatory phosphate to Lck and Fyn 

and CD45 can rem ove it. It has been p roposed  th a t CD45 m ust 

dephosphorylate Lck before it can be activated and phosphorylate CD3Ç. The 

imm ediate dow nstream  targets of ZAP-70 and Lck rem ain unknow n bu t 

further dow nstream  effects include PLCy activation (section 1.3.2), PI-3K 

activation (see below) and GAP activation (see below) (Weiss and Littman, 

1994; Gold and Matsuuchi, 1995).

In addition to PLCy activation, tyrosine kinase activity from the TcR 

also activates the PI-3K enzyme (Berridge, 1994). This enzyme produces two 

phosphoinositol lipids from phosphatidylinositol which are distinct from 

products of PLCy. Both lipids have been reported to activate PKC^ in some 

experiments and PKC6 , PKCe and PKCr) in others. A downstream target of the 

PI-3K kinase may be the S6  p70 kinase which phosphorylates the S6  protein of 

the 40S ribosmal subunit. PI-3K may be involved in proliferation of various 

cell types, internalisation via coated pits and intracellular trafficking and 

degradation of receptor proteins (Gold and Matsuuchi, 1995).

A further target for immediate protein tyrosine kinase activity after 

TcR stim ulation is the p21 oncoprotein known as Ras. This acts as a 

molecular switch where, w hen it is bound by GTP it as active and inactive 

w hen bound by GDP. After receptor tyrosine kinase activation, a complex 

made up of Grb2 (Grb3-3 isoform has apoptotic properties (Path et al., 1994)) 

and SOS proteins are translocated to the receptor and into juxtaposition with 

Ras where the GDP is exchanged for GTP. GTPRas binds to a Raf family 

member, which is a MAP Kinase Kinase Kinase (MAPKKK) and brings it to 

the membrane. Raf autophosphorylates and activates MEK1/MEK2 proteins 

w hich are MAPKKs. These in tu rn  activate the ERK1/ERK2 proteins 

(MAPKs) which translocate into the nucleus and activate transcription factors 

(Hunter, 1995) such as c-myc  and c-jun  (Gold and M atsuuchi, 1995). In
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addition, PKC is able to activate MEK kinases which connect PLCy-DAG 

pathway to the PTK pathways described here (Gold and Matsuuchi, 1995).

JNKl and JNK2 are the activation domains of Jun upon w hich IL-2 

transcription after T cell activation is dependent. This area has been observed 

to potentially be a site for the integration and co-operation of some of the 

different signal transduction pathways utilised in the activation of T cells. 

Stim ulation of PKC, Ca^+ fluxes, TcR and CD28 alone were insufficient to 

activate JNK and combinations of these stimuli were required to elicit full 

activation. In contrast, MAP kinases (ERK1/ERK2) were fully activated by 

PKC stimulation or TcR stimulation and were unaffected by Ca^+ fluxes or 

CD28 stimulation. It was concluded that JNK is an im portant control and 

conversion point in the multiple signal transduction pathw ays involved in 

the activation of T cells (Su et al., 1994).

A lthough these complex pathways have been described in term s of 

activation of m ature T cells, many of the stimuli which have been used to 

sim ulate T cell activation cause apoptosis in both  thymocytes and T cell 

hybridom as. Therefore it is reasonable to assum e that the signalling 

pathways involved in apoptosis will be a least similar to those described here. 

It is evident that highlighting any differences in the signalling pathw ays 

which may occur that differentiate between T cell activation and apoptosis 

w ould greatly further the knowledge of the induction of apoptosis in the 

im m une system.

1.3.4 Signalling to the nucleus

After TcR stimulation a num ber of genes are induced w ithin 2 hours 

w hich include, c-myc, c-fos, egr-1, junB, and nur7 7 .  These genes are 

themselves transcription factors and induce a new wave of transcription

The transcription of these early genes is 

56



independent of cyclohexamide treatment implying that the regulatory factors 

pre-exist and require signalling to be activated. There are two mechanisms 

w hich are proposed to account for these factors. 1) A com ponent of the 

tyrosine kinase cascade w hich m igrates to the nucleus and m ediates 

transcription and 2) a conformational change in a cytoplasmic complex which 

releases a factor which translocates to the nucleus and mediates transcription. 

MAP kinase is an example of the first mechanism as it is capable in vitro of 

entering the nucleus and phophorylating transcription factors (Davis, 1993). 

An example of the second situation is NF-kB which exists in the cytoplasm 

complexed to I-kB which inhibits its activity. Upon stim ulation NF-kB is 

released and translocates to the nucleus to mediate transcription (Lenardo 

and Baltimore, 1989). Furthermore, glucocorticoids (section 1.4.1) m ediate 

their apoptotic effects in similar ways by translocating to the nucleus after 

glucocorticoid receptor binding and mediating gene transcription.

1.4 Routes of induction of apoptosis

Although the pathw ays described in section 1.3 describe activation 

pathw ays, in m any cell systems artificially mimicking one or more of these 

pathw ays can lead to the induction of apoptosis rather than activation. For 

example ionophores which mimic the action of CRAC (figure 1.1) (Migita et 

al., 1994), anti-CD3 antibody which mimics TcR ligation (Shi et al., 1991), 

phorbol esters which activate PKC (Perandones et al., 1993) and Thapsigargin 

which mimics a ER depletion of Ca^+ (Jiang et al., 1994) are all capable of 

inducing apoptosis. This indicates that these signalling systems may also be 

used for the induction of apoptosis.

As these have already been covered, this section will concentrate on 

other routes for the induction of apoptosis which fall outside of the described 

pathw ays either because they are independent of activation or because they
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simply have not yet been linked to the signalling cascades. These other 

pathways are as of yet poorly defined with many questions left unanswered.

1.4.1 Glucocorticoid-induced apoptosis

Glucocorticoids induce apoptosis via a signalling pathway that appears 

to have little or no overlap w ith  those involved in T cell activation. 

Glucocorticoid-induced apoptosis is dependent on de novo gene transcription 

and protein synthesis as apoptosis was blocked by inhibiting these processes. 

A major feature of apoptosis is the degradation of nuclear DNA by an 

endonuclease (section 1.4.3) (Wyllie, 1980). However, the DNA laddering 

enzyme was not found to be newly synthesised as activity could be found in 

induced and inhibited nuclei (Cohen and Duke, 1984). New mRNA's have 

been found to expressed in thymocytes after glucocorticoid induction (Owens 

et al., 1991) which quite possibly do not involve c-myc (section 1.2.4). This 

was dem onstrated by the fact that antisense oligonucleotides to c-myc were 

able to block TcR-m ediated apoptosis in T cell hybridom as b u t not 

glucocorticoid-induced apoptosis (Shi et al., 1992).

Glucocorticoids have been implicated to have a role during thymocyte 

developm ent as adrenalectomy of mice causes an increase in thym us size 

possibly due to a lack of apoptosis. Glucocorticoid-sensitive thymocytes are 

prim arily double positive and cross-linking of the TcR at the appropriate 

concentration rescued these thym ocytes from  glucocorticoid-m ediated 

apoptosis (Iwata et al., 1991). This mutual antagonism was only observed at 

m oderate concentrations of treatm ent and led to the follow ing m odel 

explaining the involvem ent of glucocorticoids in  positive and negative 

selection. Thymocytes with low to moderate self-reactivity are able to survive 

because of the antagonism  occurring at m oderate levels of stim ulation
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(positive selection) but thymocytes w ith high self reactivity are deleted as the 

TcR stimulation is higher and overcomes the antagonism (negative selection) 

(King and Ashwell, 1993).

Cells which are sensitive to glucocorticoid-induced apoptosis express a 

glucocorticoid receptor in the cytoplasm. Glucocorticoids are able to diffuse 

through the membrane and bind to the cytoplasmic receptor. Once bound, 

the complex is translocated to the nucleus where domains of the receptor are 

able to mediate transcription. Glucocorticoid-responsive elements have been 

found upstream  of the genes for AP-1 and NFAT and their activity had been 

found to be affected by glucocorticoids in T cells. In addition, these effects 

were abrogated by the deletion of the amino and carboxyl term inal domains 

implicating these areas in transcriptional modification (Vacca et al., 1992).

Although the signalling pathw ay to the nucleus is unique and non

overlapping, the pathways towards apoptosis appear to share some overlap 

and interaction at the stage of m odulation of transcription factors. The 

interplay at this level implies that any common pathw ay tow ards apoptosis 

will begin at the level of induced transcription factors or further down the 

pathw ay to apoptosis potentially leaving signal transduction pathw ays for 

different stimuli distinct and independent.

1.4.2 Role of sphingom yelin and ceramide

Ceramide is a central molecule in the structure and m etabolism  of 

sphingolipids which they all contain. Ceramide was first highlighted as a 

potential candidate in signalling for apoptosis w hen it was identified as being 

involved in TNFa-ljnediated signalling, and the hydrolysis of sphingomyelin 

to ceramide has been observed in response to TNFa, INFy and lL-1 receptor 

binding (H annun and Obeid, 1995). Ceramide has been im plicated as a 

specific activator of apoptosis as the result of ceramide treatm ent was similar
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to that induced by TNFa in HL-60 cells, and an analogue of ceramide was 

unable to induce death although it was taken up and delivered w ithin the cell 

in a similar fashion (Bielawska et al., 1993).

There are two possible downstream  targets for ceram ide's activity. 

These are a protein phosphatase (CAPP) and PKCÇ. CAPP is a heterotrimeric 

protein which appears to be activated by ceramide and had been postulated to 

be involved in the dow n regulation of c-m yc  and in the induction of 

apoptosis (Hannun and Obeid, 1995). PKCÇ, which is also involved in the PI- 

3K pathw ay (section 1.3.3), has been identified as a dow nstream  target of 

ceramide. The activity of PKCÇ was observed to be increased in vitro and in 

NIH-3T3 cells (Kolesnick and Fuks, 1995).

C eram ide's role as a secondary m essenger is substan tia ted  by 

comparison to DAG, a well known messenger involved in activating PKCy 

(section 1.3.3). DAG is a very similar to ceramide in size, chemical structure 

and hydrophobicity but they appear to differ in their fatty acid chains, w ith 

ceramide being more saturated than DAG. The differences and similarities 

appear to add up to a similar type of function but different specificities, as 

ceramide but not DAG has been observed be involved in NF-kB translocation 

to the nucleus, apoptosis in HL-60 cells, IL-2 transcription in EL-4 cells and 

HIV replication (Kolesnick and Fuks, 1995).

In addition to cytokines, engagement of CD95 (section 1.2.3) on the 

surface of HL-60 cells has been observed to induce sphingom yelinase 

turnover, ceram ide increase and activation and in U937 cells ceram ide 

activation was followed by specific activation of serine/ threonine kinases. In 

this system c-myc was also deregulated but the exact effects on c-myc were 

dependent on the culture conditions. Furthermore, stimulation of CD28 has 

also been observed to effect the sphingom yelin turnover and ceram ide 

activity. The exact m odulation of ceramide by CD28 is unclear bu t perhaps 

CD28 stimulation can interfere w ith cell death signals m ediated by CD95 at
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the level of the ceramide second messenger (Gill et al., 1994). The activity of 

the sphingom yelin -ceram ide pa thw ay  is unclear and  u n til fu rth er 

experiments are carried out few conclusions can be made and discussion m ust 

rem ain in the realm of speculation.

1.4.3 Endonuclease activation

One the characteristics of apoptotic cell death is the degradation of 

genomic DNA into nucleosomal fragments which has been attributed to the 

activity of an endonuclease (Wyllie, 1980). DNA fragm entation  and 

endonuclease activation have been suggested to be the stage w here once 

begun, the cells are irreversibly committed to undergo apoptosis and may 

even be the signal for nuclear changes to begin (Mogil et ah, 1994). T he 

activated endonuclease was found in other system s to be Ca2+/M g2 + 

dependent and in rat thymocytes was precipitated by antibodies to DNAse-I. 

This activity could be extracted from apoptotic nuclei and was found to be 

antigenically and functionally indistinguishable from DNAse-I (Peitsch et ah, 

1993).

In addition to DNAse-I, three different endonuclease activities have 

been isolated in HPLC fractions from normal and apoptotic rat thymocytes 

which were termed DNAses a , (3, and y. DNAses a  and p were thought to be 

located in  the nucleoplasm  w ith DNAse y bound  to some unidentified  

nuclear structure and were respectively 28, 30 and 31 kDa in size. DNAses a  

and p were not found to be dependent on Ca^+ or Mg2+ and not inhibited by 

Zr2+, contrary to findings in apoptotic thymocytes. DNAse y was dependent 

on these criteria and was the only enzyme which was preserved in apoptotic 

thymocytes vindicating its role in apoptotic DNA fragmentation in this
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system. However DNA fragmentation appears not always to be m ediated by 

an enzyme w ith  these characteristics implying that there are probably a 

num ber of endonucleases capable of inducing this apoptotic phenom enon 

(Shiokawa et al., 1994).

These and other experiments propose a role for a num ber of similar 

enzymes in the degradation of DNA during apoptosis. In m any situations 

such as the apoptosis of neutrophils and cancerous cells the prevention of 

intracellular leakage is im portant in preventing significant damage (Savill et 

al., 1993). With reference to cancer cells it is im portant that the altered DNA 

w hich caused the aberration  is inactivated in  o rder to p reven t its 

perpetuation. DNA fragm entation prevents this and it is reasonable that 

there are a num ber of enzymes capable of substituting for each other in the 

case of m utation or malfunction to ensure that the cell undergoes apoptosis.

1.5 Systems which utilise apoptosis

It is clear that apoptosis is an excellent m ethod for the removal of 

unw an ted  or unhealthy  cells w ithout inflam m atory and autoim m une 

complications. Once apoptosis had been recognised, it was found to play a 

major role in m any different systems where removal of cells was required. 

Examples which are described here include: apoptosis in Caenorhabditis 

elegans, em bryo developm ent, rem oval of cancerous cells and in the 

development of the immune system (section 1.6).

1.5.1 Programmed cell death in non-mammalian systems

C. elegans (section 1.2.2) is a small nematode in which 131 of its 1090 

cells in  the herm aphrod ite  varian t undergo  apop tosis  d u rin g  its 

development. The pattern of apoptosis is exactly duplicated for each worm
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and cells destined to enter apoptosis can be identified w ith 100% accuracy. 

Consequently program m ed cell death can be studied in this system  at the 

resolution of a single cell (Hengartner and Horvitz, 1994b) and as described in 

section 1.2.2, this has also provided an invaluable model for identifying some 

of the genes which are crucial for apoptosis.

Programmed cell death plays an important role in the developm ent of 

the different sexes in this nematode. The most likely reason for the majority 

of the cell deaths is that during development, extraneous cells are generated 

which are not needed and so they are killed off. During the differentiation of 

the nervous system  in the male w orm  the nerves w hich supp ly  the 

herm aphroditic equipm ent undergo program m ed cell death, w hereas in the 

herm aphrodite the nerves which supply the male equipm ent die. This is a 

simple system as the nematode develops both nervous systems and then kills 

the one it does not need rather than having to control developm ent of one 

and not the other. All cells which enter program m ed cell death are rapidly 

engulfed by their sister cells (Sulston et al., 1983).

Another non-mammalian system where apoptosis or program m ed cell 

death is of great importance is the development of Drosophila melanogaster 

(Drosophila). This organism undergoes large amounts of program m ed cell 

death both during embryonic development and during metamorphosis. The 

control over which cells die is much more plastic than in the nem atode as 

cell death in flies can be regulated by cell-cell interaction as well as hormonal 

factors (Steller et al., 1994). Using deletion mutagenesis, it was established 

that program m ed cell deaths were essential for head involution and eye 

development. In addition to being defective for programmed cell death, these 

m utant flies were also resistant to cell death induced by agents such as X rays. 

Isolation of this m utation led to the cloning of the reaper gene (section 1.2.3) 

on w hich program m ed cell death  appears to be globally dependen t in 

Drosophila (White et al., 1994).
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These two examples indicate clearly that apoptosis does not occur in 

mammals only but is a universal mechanism for the clearance of unw anted 

cells. Further analysis of the genetic mechanisms involved, has revealed that 

genes involved in invertebrate models are similar to others which have been 

implicated in mammalian systems (section 1.2), reinforcing the pan  species 

nature of apoptosis.

1.5.2 Apoptosis in embryological development.

In ad d itio n  to non-m am m alian  system s, apop tosis has been  

extensively studied in both the embryological developm ent of the chicken 

and during the development of the mouse. In the mouse at least 40 sites 

have been identified during development where program m ed cell death is 

im portant to functional development. At least 7 sites of program m ed cell 

death have been identified in the chicken. In addition program m ed cell death 

has also been observed during developm ent of ra t and hum an embryos 

(Coucouvanis et al., 1995).

A well studied example of the importance of apoptosis in mouse and 

chick is the shaping of the limb buds. Areas in limb morphogenesis which 

contain a lot of cell death were originally and misleadingly nam ed necrotic 

zones b u t have more recently been dem onstrated to be active sites of 

apoptosis. Grafting experiments indicated that apoptotic cells had  been 

program m ed to die long before cell death was apparent. Very early 

intervention was able to alter the apoptosis in these cells indicating that 

program m ed cell death in vertebrate systems is more complicated than in C. 

elegans as program m ed cell death in worm  developm ent is controlled 

exclusively by genetic factors w ithout any influence from outside the cell 

(Saunders et al., 1962).
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1.5.3 Apoptosis in cancer

Cancer is the result of a genetic mutation resulting in uncontrolled cell 

division and accumulation. Many carcinogens actually dam age DNA or 

interfere w ith the accuracy of DNA replication enzymes thereby leading to 

genetic dam age in genes responsible for regulating growth. A newly 

generated cancerous cell can undergo one of three options. Firstly, it can 

pause in the cell cycle to allow for repair to take place (m ediated by p53, 

section 1.2.4). Secondly, it can continue to divide and form a tum our or 

thirdly, it can undergo apoptosis. Apoptosis is the perfect m echanism  for 

getting rid of cancerous cells as it ensures safe disposal of a cell containing 

potentially lethal genetic components w ithout the possibility of propagation 

of those components (Carson and Ribiero, 1993).

Failure of apoptosis can lead to cancer development as it can cause the 

accum ulation of abnorm al dividing cells and the failure of genetically 

damaged cell destruction. Individual tumours grow at varying rates because 

the rate of tum our growth depends on the balance between cell proliferation 

and cell death. Therefore there is great interest in utilising apoptosis for the 

therapy of malignant cancer. Typically, drugs which promote apoptosis could 

greatly increase the effectiveness of chemotherapeutic agents on cancerous 

cells and reduce the resistance of more stubborn tumours.

It is paradoxical that oncogenes which are known to prom ote tum ours 

such as c-myc (section 1.2.4) also increase the susceptibility of cells to the 

induction of apoptosis. Protein and RNA versions of c-myc have been 

observed to be up-regulated in early apoptosis and overexpression of c-Myc in 

serum -deprived fibroblasts predisposes them to the induction of apoptosis 

(Evan et al., 1992). The fact that c-myc is involved in two closely related 

processes, apoptosis and proliferation, implies that they are co-regulated and 

in order to have successful proliferation one m ust also have suppression of 

apoptosis as sensitiv ity  to apoptosis is increased w ith  increases in
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proliferation. This points to the existence of a safeguard against uncontrolled 

proliferation which, if induced by overexpression of c-myc, w ould render the 

cells more sensitive to apoptosis, as has been shown in cells w ith deregulated 

c-myc.

Additionally, CD95 (section 1.2.3), may be involved in T cell cytotoxicity 

against tum our cells. The major draw back of this mechanism w ould be the 

dependence of successful tum our clearance on tum our cell expression of 

CD95. In tum our cells derived from patients w ith plasma cell disorders, ten 

out fourteen tum our samples were found to be positive for CD95 expression 

and exhibited apoptosis when incubated w ith supernatant containing CD95 

ligand (Hata et al., 1995). Further evidence showed that local application of 

soluble CD95 ligand was able to specifically induce apoptosis in im planted 

Yac-1 cells (Rensing-Ehl et al., 1995). These data indicate that CD95 may be 

involved in the clearance of tum our cells and could yield an approach for the 

selective treatm ent of cancer.

1.6 Apoptosis in the imm une system

Apoptosis is critical to the both the development and function of the 

immune system in both mouse and man. Apoptosis governs the selection of 

the reactive repertoire of both T and B cells weeding out both non-reactive 

cells and autoreactive cells. In addition, apoptosis is critical for switching off 

the immune response after an infection has been cleared. The importance of 

apoptosis is clearly dem onstrated in Ipr/lpr mice where massive peripheral 

accumulation of cells and autoimmunity occur as a result of the loss of just 

one route of apoptosis induction (Cohen and Eisenberg, 1992). In this section 

the role of apoptosis in the immune system is examined and the above points 

expanded with reference to experimental evidence.
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1.6.1 Selection of thymocytes

In response to infection, T cells are activated via peptide antigen 

recognition in context with self MHC. Therefore the immune system m ust be 

able to recognise self MHC but at the same time remain unresponsive to self 

proteins. This status is achieved during thymocyte m aturation where it is 

thought that a T cell receptor w ith no affinity for self MHC will not receive a 

survival signal and the cell will enter apoptosis (death by neglect). If the TcR 

displays high affinity for self-antigens in the context of self MHC, it receives a 

signal which induces the cell to enter apoptosis. It is thought that if the TcR 

has low affinity to self MHC and is non-reactive to self peptides, then the cell 

is allowed to mature and enter the periphery as a naive T cell. The events of 

thym ic selection can be followed by the study of cell surface m arker 

expression. In general terms thymocytes progress from TcR- CD4- CD8‘ 

(double negative) to TcR^° CD4+ CD8+ (double positive). At this point the cells 

undergo thym ic selection and m ature TcR^^ CD4+ CD8" (MHC class II 

restricted) or TcR^  ̂CD4' CD8+ (MHC class I restricted) T cells result (Wallace et 

al., 1993).

The concept of positive selection describes events where thymocytes 

which are unable to recognise MHC receive no signals and die by neglect. 

Positive selection w as first dem onstrated in experim ents w here MHC 

homozygous (H-Z^/t» or H-2^/^) irradiated mice were reconstituted w ith MHC 

heterozygous bone m arrow (H-2^/^). CTL from heterozygous mice were able 

to recognise antigen in context w ith both MHC haplotypes bu t CTL arising 

from the grafted homozygous mice were only capable of recognising antigen 

in context w ith the MHC haplotype of the recipient (Bevan, 1977). This 

indicated that the environm ent in which the T cells had m atured, dictated 

the haplotype to which the cells were restricted.
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The use of mice transgenic for single TcR specificities show ed that 

individual TcRs were preferentially selected on particular MHC molecules. A 

good example is the studies carried out in male antigen, H-Y, TcR transgenic 

mice (Strasser et al., 1994b). The TcR was derived from a CD8+, H-2^ restricted 

MHC class I restricted T cell clone. In female H-2^/^ mice, all of the single 

positive CD8+ cells mice expressed the transgene, in contrast to single positive 

CD4+ cells where none of the T cells expressed the transgenic TcR. This 

showed the T cells expressing the transgenic TcR had been selected to become 

CD8+ cells. In contrast in female H-2^/d mice, where the TcR could not 

interact w ith MHC in the thymus, none of the single positive CD8+ T cells 

expressed the transgene. This indicated that T cells require an interaction 

w ith self MHC in order to be selected for maturation.

The conundrum  at the centre of positive selection is the mechanism by 

w hich thymocytes can differentiate between the two signals which specify 

survival or death (Jameson et al., 1995). In order to explain how thymocytes 

tell the signals apart several theories have been suggested. One is the altered 

ligand hypothesis which states that the thymic epithelial MHC binds to a 

unique peptide w hich induces positive selection bu t is no t encountered 

anyw here else, and that negative selection is carried out w ith  different 

peptides presented on bone marrow derived cells. However, thymic epithelial 

cells bearing H-Y antigen have been shown to be efficient at inducing 

tolerance to male skin grafts (Bonomo and M atzinger, 1993) arguing that 

thymic epithelium  was able to induce tolerance to the antigens it expresses. 

Additionally, a thymic epithelial cell line which was capable of m ediating 

positive selection in vivo was found to be able to process and present self 

antigens to CTL clones implying that the MHC peptides involved in positive 

and negative selection m ay be the same (Vukm anovic et al., 1992). 

Alternatively, instead of specialised peptides it has been suggested that the
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TcR-M HC/peptide interaction is somehow altered between positive and 

negative selection in order to be distinguishable.

There are two models, which may co-exist, which may explain the 

mechanism of positive selection. The first model states that peptides with 

much lower affinity can induce positive selection perhaps by transducing a 

different signal or signal strength. The second model suggests that the density 

of ligand may be much lower at the time of positive selection, possibly 

inducing a lower magnitude of the negative selection signal which is 

interpreted differently by the thymocyte. These two models have been 

integrated to form the affinity hypothesis. Affinity and ligand density may 

have an inversely proportional relationship when it comes to the watershed 

between positive and negative selection in stimulation terms (Hogquist et al., 

1994a).
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Figure 1.4 (after (Hogquist et al., 1994a)) shows a how this hypothesis 

integrates affinity and ligand density so that a thymocyte can differentiate 

between positive and negative selection signals. This theory is supported by 

experiments in TcR transgenic mice specific for ovalbum in (OVA) where 

different variants and concentrations of the cognate peptide produce different 

selection events. Beta-2-microglubulin (P2M) is co-expressed w ith MHC class 

I and the level of its expression effects the level of MHC class I on the cell 

surface. Therefore using mice derived from crosses of P2M-/- or P2M+/- mice 

w ith OVA TcR transgenic mice, the effects of peptide affinity and ligand 

density could be exam ined in thymic selection. The antigenic peptide 

(highest affinity) was found to induce negative selection in high and low 

ligand densities whereas V-OVA (lowest affinity) induced positive selection 

at both ligand densities. Interestingly, the peptide El (intermediate affinity) 

induced positive selection in low ligand density and clearly had a negative 

effect at high ligand density w ith only CD8^° or double negative cells 

rem aining after 6 days. The readout in this experiment was appearance of 

CD8^^ single positive cells (positive selection) or deletion of double positive 

cells (negative selection) after 6 days (Hogquist et al., 1994b). These results 

imply that affinity alone cannot account for discrimination between positive 

and negative signals and that a combination of affinity and ligand density 

may provide the discrimination required to achieve effective thymic selection 

(Hogquist et al., 1994a).

The result of failure to receive a positively selecting signal is apoptosis 

by a default pathw ay. Experiments involving TcRp deficient mice have 

shown that this molecule is required for development and proliferation past 

the CD4 CD8- stage (Krammer et al., 1994). Therefore engagement of TcRp 

may be im portant for rescuing thymocytes from death by neglect. Positive 

selection depends on an interaction between a functional ap  TcR and MHC 

which appears to be rescue thymocytes from apoptosis (von-Boehmer, 1992). 

Positive selection stimulates the progression of CD4+ CD8+ CD3^°^ cells to
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CD4+ CD8+ cells (Borgula et al., 1991), without requiring proliferation

indicating that selection is effected by differentiation rather than expansion 

(Huesmann et al., 1991).

Negative selection is the deletion or clonal inactivation of cells which 

are functional but are reactive towards inappropriate antigens. Inappropriate 

antigens are mostly self antigens which, if reacted against, would cause harm 

to the host. As immune cells in the periphery are constantly in contact w ith 

self antigens it is necessary to either delete self-reactive cells in the thymus or 

render them inactive. This process involves the interaction of the thymocyte 

TcR with M HC/self-peptide on an antigen presenting cell.

N egative selection w as first observed by m onito ring  T cell 

development using antibodies to Vp families. Endogenous mouse m ammary 

tum our viruses express a superantigen which interact w ith all T cells carrying 

a certain v p  chain. T cells with this v p  were observed at the TcR^° stage but 

were eliminated before reaching the mature, TcR^i stage. Additionally, in 

male H-Y TcR transgenic mice, where nearly all the thymocytes express the 

transgenic TcR specific for the H-Y antigen, virtually all the cells were deleted 

in the thymic cortex (Nossal, 1994).

The signal for deletion as a result of auto reactivity or negative 

selection is thought to be delivered via an interaction between the TcR/CD3 

complex and a M H C/self peptide complex. To substantiate this antibodies to 

TcR and CD3 have been observed to induce apoptosis both in vivo and in 

vitro  (Krammer et al., 1994). In addition a range of AFC's can induce 

apoptosis of peptide reactive thymocytes when incubated w ith their peptide 

(Iwabuchi et al., 1992). Apoptosis observed as a result of negative selection 

occurs primarily in double positive cells in the cortical-medullary junction as 

well as in the cortex (Le et al., 1995). Interestingly, superantigen-m ediated 

negative selection induced an increase in m edullary thymocyte apoptosis but 

anti-CD3-induced thymocyte apoptosis was found in the cortex (Surh and
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Sprent, 1994). The majority of thymocytes are found in the cortex which 

indicates that selection takes place there and therefore it is possible that the 

m edullary apoptosis was non-representative of a norm al thym us as the 

experiments were carried out in a non-physiological experimental system.

Negative selection involves the induction of apoptosis in self-reactive 

thymocytes, in contrast to positive selection where death occurs from neglect. 

Apoptosis in self-reactive thymocytes has been observed to occur in the 

double positive cortical subset (Kruisbeek, 1993) and in thymocytes bearing 

autoreactive TcRs (Fry and Matis, 1988).

Since unw anted cells are cleared by apoptosis in both positive and 

negative selection, it is logical to speculate that there are different control 

mechanisms for the apoptosis in each case. This has been substantiated in 

experiments where H-Y TcR transgenic mice were crossed to bcl-2 transgenic 

mice. The male specific transplantation H-Y antigen is presented on H-2D^. 

Therefore positive selection can be studied in female H-2D^ mice where 

transgenic cells die from neglect and negative selection studied in male H-2D^ 

mice where TcR transgenic cells are deleted as autoreactive. Female H-2D^ 

H -Y /b c l-2  transgenic mice developed normal num bers of double positive 

thymocytes indicating that Bcl-2 had rescued the cells from death by neglect. 

Male H-2^ H-Y/bcl-2  mice had 4 to 6 fold more thymocytes than littermate 

(H-Y only) controls bu t mature T cells expressing the H-Y TcR had very low 

levels of CD8 and were not responsive to the H-Y antigen (Strasser et al., 

1994b). This implies that rescue from apoptosis as a result of positive 

selection is effected by turning on expression of bcl-2 w hereas negative 

selection is being induced via m echanism independent of bcl-2. This is 

logical because if positive selection precedes negative selection then  

functional autoreactive cells will have upregulated bcl-2 preventing negative 

selection induction via a bcl-2 dependent pathway.
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In contrast to these findings, models of negative selection such as 

inducing thymocytes into apoptosis with anti-CD3 antibody, irradiation and 

glucocorticoids are blockable by the expression of bcl-2 creating a discrepancy 

in opinion over the control of negative selection (Siegel et ah, 1992). 

However, these experiments do not take into account the expression of other 

members of the bcl-2 family which could be causing bcl-2 loss of function but 

not expression (section 1.2.1).

The tem poral relationship betw een positive and negative selection 

rem ains unclear. It makes sense to assume that the TcR is upregulated 

during positive selection on cells that can interact appropriately w ith  MHC 

and then  functional, bu t autoreactive cells are deleted by a functional 

interaction. However, there is no evidence which precisely defines to the 

tem poral relationship between the two. Apoptosis probably resulting from 

negative selection has been observed both in thymocytes w ith an immature, 

double positive phenotype (MacDonald et al., 1988) and in thymocytes w ith a 

m ature single positive phenotype (MacDonald and Lees, 1990). These data 

indicate that there may be no fixed relationship betw een the two processes 

and that they may be able to occur simultaneously.

1.6.2 Peripheral tolerance in and clearance of mature T cells

It is recognised tha t the resu lt of TcR/CD 3 engagem en t of 

M H C /antigen on a m ature T cell is activation and clonal expansion. Much 

interest has been focused on the mechanisms involved in the signalling 

involved betw een the TcR interaction w ith M H C /antigen and the nucleus 

leading to full activation. An important result of an immune response is the 

accum ulation of activated T cells which m ust be disposed of after the 

response is complete leaving just a few circulating memory cells.
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Specific T cell numbers have been observed to decline after an immune 

response and this decline has been associated with apoptosis. In addition. It 

has also been suggested that apoptosis in m ature lymphocytes serves as a 

fu rther tolerance m echanism  to prevent the activation of self-reactive 

lymphocytes (Green and Scott, 1994).

Stimuli including anti-CD3 and phorbol esters which activate resting T 

cells have been observed to induce apoptosis in thym ocytes as well as 

transform ed and m ature peripheral activated T cells (Kabelitz et ah, 1994). 

M ature T cells have been observed to be sensitive to the induction of 

apoptosis by anti-CD3 after activation. This sensitivity was observed to 

increase after activation and plateau at 15-20 days (Wesselborg et al., 1993). T 

cell subsets CD4+CD8', CD4 CD8+ and CD4 CD8- were all observed to display 

similar sensitivity. In addition both in this system and others unactivated T 

cells were not sensitive to the induction of apoptosis. The proliferative 

response of activated T cells was shown to be inhibited by re-ligation of the 

TcR w hich was accompanied by the induction of apoptotic cell deaths 

(Radvanyi et al., 1993). This mechanism could well be effecting an extra 

safeguard against autoim munity as an autoreactive cell activated in lym ph 

node or spleen when entering the tissue to which it is directed is likely to 

encounter that antigen again and be deleted as a result of this mechanism. In 

addition , this m echanism  m ay also protect the host against potential 

hyperactivated  T cells w here over-stim ulated T cells, w hich could be 

dam aging to the host, are removed by further stimulation (Radvanyi et al.,

1993).

In these experiments, activation-induced apoptosis was induced in 

the presence of IL-2. In IL-2 knock out mice, peripheral accumulation of CD4“ 

CD8" cells has been observed in a similar fashion to Ipr/lpr mice (discussed 

below). These mice have peripheral accumulation due to a defect in apoptotic
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clearance of activated T cells after a response and it seems possible that IL-2 is 

also required to effect this process (Schimpl, A., Personal communication,

1994).

There are three mutations which produce the same phenotype in mice. 

Firstly, the Ipr m utation which is a natural m utation caused by the insertion 

of a retroviral transposon in the/as gene (CD95, section 1.2.3). Secondly, there 

is the Ipr^S m utation which has an amino acid substitu tion in  the CD95 

cytoplasm ic dom ain, preventing signalling and thirdly, the gld m u ta tio n  

which is a m utation in the CD95 ligand gene (Gill et al., 1994). The phenotype 

of these m utations is a massive peripheral accumulation of CD4 CD8- cells 

and the occurrence of a systemic lupus erythrem atosus-like autoim m une 

disorder involving autoantibody production (Cohen and Eisenberg, 1992). 

H ow ever MRL+/+ mice, the background of Ipr mice, develop a weak 

auto im m une disorder w ithout any abrogation of CD95 and  so it was 

concluded  th a t th is m u ta tio n  increases su scep tib ility  of m ice to 

autoim m unity rather than causing it (Nagata and Suda, 1995).

The excessive expansion of T cells in Ipr mice indicates that the main 

function of fas is to control activated lymphocyte proliferation. In contrast, 

the function of bcl-2 appears to be survival of peripheral lymphocytes, as in 

the knock out mouse there is large scale inappropriate cell death in lymphoid 

organs (Veis et al., 1993). Thus it appears that peripheral T cell populations 

may be controlled by the contrasting effects of Fas and bcl-2.

There has been some debate as to the source of the accumulating CD4- 

C D 8‘ cells as some believe that they are derived from abnorm al selection 

events in the thymus while others propose that mature T cells down-regulate 

the ir co-receptors to form  th is popu lation . An accum ulation  of 

CD4+CD8+TcR^^^i cells has been observed in Ipr mice which was abrogated by 

the addition of a TcRp transgene implicating a role for CD95 in positive 

selection (Zhou et al., 1993). However, more convincingly, analysis of VP
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gene usage indicated that positive and negative selection were relatively 

norm al in Ipr mice which implied that the accumulation had been caused by 

abnorm al peripheral processes (Herron et ah, 1993). A m odel has been 

proposed where autoreactive T cells are activated by antigen on APCs which 

then m utually kill each other by CD95/CD95 ligand interactions. This model 

also allows for cells expressing only CD95 ligand to kill autoreactive cells 

while themselves remaining intact (Nagata and Suda, 1995). However this 

m odel does not explain how cells distinguish self antigen from foreign 

antigen which is critical for this postulated system to function.

CD95/CD95 ligand interactions are also involved in apoptosis induced 

by cytotoxic killer cells. There are two independent mechanisms involved by 

which a cytotoxic T cell (CTL) can kill its target. First, there is the CD95/CD95 

ligand interaction by which a CTL can induce death in its target and secondly 

the secretion of perforin and granzymes can also kill target cells (Podack,

1995).

It is thought that the CD95/CD95 ligand system  is used to induce 

suicide in compliant cells whereas perforin and granzym es are used to 

forcefully kill non-com pliant cells. Perforin-induced apoptosis is used 

prim arily  to kill virus infected target cells as perforin deficient mice are 

unable to eliminate LCMV and tum our cells and norm al CD8+ fail to lyse 

targets in vitro (Kagi et al., 1994).

These experiments show that in peripheral T cells are there m ultiple 

uses for apoptosis and m ultiple effector m echanism s used  to induce 

apoptosis. In very general terms it appears that activation-induced apoptosis 

induced by re-encountering antigen controls peripheral tolerance, that Bcl-2, 

CD95, CD95 ligand and perhaps IL-2, control the peripheral population of T 

cells and dispose of them after an immune response and finally that perforin 

and granzymes mediate the forced apoptosis in virus-infected and tum our 

cells.
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1.6.3 Selection of B cells

In the past, one theory stated that control of the B cell repertoire was 

achieved simply by controlling the T cell repertoire which the B cells needed 

to be activated. Deprivation of autoreactive help was thought to prevent any 

autoreactive B cells from becoming activated and producing autoantibodies. 

However this has proved not to be the case as positive selection of B cells in 

germ inal centres and deletion of autoreactive B cells in the bone m arrow 

have been observed (Krammer et al., 1994) The B cell repertoire is shaped by 

positive and negative selection w hich utilises a suicide program  for 

unw anted cells in a similar manner to T cell selection.

It appears that early positive selection of B cells is similar to positive 

selection in T cells. Ig rearrangem ent of heavy chain precedes that of light 

chain and in mice deficient in heavy chain, development is arrested at a pre-B 

cell equivalent to that seen in T cell recombination-deficient mice. There is 

some doubt whether pre-B cells are positively selected on the basis of surface 

Ig and although only a few percent of pre-B cells make it to the long-lived B 

cell pool, it is unknow n whether selection decisions are based on surface Ig 

binding to antigen (von-Boehmer, 1994).

For B cells, positive selection events analogous to positive selection of 

CD4+CD8+ thymocytes, occur in mature B cells w hen they are stimulated by 

antigen and expand in the presence of T cell help. After stimulation B cells in 

germ inal centres undergo  somatic hyperm utation (von-Boehmer, 1994). 

Study of B cells reactive to an antigen (2-phenyl-oxazolone) revealed that 

somatic m utations occurred in V regions 10-14 days after stim ulation, and 

that m utations which conferred higher Ig specificity were occurring w ith 

increasing frequency. These higher affinity m utations were detectable as
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different antibodies to the antigen had been studied  and the residues 

responsible for affinity differences identified (Berek et al., 1991).

Newly activated germinal centre B cells (centrocytes) become extremely 

short lived and when isolated, they undergo apoptosis w ithin a few hours at 

37°C. This phenomenon could not be duplicated in tonsillar B cells and the 

apoptosis could be prevented by activating the centrocytes through CD40 and 

sig (Liu et al., 1989).

The mechanism by which B cells expressing higher affinity m utated Ig 

are selected remains unknown. It appears that w hen a B cell encounters 

antigen w ith T cell help it undergoes extensive somatic hyperm utation and 

proliferation. Of the new antibody specificities only the h ighest can 

effectively compete for antigen binding and receive a rescue signal via CD40 

in order to prevent apoptosis and allow differentiation (von-Boehmer, 1994). 

The mechanism by which B cells receive the survival signal remains unclear 

as the most likely candidates, follicular dendritic cells, do not appear in the 

germinal centres until B cells differentiate into memory cells (Berek, 1992).

As T cell tolerance is not sufficient to control autoreactivity in B cells, 

m uch w ork has been carried out to explore the m echanism s w hich are 

involved in the deletion or deactivation of autoreactive B cells (Nossal, 1994). 

The use of transgenic mice has been instrumental in analysing how the B cell 

repertoire is purged of autoimmune specificities. Transgenic mice carrying 

Igs against H-2K^ were crossed with H-2K‘̂ /<̂  and H-2Kd/k mice. In H-2K<^/^ 

mice splenic B cells and serum  IgM w ith the transgenic specificity was 

observed in contrast to H-2K«^/k mice where no B cells and no antibody was 

seen. This implies that the self reactive B cells had been clonally deleted 

(Nemazee and Burki, 1989). However, in bone marrow a large pool of w hat 

appeared to be developmentally arrested immature B cells was detected and 

increased levels of mRNA for recombinase activating genes were detected in 

the bone m arrow. Additionally, in the bone m arrow  of deleting mice,
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immature B cells were detected which expressed both the transgenic sIg and a 

new light chain whereas is the periphery surviving B cells expressed only the 

new light chain with the transgenic heavy chain. This implied that instead of 

deleting autoreactive cells in the bone marrow, encountering antigen induces 

a further rearrangem ent of Ig genes which produces a different specificity 

which is no longer autoreactive and can pass negative selection (Tiegs et al., 

1993). This is known as receptor editing.

In contrast to this postulated mechanism, apoptosis has been found to 

be required to prevent the accumulation of autoreactive cells. In H en Egg 

Lysozyme (HEL) transgenic mice where sig is against HEL and HEL is present 

endogenously, no mature B cells are found. If this mouse is crossed to the bcl- 

2 transgenic mouse then accumulation of immature cells is observed in bone 

marrow, spleen and blood. These cells can be induced to m ature and produce 

autoantibody in vitro in the absence of antigen. This implies that apoptosis 

is im portant for the removal of autoreactive cells (Hartley et al., 1993). It is 

possible to envisage how these two mechanisms might fit together. B cells 

w ith autoreactive sigs are developmentally arrested and receptor editing takes 

place. As this is a random  process and has only been observed for light 

chains, it may be likely that the resulting receptor may still be autoreactive 

which would then enter apoptosis and be deleted.

Although the selection of B and T cells appear to function via different 

mechanisms there are a num ber common features by w hich they can be 

compared. Both B and T cell development is dependent on a successful 

rearrangem ent of heavy chain or TcRp chain. Both B and T cells require a 

positive signal to rescue them  from death by neglect w hich is m ediated 

th rough  the antigen receptor and both  B and T cells have intricate 

mechanisms for the deletion of autoreactive cells. Apoptosis is critical to the 

development of the immune system and its dysfunction may be responsible 

for many diseases ranging from autoimmunity to cancer.
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1.7 Concluding remarks

From the above review it is clear that apoptosis is critical for m any 

different species and has m any functions w ith in  those system s. Its 

im portance is underlined  by its m ultiple functions in vivo and by the 

complex nature of its induction and control w ithin the cell. In more than 

one area a degree of redundancy in the signalling {reaper and hid) and in the 

effector (the hcl-2 family) mechanisms has been noted. This implies that it is 

im portant to maintain the appropriate levels of apoptosis and that many gene 

products may be able to substitute for each other in the event of m utation or 

inactivation.

The thymus is an excellent example of the importance of apoptosis in 

m am m alian systems where it is one of the m ain safeguards against non

functional and autoreactive T and B cells. Thymocytes are highly sensitive to 

the induction of apoptosis via many stimuli allowing the study of m ultiple 

pathways of apoptosis induction in one system. For these reasons thymocyte 

cell lines were chosen as the model of choice in which to carry out these 

studies.

Additionally, many diseases such as cancer and autoim m unity may 

well be caused, at least in some cases, by a failure of apoptosis. There may also 

be diseases or conditions which are caused by inappropriate cell death. Study 

of apoptosis is likely to reveal targets to which drugs can be designed in the 

treatm ent of these diseases.
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1.8 Aims

The aims of the experiments described in this thesis were:

1) To define and characterise a cell line which could be used as a 

model of thymocyte apoptosis during thymic selection.

2) To generate and characterise apoptosis resistant m utant cell 

lines, resistant to one or more of the selected apoptotic stimuli.

3) To analyse the signalling events in the m utants derived to 

locate the area of the m utations and to gain insights into the signalling 

mechanisms themselves.
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CHAPTER 2

M aterialsand Methods
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2.1 Tissue culture

Reagents

Unless otherwise stated, all standard reagents and solutions were 

provided by the Media Department, NIMR, UK.

Cell culture

For basic tissue culture of T3.2 and m utant cell lines, IMDM (Gibco, 

UK) supplemented w ith heat-inactivated foetal calf serum (Gibco, UK) to 8%, 

glutam ine (292 m g/L , Media Departm ent, NIMR) and 2-m ercaptoethanol 

(Sigma, UK) to 50 |iM was used. All cells were m aintained at 37°C in a 

hum idified tissue culture incubator (LEEC, UK) w ith a constant 5% CO2 

atmosphere. Standard tissue culture plastics were supplied by Falcon (UK), 

Nunc (UK) and COSTAR (UK).

The cell line Bal-17 was obtained from G.G.B. Klaus and was cultured 

in the same m anner as T3.2 and m utant cell lines. T3.2 and other cell lines 

were routinely passaged by diluting approximately 1/10 every 2 days or 1/100 

every 4-5 days.

Cryopreservation of cells

Cells were centrifuged at 1300 rpm  in a Heraeus, G, Varifuge 3.2 RS 

centrifuge at 4°C, re-suspended in 1 ml of ice-cold freezing mix (90% FCS, 10% 

DMSG, Sigma, UK) and aliquoted into ice-cold freezing vials. The cells were 

frozen at -70°C overnight, ensuring a tem perature drop rate of 1°C per 

m inute, and transferred to liquid nitrogen for long term storage. The cells
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were recovered by thawing the vial rapidly, and transferring the contents 

into w arm  (37°C) AB-IMDM. The cell were w ashed im m ediately in AB- 

IMDM and re-suspended in 10 ml of tissue culture medium.

2.2 Im munofluorescent staining of cell suspensions for FACS analysis

Antibodies used to analyse cell surface marker expression were:

ANTIBODY SPECIFICITY CLASS SOURCE

145-2C11 Anti-CD3e Hamster IgG J. Bluestone

H129.19 Anti-CD4 Rat IgG2b Boeringer, UK

YTS169.4 Anti-CD8a Rat IgG2b H. Waldmann

YBM 5.10.4 Anti-HSA Rat IgG2b H. W aldmann

1x1 Q5 cells were resuspended in antibody diluted 1:100 in 0.2 pi filtered 

PBS/0.5% BSA/0.05% sodium azide. Cells plus antibody were kept on ice for 

40 m inutes and then subjected to a 4 ml w ash using filtered PBS and 

centrifuged at 250 x g at 4°C for 7 minutes. The supernatant was aspirated and 

the cells resuspended in a volume of 100 pi PBS. If biotinylated antibodies 

were used, Streptavidin-Cy-Chrome (Pharmingen, UK) was diluted 1:100 in 

filtered PBS and 50 pi added to the cell suspension. The cells were kept on ice 

for a further 30 minutes and then washed as before. Cells were re-suspended 

at a final volume of 300 pi of PBS/BSA/azide. |Cell debris were excluded from 

analysis using forward and side scatter. Analysis was performed on a Becton 

Dickinson FACScan analyser fitted w ith a 488 nM argon laser, and using 

FACSPLOT software (J. Green, NIMR).
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2.3 Determination of cell line karyotypes

1 X 10^ cells were passaged into a T25 flask, demecolcine (Sigma, UK) 

added to 20 n g /m l and the cells incubated for 3 hours at 37°C and then 

washed twice w ith PBS. Cells were then gently resuspended in a hypotonic 

solution of 0.56% w /v  KCl (BDH, UK) to give a concentration of 10  ̂ce lls /m l 

then incubated at room tem perature for 6 minutes. Cells were centrifuged at 

750 rpm  in a Heraeus, G, Varifuge 3.2 RS centrifuge for 5 m inutes and the 

supernatant aspirated. The tube was extensively flicked to resuspend the 

pellet and ice-cold fixative (Methanol, BDH, UK : Glacial Acetic acid, Fisons, 

UK at 3:1) was added dropwise, flicking the tube each time until the pellet was 

fully re-suspended at which time fixative was added more quickly to 1 ml. 

Cells were spun down as before and the supernatant carefully aspirated. The 

pellet was washed twice more in fixative prior to a final resuspension in 1 ml 

of fixative. Cells were then dropped onto clean microscope slides from a 

height of 30-50 cm using two drops per slide. Slides were allowed to dry 

overnight before being im m ersed in 15% Geimsa's stain im proved R66 

solution in water (BDH, UK) for 20 minutes, rinsed in tap water and allowed 

to dry overnight. Slides were m ounted w ith coverslips and viewed using a 

lOOx oil immersion lens on a Olympus, JP BH-2 Photographic Microscope. 

Twenty five unam biguous chromosome spreads per cell line were counted 

and  pho tog raphs taken. M ean, m ode and  s tan d ard  dev ia tions of 

chromosome numbers were calculated.

2.4 Assays used to measure apoptosis

Three methods were used to estimate the extent of apoptotic cell death 

in T3.2 and m utant cell lines following treatm ent by the stim uli described 

below:
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STIMULUS CONCENTRATION SOURCE

lonom ycin 0.5 pM Sigma, UK

PdBu 50 ng/ml Sigma, UK

Concanavalin-A 1 0  pg/ml Sigma, UK

Anti-CD3 (145-2C11) 10 pg/ml (Coated Plastic) J. Bluestone

Hydrocortisone 1 pM Sigma, UK

Thapsigargin 50 nM Sigma, UK

Staurosporine 1 pM Sigma, UK

2.4.1 Tritiated thym idine incorporation

For each experimental variable, 3 x 10^ cells in log phase were taken 

and the cell concentration adjusted to 3 x 10  ̂ cells/m l in media. 150 |il was 

then placed in rows A and E of a 96 well plate and 100 |il of media alone in the 

rem aining wells. Using a Titertek 12 channel pipette, 50 |il w as rem oved 

from the wells in row A, added to those in row B and mixed. This procedure 

was repeated until 50 pi of row C had been mixed w ith row D. This was 

repeated for rows E-H. Each stimulus was tested in triplicate for each cell 

dilution. For example, columns 1-3 of rows A-D w ould be used to test 1 

stim ulus. Stimuli under exam ination were diluted to two tim es w orking 

concentration in media and then 100 pi added to each well. The plates were 

cultured at 37°C for 24 hours, 1 pCi per well of 5 Ci/m m ol pH ]-thym id ine  

(Amersham, UK) was added to each well and the plate incubated at 37°C for a 

further 3 hours. DNA was harvested onto fibre mats (Pharmacia, UK) using a 

1295-004 Betaplate 96-Well Harvester (Pharmacia, UK) and pH ]-thym id ine
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incorporation determined using a Wallac 1205 Betaplate Liquid Scintillation 

counter (Pharmacia, UK) w ith scintillation fluid (Pharmacia, UK).

"Growth arrest" is used as shorthand for reduced ^HT incorporation which 

may reflect reduced cell proliferation and /  or a reduction in viable cells.

2.4.2 7AAD staining for DNA content

Cells (5 X 1 0 )̂ were cultured in the presence or absence of different 

apoptotic stim uli for 24 hours at 37°C. Subsequently, the cells w ere 

centrifuged at 1300 rpm  for 7 m inutes in a Heraeus, G, Varifuge 3.2 RS 

centrifuge, re-suspended in 0.3% Saponin (Sigma, UK), then incubated on ice 

for 20 minutes. 7AAD (Sigma, UK) was added to give a final concentration of 

4 p g /m l (1:125 dilution) and the cells left for at least 40 m inutes on ice. 

Analysis was perform ed on the same FACScan as previously described in 

section 2 .2  and the same software was used to process the data.

2.4.3 Transm ission electron microscopy

Cells (4 X 10^) were cultured for 24 hours at 37°C in the presence of the 

stimulus under investigation. The cells were then fixed by addition of 25% 

glutaraldehyde (Agar Scientific Ltd., UK) to the cell suspension for a final 

concentration of 2%. The fixed cells were then centrifuged at 3500 rpm  for 5 

m inutes in a Hereaus Sepatech Biofuge 13 microfuge and the supernatant 

discarded. Cells were resuspended in 1 ml of 2% glutaraldehyde then 

recentrifuged. The supernatant was aspirated and the pellet covered w ith 1 

ml 2.5% glutaraldehyde. Samples were then passed to E. Hirst (Department of 

Physical Biochemistry, NIMR) w ho perform ed the rem aining stages of 

sam ple preparation for transm ission electron microscopy. Samples were 

viewed in a JOEL (JP) 100 CX transmission electron microscope and different 

apoptotic stages characterised. Photographs were taken and processed by E. 

Hirst.
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2.5 Measurement of TCa^L changes

Solutions used in this procedure were:

1) 10 X Locks Solution (diluted in H 2O):

NaCl 1.4 M Media Department, NIMR

KCl 50 mM Media Department, NIMR

MgS04 10 mM BDH, UK

CaCl2.2 H2 0 10 mM BDH, UK

Glucose 100 mM BDH, UK

Hepes 100 mM Sigma, UK

2) Lysis Buffer

NP40 1 % in H 2O Sigma, UK

3) Chelation Solution

EGTA 0.2 M Media Department, NIMR

4) Tris

TRIS pH 7.5 0.44 M Media Department, NIMR

2 X 10  ̂cells per sample were centrifuged at 1300 rpm  for 7 minutes in a 

Heraeus, G, Varifuge 3.2 RS centrifuge and resuspended at 10  ̂ cells /m l in 

growth medium. Cells were incubated at 37°C for 30 minutes in the dark in 

growth medium containing 1 mM Indo-1 (Sigma, UK). Cells were pelleted as 

before and washed twice in 1 x Locks solution. Each sample was re-suspended 

in 400 pi (5 X 10  ̂cells /m l) and then analysed in one of two ways:

1) Flow cytometric analysis

Samples w ere m aintained at 37°C and connected to a Coulter 

Electronics (UK) EPICS 742 Flow cytometer /  sorter equipped w ith a Coherent 

(USA) Enova 90 UV laser. When a steady baseline had been established, data 

acquisition  w as com m enced and ru n  for approxim ately  90 seconds
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w hereupon acquisition was halted and 2 1  |il of a 2 0  x working dilution of the 

relevant stimulus in Locks solution was added and the tube mixed. The tube 

was re-connected and data acquisition resumed. Approximate time gaps were 

included in the data file in order to compensate for time loss during stimulus 

addition and mixing. Parameters acquired were: forward scatter, fluorescence 

at 405 nM and fluorescence at 495 nM. Data was analysed as regular FACScan 

data. EPICS was operated by C. Atkins, Department of Cellular Immunology, 

NIMR.

2) Spectrometric analysis

Samples were transferred into cuvettes equipped w ith  a m agnetic 

stirrer and placed in a Perkin Elmer (USA) Luminescence Spectrometer L550 

which was m aintained at 37°C. When the sample tem perature had reached 

37°C, data acquisition was started and after 120 seconds 21 pi of 20 x working 

d ilu tion of stim ulus was added directly to the cuvette and acquisition 

continued until 600-900 seconds had elapsed. Readings at 405 nM and 480 nM 

were taken every 3 seconds and the ratio plotted against time. Calibration was 

carried out upon each different cell line. Acquisition was commenced and 

after 30 seconds 40 pi of Lysis Buffer was added to the cuvette to achieve Fmax- 

W hen a maximum was achieved, 40 pi Chelation Buffer was added followed 

immediately by 80 pi of Tris Buffer in order to achieve Fmin. Using Fmax and 

Fmin, [Ca^+]i versus time was obtained and plotted. In experiments where only 

release of Ca^+ from ER was to be measured the cells were pre-incubated with 

a final concentration of 10 mM EGTA 20 seconds prior to addition of the 

stim ulus
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2.6 Mutagenesis with ICR-191

A variation of the method of Pelligrini et al, 1989 was used.

2.6.1 ICR-191 treatm ent

5 X 10^ cells undergoing log phase growth were passaged into 6  T75 

flasks at a density of 4 x 10  ̂cells/ml. The acridine mutagen, ICR-191 (Sigma, 

UK), was added to give a final concentration of 2 p g /m l and the cells 

incubated at 37°C for 2 hours. Cells were washed twice w ith AB-IMDM, re

suspended at 4 X 10  ̂cells/m l in growth medium and incubated at 37°C for 2-3 

days. W hen the cells had reached a density of 8  x 10  ̂cells/m l, indicating 

recovery from the mutagenic insult, 1 x 10^ cells were removed from each T75 

flask and passaged into 96 well plates at a density of 1 x 10  ̂cells/w ell, in a 

volum e of 100 pi, for m utant selection. The rem aining cells were treated 

again w ith ICR-191 as before, allowed to recover and plated out in 96 well 

plates for selection. Cells remaining after the second round of mutagenesis 

were treated again with mutagen and, once recovered, all the cells were plated 

out for selection. In some cases cells were not p u t through the selection 

procedure until they had been mutagenised three times.

2.6.2 Selection of apoptosis resistant cells

The stimuli used to select for apoptosis resistant m utants were diluted 

to 2 X working dilution in media and then 100 pi was added to each well. The 

plates were returned to 37°C and inspected on daily basis over a 14 day period. 

Subsequently the plates were assessed for cell growth by the presence of 

growing cells and media colour. Wells were picked to be passaged to generate
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cell lines. When cells were selected with Hydrocortisone or Thapsigargin, the 

treatm ent was removed after 16 hours as this had been shown to be sufficient 

to induce 100% apoptosis in wild type T3.2 cells (data not shown).

2.7 Procedures used for complementation analysis of m utant cell lines

In order to carry out com plem entation analysis, cells w ere fused, 

heterokaryons selected, subcloned, 6  subclones picked and cultured into cell 

lines to be tested for reversion to the wild, apoptosis-sensitive phenotype 

using 7AAD staining and FACScan analysis

2.7.1 Fluorescent labelling of cell lines with lipophilic dyes

Cells were taken from culture, washed in PBS and re-suspended at 3 x 

10^ cells/m l in PBS. The lipophilic dyes Di-1 and Di-O (Molecular Probes, 

USA) were added to the cell suspension at dilutions of 1:400 and 1:100 

respectively. Both dyes were maintained as stock solutions of 2 m g /m l in 

ethanol (Media Department, NIMR). Cell suspensions were incubated at 37°C 

for 10 minutes in the dark, washed once w ith PBS and then either analysed 

on a FACScan or fused for complementation (see below).

2.7.2 PEG fusion of fluorescent cell lines

1 X 1 0  ̂ cells from each line to be fused were taken from culture, placed 

in a 50 ml falcon tube (Falcon, UK), washed once with PBS and left on ice. 1 x 

10^ cells of each cell line were loaded w ith dye as above, washed w ith PBS and 

re-suspended at 1 x 1 0  ̂ /m l. 1 x 1 0  ̂ cells stained w ith each dye were placed in 

a FACS tube and left on ice. 1 x 10^ cells from each line to be fused were 

mixed in a FACS tube and left on ice in order to control for spontaneous dye
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exchange. The remaining cells from each line to be fused were mixed in a 50 

ml falcon tube (Falcon, UK) and pelleted as before. The tube containing cells 

to be fused was placed in a beaker containing sterile water at 37°C and 1 ml of 

40% PEG (Sigma, UK) in AB-IMDM prewarm ed to 37°C, was added dropwise 

over a 45 second period while mixing the tube gently. The tube was left to 

stand for 45 seconds and 1 ml of AB-IMDM, w arm ed to 37°C, was added 

dropwise over 30 seconds while shaking the tube. An additional 2 ml then 3 

ml of AB-IMDM were added as before over 30 second intervals followed by a 

further 10 ml and then 30 ml again added slowly over 30 second intervals. 

The tube was left to stand for 5 m inutes, the cells pelleted and gently 

resuspended in 50 ml AB-IMDM. After pelleting the cells again, the cells 

were resuspended in 3 ml of PBS and placed on ice ready for FACSorting.

2.7.3 FACS analysis and sorting of cell lines

FACS analysis and sorting of fused cells was carried out on a Becton 

Dickinson FACStar plus, equipped w ith an Enova 90 laser at 488 nM. 

Unstained samples of the two lines were run on the machine to set detector 

am plitudes and forward and side scatter gates. Cells loaded w ith  each dye 

were run  to set compensations for channel bleed through and, finally, mixed 

bu t not fused cells run through to set the parameters for the sort gate. Fused 

cells were run through, a sort gate set and cells sorted into FACS tubes or 96 

well plates (see below). The FACStar Plus was operated by C. Atkins, 

Departm ent of Cellular Immunology, NIMR.

2.7.4 Microscope analysis of labelled and sorted cells

2 X 1 0  ̂ cells, to be analysed by fluorescence microscopy, were pelleted, 

re-suspended in 10 pi PBS and placed on a microscope slide w ith a coverslip
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sealed with nail varnish. Slides were analysed using a Zeiss Photomicroscope 

III. Approximately 200 cells, visible using red and green filters, were counted 

by eye and photographs taken. Photographs were developed and printed by 

Photographies Department, NIMR.

2.7.4 Subcloning of sorted cell lines m anually and automatically

M anual

Cells sorted into tubes were counted and then d ilu ted  in grow th 

m edium to three concentrations: 50 per ml, 5 per ml and 1.5 per ml. 200 |il of 

each dilution was aliquoted into a 96 well plate giving plates w ith 10 cells per 

well, 1 cell per well and 0.3 cells per well. The plates were cultured for 14 days 

at 37°C following which the plates were assayed for cell growth and where the 

percentage of positive wells was less than 6 6 % 6  wells were picked. If two or 

three plates were less than 6 6 % positive, wells were picked from the plate 

w ith lowest num ber of positive wells.

Autom atic

A Becton Dickinson Autom atic Cell Deposition U nit (ACDU) was 

attached directly to the FACStar Plus. 200 pi of growth m edium  was placed in 

each well of 3 96 well plates which were then attached directly to the ACDU. 

Cells were sorted automatically into each 96 well plates. 80 cells per well, 40 

cells per well and 2 0  cells per well were sorted for each fused cell line sorted. 

Plates were then cultured and analysed as before.
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2.8 SDS/ polyacrylamide gel electrophoresis

The follow ing solutions w ere used du ring  polyacrylam ide gel 

electrophoresis of protein preparations.

1) Lower Gel Buffer pH 8 .8

Tris.HCl 1.5 M Media Department, NIMR

SDS 0.4% Media Department, NIMR

HCl to pH 8 .8 Fisons, UK

2) Upper Gel Buffer pH 6 .8

Tris.HCl 0.5 M Media Department, NIMR

SDS 0.4% Media Department, NIMR

HCl to pH 6 .8 Fisons, UK

3) 5 X Running Buffer (diluted in H 2O)

Glycine 144g Sigma, UK

SDS 0.5% Media Department, NIMR

Tris base 30g BDH, UK

Distilled water to 1 litre

3) 5 X Reducing Sample Buffer

SDS 1 0 % Sigma, UK

Glycerol 50% Sigma, UK

Tris.HCl pH 6 .8 0.3125M Media Department, NIMR

2-ME 25% Sigma, UK

Bromophenol Blue 0.05% Sigma, UK

Distilled water to 1 0  ml
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4) Lysis Buffer

Triton X-100 1%

Tris pH 7.5 10 mM

NaCl 0.15 M

5) Acrylamide Solution

Protogel

6 ) Lower Gel Composition

Sigma, UK

Media Department, NIMR 

Media Department, NIMR

National Diagnostics, USA

% Acrylamide Low. Gel Buff. Protogel H2O 10% APS/TEMED

12.5 7.5 ml 12.5 ml 1 0  ml 1 0 0  pi /  1 0  pi

Glass plates (BioRad, UK) were prepared by washing w ith detergent, 

rinsing in tap water, distilled water and ethanol (Media Department, NIMR) 

then air-dried. Lower gels were prepared as above and degassed for 20 

m inutes, APS and TEMED (BioRad, UK) were added, the solution poured 

into the plates and water saturated butan-l-ol (BDH, UK) layered on top. The 

gel was left to set for 1 hour, the butanol removed and the gel left to stand 

until dry. The upper gel was made, poured onto the lower gel then a gel 

comb (BioRad, UK) was inserted.

Upper Gel

Upper gel Buffer 2.5 ml

Protogel 1.5 ml National Diagnostics, USA

H 2O 6  ml Media Department, NIMR

APS 50 III of 10% BioRad, UK

TEMED 10 pi BioRad, UK

The cell lysate, prepared as below, was kept on ice and 5 x Reducing 

Sample Buffer was added to 1 times concentration. 10 pi of Rainbow Markers
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(Amersham, UK) were added to 2 )il of 5 x reducing sample buffer. The 

samples were boiled for 5 minutes using a heating block (BioRad, UK), loaded 

onto the gel and run  in a BioRad Protean II xi Cell at 30 mA /  gel. W hen the 

14 kDa m arker was about to leave the bottom  of the gel, the current was 

switched off and the gel blotted as below.

2.8.1 Western blots

Solutions and buffers used:

1) 10 X W estern Blot Buffer

Tris base 

Glycine 

Distilled water

2) Blocking Buffers

PBS

Tween 20 

Soya milk 

Marvel milk

3) Wash Buffers

PBS

Tween 20

30.3g BDH, UK

144.2g Sigma, UK

to 1 litre Media Department, NIMR

1 X Media Department, NIMR

0.05% Sigma, UK

10% Tesco, UK OR

10% Premier Beverages, UK

1 X Media Department, NIMR

0.05%/0.2% Sigma, UK

Cell lysates were prepared from 2 x 10  ̂ cells by re-suspending PBS 

w ashed cells in Lysis Buffer at 5 x 10^ /m l and incubating on ice for 15 

m inutes. The lysates were spun at 13,000 rpm  for 5 m inutes in a Hereaus
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Sepatech Biofuge 13 microfuge and the resultant supernatant used as the 

protein preparation. The following agents were added to the Lysis Buffer 

before lysis on the day of the experiment:

PMSF

N a V 0 4

2 0 0  \iM  (final) 

100 mM (final)

Sigma, UK 

Sigma, UK

When the gel had been electrophoresed it was removed and soaked for 

20 m inutes in 1 x W estern Blot Buffer, prepared from 10 x W estern Blot 

Buffer d ilu ted  w ith  distilled w ater and 20% (final) m ethanol (M edia 

Department, NIMR). The proteins were transferred overnight from the gel 

onto a nitrocellulose membrane (Schleicher & Schuell, D) using a BioRad 

Trans Blot Cell (BioRad, UK) at 100 mA, 30 V. The m em brane w as then 

w ashed w ith PBS and blocked w ith Soya milk blocking buffer on a Belly 

Dancer (Stovall, USA) for 1 hour. 0.05% (final) sodium  azide (Sigma, UK) 

was added to Soya milk to prevent bacterial and fungal growth.

The antibodies used to examine the protein preparations were:

N am e Specificity Species Used at Source

DHA-7 Bcl-2 Rabbit 1 :1 0 0 0 G. Evan

DHA-14 Bax Rabbit 1 :1 0 0 0 G. Evan

3C7 c-Myc M ouse 1 :1 0 0 0 G. Evan

Ice Anti-sera ICE Rabbit 1:5000 D. Miller

MAI-510 GR M ouse 1 :1 0 0 0 A.B. Reagents, UK

RC-20 Phosphotyrosine Rat 1:2500 Trans. Labs., UK

The antibodies were diluted in blocking buffer and incubated w ith  the

nitro-cellulose membrane on a Voss 4400 Rotator (Denley Instrum ents, UK)
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overnight at 4°C. The membrane underw ent m ultiple washes of 15 minutes 

w ith a large volume of 0.2% Tween 20 wash buffer. Marvel milk blocking 

buffer was then prepared and one of the following second layers was used at a 

1 : 1 0 0 0  dilution to expose the first layer antibody by rotating in the dark for 2  

hours at room temperature.

First layer Second Layer Source

a-Bcl-2 a-Rabbit-HRP DAKO-Immunoglobulins, DK

a-Bax a-Rabbit-HRP DAKO-Immunoglobulins, DK

a-c-Myc a-Rat-HRP DAKO-Immunoglobulins, DK

a-ICF Protein-A-HRP Am ersham , UK

0C”GR a-Rat-HRP DAKO-Immunoglobulins, DK

a-Phosphotyrosine Streptavidin-HRP Am ersham , UK

The blot was removed and washed as before in 0.2% Tween 20 wash 

buffer. The blot was then incubated for 2 m inutes w ith  an ECL W estern 

Blotting Detection Kit (Amersham, UK) and exposed to X-ograph Blue X ray 

film (X-Ograph Ltd., UK). Films were processed using a Fuji, JP, FPM 2100 X- 

ray processor.
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2.8.2 Phosphotyrosine blots

Examination of phosphorylation of tyrosine residues w as perform ed 

exactly as W estern Blotting except in the preparation of the cell lysates. The 

following protease inhibitors were added to the Lysis Buffer prior to lysis in 

addition to those described before:

Leupeptin 5 |iM Sigma, UK

Pepstatin A 1 (ig/m l Sigma, UK

5 X 10  ̂ cells per sample were pelleted and re-suspended at 1 x 10^ per ml 

in 1 X Locks solution. The tubes were brought to 37°C and then the stimulus 

under examination was added to the tube at its working concentration. The 

tubes were incubated at 37°C for 4.5 minutes and centrifuged in a Hereaus 

Sepatech Biofuge 13 microfuge for 10 seconds at 6500 rpm. The supernatant 

was rem oved and the Lysis Buffer added as before. The rem ainder of the 

procedure was the same as a Western Blot.

2.8.3 Loading control

After probing w ith the above antibodies the membranes were stripped 

in strip buffer at 50°C for 30 minutes. The membranes were then washed 

twice w ith PBS and blocked as before. The m em branes w ere incubated 

overnight at 4°C w ith an anti-tubulin antibody, TAT-1, kindly donated by S. 

Ley, at a 1:1000 dilution. The membranes were then washed as before and 

incubated with a-Rat-HRP second layer antibody and developed as before.

Strip buffer

62.5 mM Tris.HCl pH6.7 Media Department, NIMR

2% SDS Media Department, NIMR

lOOmM 2-ME Sigma, UK
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CHAPTER 3

T3.2. a model for apoptosis

100



3.1 Introduction

Double positive thymocytes are very sensitive to the induction of 

apoptosis by a variety of stimuli (Migita et al., 1994) and therefore a good 

m odel in which to study the biochemical and genetic basis of apoptosis. In 

order to study the induction of apoptosis and to have a system amenable to 

genetic m anipulation, I decided to find a cell line w hich m irrored the 

apoptotic behaviour of isolated thymocytes and which self-perpetuated to use 

as a model which would lend itself to genetic manipulation.

Mice transgenic for c-myc under the control of Thy-1 prom oter and 

control elements get thymic tumours which can be grown out in vitro. The 

over expression of c-myc, in addition to its ability to cause transform ation in 

m any cell types, has been show n to render cells more sensitive to the 

induction of apoptosis by m ethods such as serum  starvation (Evan et al., 

1992). Therefore it was considered possible that a cell line driven by the over 

expression of c-myc would be very sensitive to the induction of apoptosis and 

ideal for these studies. A number of thymocyte tum our cell lines from these 

mice were screened and the cell line T3.2 was found to be the most similar in 

apoptotic behaviour to isolated thymocytes and was chosen to be the 

experimental system.

The first step was to characterise the cell line in detail w ith  respect to 

the occurrence of apoptosis. Multiple assays were used in order to ensure that 

the cell death which was observed was by apoptosis, and to gain a fuller 

picture of the occurrence of different features of apoptosis such as grow th 

arrest and DNA fragmentation. Apoptosis has been shown to be induced by a 

variety of stimuli which in turn appear to utilise a range of different signal 

transduction pathw ays (McConkey et al., 1994). In order to compare the 

behaviour of T3.2 to isolated thymocytes as fully as possible, and to study the
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different signal transduction pathways, several stimuli were used to induce 

apoptosis in T3.2 cells. These were lonomycin, PdBu, Con-A, anti-CD3, 

Hydrocortisone, Thapsigargin and Staurosporine

T3.2 cells were found to undergo apoptosis in response to lonomycin, 

Con-A, Hydrocortisone and Thapsigargin and were also found to readily 

undergo cell death in response to Staurosporine. In contrast, T3.2 cells were 

found not to undergo apoptosis in response to PdBu and plastic cross-linked 

anti-CD3.

3.2 Derivation and phenotype of T3.2

The cell line T3.2 was derived by Yujiro Tanaka (Murdjeva et al., 1996) 

from a cross between a T cell receptor transgenic mouse (F5) and a Thy-myc 

mouse. Thy-myc mice express c-myc under the control of the Thy-1 promoter 

and control elements. These mice generally develop thymic tum ours 6-12 

weeks after b irth  (Spanopoulou et al., 1989). One such tum our was teased 

apart in tissue culture medium and then cultured at 37°C until cell lines were 

established. The cells were then sub cloned and the individual clonal lines 

characterised.

The first step to determine w hether T3.2 was a suitable m odel for 

double positive thymocytes was to establish the phenotype of T3.2 cells. 

Double positive thymocytes express high levels of HSA, CD4 and CDS and an 

interm ediate level of CD3 compared to m ature T cells (Kruisbeek, 1993; 

Janeway and Travers, 1994). T3.2 cells were taken in log phase and analysed 

for CD3, CD4, CDS and HSA expression by flow cytometry. Figure 3.1 shows 

the expression of CD3 (a), CD4 (b), CDS (c) and HSA (d) by T3.2 cells. T3.2 cells 

express CD4, CDS and HSA at a high level, comparable to im m ature double 

positive thymocytes, indicating that T3.2 may be derived from the desired 

thymocyte sub-population. In addition CD3 expression on T3.2 cells was
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compared to that of BIO thymocytes. T3.2 showed a bim odal pattern of CD3 

staining. The m ajority of cells expressed levels of CD3 com parable to 

im m ature thymocytes, figure 3.le  and 3.If, while the rem ainder expressed 

less. These figures show that the lower level of expression of CD3 on 

thymocytes (immature population) is comparable to that on T3.2 cells. This 

dual population was found to be stable and if T3.2 cells were sorted into 

discrete populations of CD3 expression, the lines returned to dual expression 

w ith in  a few m onths. Apoptosis was found to be identical in either 

population indicating that CD3 expression was incidental in this system (data 

not shown).

In order to further characterise T3.2 cells and to assess w hether any 

more genetic changes had occurred during transform ation, the num ber of 

chromosomes per metaphase nucleus was counted. T3.2 cells were taken and 

blocked from leaving metaphase w ith demecolcine for 2  hours to maximise 

the num ber of cells in mitosis. The cells were then swollen in a hypotonic 

solution, fixed and dropped onto a slide causing the m etaphase nuclei to 

rupture, spreading the chromosomes so they could be counted. Geimsa 

stained slides were m ounted and counted at lOOx under oil immersion. 

Figure 3.2 shows a photograph of a typical field and below a graph showing 

the percentage of cells containing different numbers of chromosomes. 75% of 

T3.2 cells contain a total of 42 chromosomes which is two more than normal 

mouse cells ((Robertson, 1987)). The remainder had a normal karyotype. It 

could not be determined which chromosomes were duplicated and whether 

any other anomalies were present using this assay. A lthough it is not 

uncom m on for cell lines to contain karyotype irregularities (Rudniki and 

McBurney, 1987), the significance of the two extra chromosomes w ith respect 

to apoptosis remains unclear.
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3.3 Apoptosis in T3.2

The occurrence of apoptosis in response to range of stimuli in T3.2 cells 

was characterised w ith several assays. This was done firstly, to confirm that 

T3.2 cells show similar induction of apoptosis to double positive thymocytes 

and secondly, to establish a benchmark to which m utant phenotypes could be 

compared. Each stimulus was taken in turn and analysed by: 1) induction of a 

[Ca2+]i increase immediately after stimulation, 2) incidence of growth arrest, 3) 

presence of apoptotic cells in samples examined by transm ission electron 

microscopy (TEM) and 4) induction of DNA fragmentation.

Examination of cells by TEM after induction of apoptosis revealed four 

distinct stages, arbitrarily designated early, medium, late and apoptotic corpse, 

which could be identified in addition to normal cells. Table 3.1 describes 

these categories and gives photographic examples. Figure 3.3 shows an 

electron m icrograph (top) of T3.2 cells which have not been stim ulated to 

enter apoptosis and a column graph (bottom) denoting the percentage of total 

cells counted that were in each apoptotic stage. A base rate of 2-6% apoptosis 

was observed at any time during normal growth of T3.2 cells both by TEM and 

in analysis of DNA fragmentation by FACS in untreated T3.2 cells (figure 3.4b, 

left hand panel). It is possible that this phenomenon was caused by the over 

expression of c-m yc as similar phenotypes have been observed in c-m yc  

transfected cells (Evan et al., 1992).

3.3.1 Apoptosis stimulated by lonomycin and PdBu

lonomycin is a Ca^+ ionophore which causes a transient increase in 

[Ca2+]i which results in a signal via Ca^+ dependent signal transduction  

pathways (McConkey et al., 1994). In conjunction with PdBu, it is often used 

to activate resting T cells in vitro, thereby bypassing receptor-m ediated  

processes (Truneh et al., 1985). lonomycin and other Ca^+ ionophores have
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been shown to effectively induce apoptosis in isolated thymocytes (McConkey 

et aL, 1994) and consequently, its effect on T3.2 cells was examined.

Growth arrest is one of the first features of apoptosis (Gottschalk et aL, 

1994). In order to assay the effect of lonomycin on cell growth, T3.2 cells were 

taken and treated w ith lonomycin for 24 hours. 0.5 pM lonomycin was used 

as this order of concentration has been observed to stim ulate T cells 

(Donnadieu et al., 1995) and kill thymocytes (Jiang et al., 1994). T3.2 cells were 

titrated in a 96 well plate in the presence or absence of lonomycin and cell 

growth was m easured by the ability of the cells to incorporate ^HT over a 3 

hour period. Figure 3.4a shows that lonomycin treatm ent of T3.2 cells causes 

a significant, but not complete loss of cell growth indicating that there are 

some cells left in cycle after 24 hours.

A salient feature of apoptosis is the fragm entation of genomic DNA 

(Wyllie, 1980) which can be measured by a num ber of m ethods (Sun et al., 

1992). One m ethod is to analyse DNA fragm entation by running isolated 

DNA on a gel and looking for the appearance of laddered DNA. This was 

tested in T3.2 cells but the background level of apoptosis m ade the detection 

of an increase in DNA fragmentation very difficult to quantitate reliably.

In contrast, the staining of treated and untreated cells w ith 7AAD was 

found to be easy and accurate to quantitate on the FACS and very 

reproducible and so it was adopted as the preferred m ethod for analysing 

DNA fragm entation . Cells sta ined  w ith  7AAD em it fluorescence 

proportionally  to their DNA content allowing the identification of cells 

throughout the cell cycle (Schmid et aL, 1992). Any cells undergoing DNA 

fragm entation lose the ability to incorporate 7AAD and appear as a sub G1 

peak. By analysing cell size (forward scatter) against 7AAD fluorescence, cells 

in cycle could be shown to lie on a diagonal (figure 3.4b, gate 1). In this 

m anner it was possible to identify cells fragmenting their DNA from any 

point in the cell cycle.
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In order to assess the effect of lonomycin on DNA fragmentation, T3.2 

cells were taken and treated with 0.5 |iM lonomycin for 24 hours, stained and 

analysed in a flow cytometer. Figure 3.4b shows that after lonom ycin 

treatm ent there was increase from 6 % to 40% of cells falling in gate 2. This 

indicated that the treatment had induced 34% of the cell population to enter 

apoptosis within 24 hours. In addition, the percentage of cells in S phase was 

observed to fall from 27% to 6 %, a fall of 4.5 fold, which is in good agreement 

the data in figure 3.11(a) which displays a 5 fold loss of incorporation.

As apoptosis was first defined by morphological criteria (Kerr et al., 

1972), TEM was carried out both to confirm that cell death was occurring by 

apoptosis and to compare the cell morphology with the data obtained by the 

other assays used. T3.2 cells were taken in log phase, treated w ith lonomycin 

for 24 hours, fixed, stained, sectioned and m ounted onto grids for viewing. 

Figure 3.4c shows a typical field taken at 2,800x w ith an inset column graph 

displaying the percentage of total cells falling in to each apoptotic category 

w ith and w ithout treatment. Here lonomycin induces 50-60% apoptosis in 24 

hours indicating that staining with 7AAD may under-represent the degree of 

apoptosis induced.

The inset graph shows that the number of cells in the early, m edium  

and late stages are much less than in the final stage. It is possible that at any 

one time only a low number of cells are undergoing apoptosis and that with 

time they accumulate as apoptotic corpses. This possibility was investigated 

further in section 3.6.2.

Many of the stim ulants used to induce apoptosis induce a [Ca^+Jj 

increase immediately after stimulation (McConkey et al., 1994) upon which 

induction of apoptosis can be dependent (Jiang et al., 1994). It was of interest, 

therefore, to examine the change in [Ca^+]i after stimulation w ith lonomycin. 

T3.2 cells w ere loaded w ith  Indo-1 and analysed on a lum inescence 

spectrometer. After a baseline had been established for 120 seconds, 21 pi of 10
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|iM lonomycin was added to a 400 |il sample in the cuvette w ithout disturbing 

the acquisition of data. Figure 3.4d shows that a very large [Ca^+Jj increase is 

stimulated immediately after addition of lonomycin which peaks at 1400-1600 

nM and then decays more slowly back to baseline.

PdBu is routinely  used to activate T cells in  conjunction w ith  

lonom ycin as it stim ulates PKC which w ith  Ca^+ ionophores in itiates 

activation (Hashimoto et aL, 1991). PdBu has also been observed to induce 

apoptosis in isolated thymocytes (Kizaki et al., 1989) and therefore its ability to 

induce apoptosis in T3.2 cells was investigated.

In contrast to the effects seen w ith lonomycin, PdBu treatm ent of T3.2 

cells did not induce growth arrest (figure 3.5a), DNA fragmentation from any 

stage of the cell cycle (figure 3.5b) nor any immediate [Ca^+jj change (figure 

3.5c).

As lonomycin and PdBu can be used together to stimulate proliferation 

in m ature T cells (Hashim oto et al., 1991), the effect of sim ultaneous 

treatm ent w ith lonomycin and PdBu in inducing apoptosis in T3.2 cells was 

investigated. Interestingly, PdBu had an antagonistic effect on the apoptosis 

induced by lonomycin w hen T3.2 cells were treated sim ultaneously w ith 

lonomycin and PdBu (figure 3.5.1). The fact that PdBu appeared to be rescuing 

T3.2 cells from lonom ycin-induced apoptosis is consistent w ith  some 

observations in isolated thymocytes in response to ionophore (McConkey et 

aL, 1989b) and serum withdrawal (Tomei et aL, 1988).

3.3.2 Apoptosis stimulated by Con-A and anti-CD3

Con-A is used to induce proliferation of m ature T cells (Wysoki and 

Issekutz, 1992). Con-A is a lectin which binds sugar residues on a variety of
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cell surface molecules and stimulates the cell (Novogrodsky and Katchalski, 

1971). It was thought that as Con-A can activate T cells, it m ight induce 

apoptosis in T3.2 cells.

In order to characterise the effects of Con-A, T3.2 cells were analysed by 

m easuring ^HT incorporation and DNA fragmentation after treatm ent for 

24 hours w ith Con-A at 10 pg/m l. Figure 3.6a shows that complete growth 

arrest is induced by Con-A after 24 hours treatment. This implies that all the 

cells may have entered apoptosis within the 24 hour period. T3.2 cells were 

stained w ith 7AAD and analysed by flow cytometry. Figure 3.6b shows that 

Con-A induced a 70% increase in gate 2 from 5% to 75%. In addition, figure 

3.6b shows that there are no cells left in S phase, an observation corroborated 

by the ^HT data. It was not known if the 12% of cells were live, non-cycling 

cells and therefore they were analysed by TEM.

Figure 3.6c shows a typical field at l,820x where 90% of the cells are seen 

as apoptotic corpses. The remaining 10% of cells showed some condensation 

of nuclear DNA but were otherwise normal in appearance. These cells are 

non-cycling as they do not incorporate ^HT (figure 3.6a). This shows good 

agreem ent betw een TEM and 7AAD staining as 10% of cells w ere not 

apoptotic in either assay.

In order to investigate the immediate signalling in response to Con-A, 

the change in [Ca^+Ji after stim ulation 10 p g /m l Con-A was assayed by 

fluorimetry. Figure 3.6d shows that Con-A induces a change in [Ca^+]i w ithin 

60 seconds of stimulation which quickly peaks at 500 nM and then decays 

more slowly back to baseline. This was a different response to that induced by 

lonomycin where there was a more rapid increase to approximately 1400 nM 

which then also decays.

It is possible to stimulate apoptosis in thymocytes by cross-linking the 

TCR/CD3 complex (McConkey et al., 1989b; Tadakuma et al., 1990; Shi et al..
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1991; Groux et aL, 1993; Liu et al., 1994). This signal is thought to mimic the 

natural signal for negative selection in thymocytes, namely the recognition of 

self-antigens in the context of MHC by TcR's. Therefore the induction of 

apoptosis by anti-CD3 in T3.2 cells was examined. The effect of anti-CD3 on 

grow th arrest was investigated using ^h T incorporation. In this case, 

treatm ent was delivered by coating the wells w ith 10 p g /m l anti-CD3. The 

monomeric antibody molecules stick to the plastic and can thereby cross-link 

the CD3 complex. T3.2 cells were titrated as before, and ^HT incorporation 

measured after 24 hours. Figure 3.7a shows that plastic cross-linked anti-CD3 

is incapable of inducing any growth arrest in T3.2 cells (longer incubations 

showed similar results, data not shown).

In order to confirm that no apoptosis had been induced by plastic cross- 

linked  anti-CD3, T3.2 cells w ere exam ined for any signs of DNA 

fragm entation by staining w ith 7AAD. T3.2 cells were taken, incubated in 

wells coated w ith anti-CD3, stained and examined by flow cytometry. Figure 

3.7b shows that there was no significant induction of DNA fragm entation 

which confirmed that no apoptosis was induced by plastic cross-linked anti- 

CD3 in T3.2 cells. As plastic cross-linked anti-CD3 was not sufficient to induce 

apoptosis in T3.2 cells, it was not studied further.

3.3.3 Apoptosis stimulated by Hydrocortisone

H ydrocortisone is a glucocorticoid steroid horm one w hich is very 

s im ila r  to  D exam ethasone . G lu co co rtico id s  h av e  e n o rm o u s 

im m unosuppresive effects in vivo (Farrillo and Fauci, 1979) and are able to 

induce apoptosis in thymocytes (Penninger and Mak, 1994). Glucocorticoids 

act by binding to a cytosolic receptor which is then translocated to the nucleus 

to in itia te  tran scrip tio n  (Penninger and M ak, 1994). In  ad d itio n  

glucocorticoids have been reported to induce a change in [Ca^+]i after
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stimulation (McConkey et al., 1994) which indicates that they m ay exert their 

effect via two pathways. In order to investigate effect of Hydrocortisone on 

T3.2 cells, they were treated w ith 1 |iM Hydrocortisone and tested for the 

occurrence of apoptosis.

In o rder to m easure the degree of grow th  arrest induced  by 

Hydrocortisone, T3.2 cells were titrated as before in the absence or presence of 

1 |iM Hydrocortisone for 24 hours. Figure 3.8a shows that Hydrocortisone- 

induced a 1 0 0 % growth arrest, w ith none of the treated wells featuring any 

significant ^HT incorporation above background.

To ascertain whether the arrested cells had fragmented their DNA, the 

effect of Hydrocortisone on DNA content was assayed by 7AAD staining. T3.2 

cells were treated w ith 1 pM Hydrocortisone, perm eabilised, stained and 

analysed by flow cytometry. Figure 3.8b shows that Hydrocortisone induces a 

very large induction of DNA fragmentation with the percentages of live cells 

falling from 92% to 8 %, a decrease of 84%. Cells falling in gate 2 rose from 5% 

to 8 8 %, an increase of 81%. As before, there were no cells in S phase, 

reiterating the 1 0 0 % loss of ^HT incorporation.

TEM confirmed that the cells treated with Hydrocortisone were dying 

by apoptosis after 24 hours as shown in figure 3.8c. As no cells w ith normal 

morphology could be found, it was concluded that the 8 % population that 

remained in the live cell gate (figure 3.8b) really consisted of apoptotic cells.

Glucocorticoids have been observed to induce a change in [Ca^+]i 

indicating that they influence the Ca^+ signalling pathw ay as well as acting 

directly on transcription. T3.2 cells were assessed for the mobilisation of Ca^+ 

in response to Hydrocortisone. Figure 3.8d shows that H ydrocortisone 

induces no change in [Ca^+]i w ithin 900 seconds. Longer incubations w ith 

H ydrocortisone in the luminescence spectrom eter of up  to 30 m inutes 

show ed sim ilar results (data not shown). These data indicate that the
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induction of apoptosis by Hydrocortisone in T3.2 cells is not m ediated by 

signalling through the Ca^+ pathway.

A lthough all of the above experim ents were carried  o u t w ith  

Hydrocortisone, which is just one of a range of glucocorticoids, m any of the 

reported  findings in the literature on the effects of glucocorticoids in 

stim ulating apoptosis in thymocytes are perform ed using Dexamethasone 

(Sun et aL, 1992; Iseki et aL, 1993; Shiokawa et aL, 1994), another member of 

this family. In order to ensure that these experiments w ith Hydrocortisone 

could be compared to reported findings w ith Dexamethasone, the effects of 

these stim uli w ere com pared in parallel experim ents and found to be 

indistinguishable from one another. In addition m utant cell lines resistant to 

Hydrocortisone (chapter 4) were also resistant to Dexamethasone (data not 

shown). This confirms that these stimuli were equivalent and their effects 

could be cross-compared.

3.3.4 Apoptosis stimulated by Thapsigargin

Thapsigargin is a tum our prom oting sesquiterprene lactone w hich 

stimulates a [Ca^+Ji increase by inhibiting the Ca^+ pum p in the ER membrane 

(Clapham, 1995). This is in contrast to lonomycin which prom otes entry of 

Ca2+ from extracellular stores in greater quantity (Lichtman et aL, 1983). 

Thapsigargin exerts its effect by inhibiting the ATPase which powers the Ca^+ 

pum p. This pum ps Ca^+ against its constant diffusion from the ER to the 

cytosol thereby maintaining a steady [Ca^+ji (Clapham, 1995). By inhibiting the 

ATPase, Thapsigargin depletes the ER stores, raising [Ca^+Ji w hich prom pts 

further Ca^+ to enter from the extracellular matrix (chapter 1). Thapsigargin 

has been found to be very efficient at inducing apoptosis in thymocytes (Jiang 

et aL, 1994) as well as WEHI cells (Choi et aL, 1995). Therefore its effects on 

T3.2 cells were investigated.
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In order to assess the effect on cell growth of Thapsigargin, T3.2 cells 

were treated for 24 hours and ^HT incorporation m easured. Figure 3.9a 

shows that Thapsigargin induces 100% of the cells to undergo grow th arrest 

w ith none of the treated wells registering any counts above background.

To evaluate the effect of T hapsigargin on DNA content, DNA 

fragmentation in T3.2 cells was measured by 7AAD staining. T3.2 cells were 

incubated w ith 50 nM Thapsigargin for 24 hours stained w ith 7AAD and 

analysed on a flow cytometer. Figure 3.9b shows that a large proportion of the 

cells fragment their DNA in response to Thapsigargin. The percentage of cells 

w ith fragmented DNA increases from 4% to 6 8 %, an increase of 64%. Again, 

the 100% loss of ^HT incorporation was matched by a 100% loss of cells in S 

phase. Interestingly, 32% of treated cells remained in gate 1 at the position 

where G1 cells occur.

TEM analysis of the cells after treatm ent w ith 50 nM Thapsigargin 

confirmed that the cells were apoptotic as shown in figure 3.9c. All cells 

showed nuclear condensation and the majority were present as apoptotic 

corpses. No cells were observed to have a normal morphology indicating that 

the cells observed in gate 1 (figure 3.9b) were apoptotic. In this situation 

7AAD staining and FACS analysis were under representing the apoptosis 

induced by Thapsigargin.

The change in intracellular [Ca^+]i in response to Thapsigargin in T3.2 

cells was examined. 50 nM Thapsigargin was administered to Indo-1 loaded 

T3.2 cells which caused a rapid [Ca^+]i increase peaking at about 700 nM within 

100 seconds and then returning more slowly to baseline. The response of T3.2 

cells was faster and larger than the response to Con-A (figure 3.6c) but smaller 

and slower than that of lonomycin (figure 3.4c). All increases were followed 

by a slower decay toward baseline.
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3.3.5 Apoptosis stimulated by Staurosporine

Staurosporine is an antibiotic that inhibits a wide spectrum  of protein 

kinase activity and has been shown to induce cell death in a range of different 

m am m alian cell types (Tamoki, 1991). The cell death  that is induced by 

Staurosporine differs from that induced by other stimuli in that it does not 

require macromolecular synthesis (Jacobson et aL, 1994a). It appears that 

S taurosporine-induced cell death is very like apoptosis bu t w ith  certain 

differences (see below). Because Staurosporine induces cell death  in a 

different manner to the other stimuli investigated, the effect of Staurosporine 

on T3.2 cells was investigated.

In order to investigate the effect of Staurosporine on cell growth in T3.2 

cells, T3.2 cells were titrated in the absence or presence 1 |iM Staurosporine for 

24 hours and ^HT incorporation m easured. Figure 3.10a show s that 

Staurosporine induces a 100% loss of cell growth com pared to untreated 

wells, with treated wells not featuring any counts above background.

In order to evaluate the effect of Staurosporine on DNA content of T3.2 

cells, 7AAD staining of untreated and treated samples was carried out. Figure 

3.10b shows that a large proportion of T3.2 cells have been induced to 

fragment their DNA with the contents of gate 2 increasing from 3% to 77%. 

However, two populations of cells were seen to remain in the position of G1 

and G2 cells accounting for about 20% of total cells. As before, observations of 

cells in S phase and ^HT incorporation were equivalent. The exact status of 

these cells was investigated by TEM.

In order to confirm the occurrence of apoptosis in response to 

Staurosporine and to analyse the populations of cells rem aining in the live 

gate after 7AAD staining, T3.2 cells were treated with 1 pM Staurosporine and
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viewed by TEM. To analyse the morphology of early stage dying T3.2 cells, 

cells were viewed after treatment for 8  hours as well as 24 hours as show n in 

figure 3.10c (8  hours (4620x) top and 24 hours (2800x) bottom).

After 24 hours treatment, (bottom) 100% of the cells have undergone 

cell death indicating that the cells left in the live gate, (figure 3.10b, right 

panel, gate 1) are dead cells. After 8  hours treatment (top), approximately 50% 

of the cells have similar morphology to the cell indicated by the arrow (inset). 

A lthough this early stage looks similar to apoptosis, there are a num ber of 

im portant differences. Firstly, the chromatin is not condensing uniformly; 

secondly, the mitochondria appear abnormal and damaged; and thirdly, the 

cytoplasm is condensing abnormally leaving gaps betw een itself and the 

nuclear envelope. Therefore judging by morphology, the cell death induced 

by Staurosporine was distinct from that induced by other stimuli and it was 

not clear w hether apoptosis or some other, as yet undefined, form of cell 

death was occurring in T3.2 cells.

3.4 Comparison of the effects of apoptotic stimuli

A comparison was made of the growth arrest and DNA fragm entation 

induced in T3.2 cells by the different stimuli. Figure 3.11a compares the % T  

incorporation of T3.2 after 24 hour treatm ent w ith various stimuli. The data 

is expressed as a percentage of the control response. It can be seen that Con-A, 

H ydrocortisone, Thapsigargin and Staurosporine induce complete grow th 

arrest while partial arrest is observed after lonomycin treatm ent and no arrest 

after plastic cross-linked anti-CD3 and PdBu treatment.

Figure 3.11b compares the increase in DNA fragm entation induced 

after incubation with stimuli for 24 hours. Again, it can be seen that Con-A, 

H ydrocortisone, Thapsigargin and Staurosporine had the greatest effect 

inducing a 70-90% increase in  DNA fragm entation in 24 hours. It is
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im portant to note that the cells which did not fall in the apoptotic gate on the 

FACS analysis were excluded from this analysis. lonomycin treated cells only 

showed a 35% increase in DNA fragmentation while plastic cross-linked anti- 

CD3 and PdBu induced no significant DNA fragm entation. These results 

show very close agreement with the growth arrest data

3.5 Comparison of C a ^  signalling in isolated thymocytes and T3.2 cells

The treatm ents used to induce apoptosis in T3.2 cells are know n to 

induce apoptosis in normal thymocytes. However it was unknow n whether 

the changes in [Ca^+Ji which were observed in T3.2 cells would be comparable 

to that of thymocytes. Therefore the changes in [Ca^+]i in response to 

lonom ycin, Con-A, Hydrocortisone and Thapsigargin were m easured  in 

isolated thymocytes. Thymocytes isolated from a fresh BIO thym us were 

loaded with Indo-1 and analysed in a luminescence spectrometer before and 

after stimulation. Twice the num ber of thymocytes per sample were used 

because thymocytes are much smaller than T3.2 cells and therefore the signal 

output was lower.

Figure 3.12 shows the [Ca^+]i changes in T3.2 cells (a-d) and in isolated 

thymocytes (e-h) in response to the apoptotic stimuli. The profiles induced by 

the different stim uli in isolated thymocytes and T3.2 cells w ere broadly
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similar w ith a few differences. The response of thymocytes to lonomycin was 

slower to reach its maximum, which was the same as T3.2 cells, and slower to 

decay. The thym ocyte response to Con-A was sim ilar in the rate of 

m obilisation of Ca^+ but reached only half the am plitude and showed no 

signs of decay. To Hydrocortisone, thymocytes failed to show any Ca^+ like 

T3.2 cells and to Thapsigargin the increase was slower, the peak the same size 

but again no decay was observed.

This experiment shows that the rises in [Ca^+Ji in response to apoptotic 

stimuli are quite similar between thymocytes and T3.2 cells and that T3.2 is 

modelling the response of isolated thymocytes quite effectively. Thymocytes 

are a heterogeneous mix of cells unlike T3.2 which is clonal, and this could 

account for the generally slower increase in [Ca^+]i and the considerably 

slower decay which was observed. It is likely therefore that the same 

signalling pathw ays utilised in T3.2 cells are used in isolated thymocytes 

w hen apoptosis is induced. However it is thought that both the am plitude 

and duration of Ca^+ mobilisation and oscillation is im portant in signalling 

(Clapham, 1995) and so in the case of Con-A and Thapsigargin, thymocytes 

may transduce slightly different downstream signals to T3.2 cells.

3.6 Discussion

3.6.1 Comparison of apoptosis induction in T3.2 cells and thymocytes

The aims of the experiments in this chapter were to evaluate T3.2 cells 

as a model of thymocyte apoptosis and to gain a profile of apoptotic behaviour 

to which m utant cell lines could be compared. Apoptosis was induced by a
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num ber of stimuli some of which are likely to have mim icked apoptotic 

pathw ays w hich  occur norm ally  in thym ocytes and o thers such as 

S taurosporine w hich m ay induce apoptosis by d ifferent biochem ical 

pathways.

Ca^+ ionophores such as lonomycin and A23187 have been used to 

model the events in thymocytes which occur after negative selection. Similar 

effects of Ca^+ ionophores were observed in T3.2 cells (figure 3.4) to those 

w hich have been reported in thymocytes. Migita et al (1994) showed that 

A23187 treatm ent induced a 30-40% increase in cell death w hich could be 

antagonised by phorbol esters, as observed here for T3.2 cells. Both the 

proportion  of apoptosis induction by ionophore and the antagonism  by 

phorbol ester have been replicated by others in other systems (McConkey et 

al., 1989b; Chow et al., 1995).

However, other studies have shown that phorbol esters do not always 

antagonise and can even induce apoptosis. In two different studies both 

Perandones et al and Kizaki et al respectively showed 70% of fresh thymocytes 

from female B6D2Fi mice and 80% of BALB/c thymocytes became apoptotic 

after 24 hours treatment with phorbol esters (Kizaki et al., 1989; Perandones et 

al., 1993). These results are contrary to the findings reported here. However 

the apoptosis induced by phorbol esters in the former was reported to be 

dependent on Ca^+ (Kizaki et al., 1989). In the system described here, and in 

tha t of McConkey et al (1989), phorbol esters w ere unable to change 

intracellular Ca^+ levels (figure 3.5c). It is possible that in thymocytes where 

phorbol esters elevate intracellular Ca^+, apoptosis ensues and in those where 

Ca2+ is not elevated, apoptosis induced by ionophores is antagonised.

Another mobiliser of [Ca^+]i is Thapsigargin which has been observed 

to cause apoptosis in isolated thymocytes (Zhivotovsky et al., 1994) at a 

concen tra tion  of 50 nM w hich  induces an 65% increase in  DNA 

fragmentation (Chow et aL, 1995). This was shown to require [Ca^+Jj elevation
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for 2 hours after stim ulation (Jiang et aL, 1994). These findings are very- 

similar to the apoptosis shown here for T3.2 after Thapsigargin treatm ent 

except that 100% apoptosis was observed by TEM.

A lthough  Con-A stim ulates 90% apoptosis in  T3.2 cells, few 

experiments indicating whether isolated thymocytes also are stim ulated into 

apoptosis by Con-A have been published. McConkey et al, (1989a) observed a 

[Ca2+]i increase to 300 nM after stimulation with Con-A but no apoptosis was 

induced. This difference could be due to the fact that T3.2 cells show a larger 

[Ca2+]i flux in response to Con-A w hen compared to isolated thymocytes 

(figure 3.12).

A number of experiments have used anti-CD3 to stimulate apoptosis in 

isolated thymocytes in order to model negative selection in vitro (McConkey 

et al., 1989a; Tadakuma et al., 1990; Shi et al., 1991; Groux et al., 1993; Liu et al.,

1994). Interestingly, after anti-CD3 stimulation, thymocytes were found to 

enter apoptosis (McConkey et al., 1989b) but T3.2 cells were not (figure 3.7). In 

T3.2 cells, the lack of apoptosis turned out to be due to the strength of the 

signal delivered rather than any resistance to anti-CD3 (see below).

However, there is evidence which suggests that anti-CD3 is not a good 

model of negative selection as bcl-2, which blocks anti-CD3-induced apoptosis, 

was unable to block negative selection in transgenic mice (Strasser et aL, 

1994b). T3.2 cells were resistant to apoptosis induced by anti-CD3 cross-linked 

on plastic unlike thym ocytes w here anti-CD3 cross-linking on plastic 

(Tadakuma et aL, 1990; Groux et aL, 1993) and even soluble anti-CD3 

(McConkey et aL, 1989a) was enough to stimulate apoptosis. The explanation 

for the difference is most likely that isolated thym ocytes, are a mixed 

population which include antigen presenting cells expressing Fc receptors 

which are capable of providing co-stimulation and which is a very efficient 

way to stimulate w ith anti-CD3. In contrast, T3.2 is clonal and contains no 

APCs. C orrespondingly, anti-CD3 presented  to T3.2 cross-linked on
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m acrophages, also induces apoptosis (M urdjeva, M. 1994, unpublished  

results).

Glucocorticoids are regulators of immune system  function (Parrillo 

and Fauci, 1979) and have an extensive effect both on T3.2 cells (figure 3.8) 

and thymocytes (Wyllie, 1980; McConkey et al., 1989b; Sun et al., 1992; Clarke 

et al., 1993) inducing an 80% increase in DNA fragm entation (Chow et al.,

1995). In addition to lonomycin, PdBu, Con-A and Thapsigargin (Jiang et al., 

1994) glucocorticoids have been show n to stim ulate Ca^+ signalling  for 

apoptosis (Kaiser and Edelman, 1978; McConkey et al., 1989b). However in 

T3.2 cells and mouse thymocytes treated with Dexamethasone (Iseki et al.,

1993) no change in [Ca^ + ]i could  be o bserved  in d ic a tin g  th a t 

Methylprednisolone, (used by McConkey), may signal apoptosis differently to 

H ydrocortisone or Dexamethasone. A lthough only some glucocorticoids 

appear to stimulate Ca^+, they all induce comparable degrees of apoptosis in 

thym ocytes or thymocyte cell lines possibly via direct in teraction w ith  

glucocorticoid receptors (figure 3.8; (Flomerfelt and Miesfeld, 1994).

Staurosporine, a broad spectrum  protein kinase inhibitor, has been 

used by a num ber of groups to examine apoptosis and is able to both block 

apoptosis and induce it w hen cells are treated at different concentrations. 

Low concentrations (10-30 nM) of Staurosporine have been observed to block 

the apoptosis seen in isolated monocytes in response to phorbol esters (Munn 

et al., 1995) and in isolated thymocytes induced by irradiation (Ojeda et al., 

1992). However, high concentrations (0.1-1 |iM) have been observed to induce 

cell death  effectively in hum an fibroblasts (Jacobson et al., 1994a), 

promyelocytic leukemia cells (Jarvis et al., 1994), lymphocytes (Lucas et al.,

1994) and here in T3.2 cells (figure 3.10).

The fact that Staurosporine could induce and block apoptosis at 

different concentrations indicated that it was acting at two different points in 

the apoptotic pathway. At low concentrations, Staurosporine inhibits PKC
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and apoptosis that is dependent on macromolecular synthesis (Ojeda et ah, 

1992; M unn et aL, 1995) and at high concentrations it may induce apoptosis 

directly. The latter is independen t of m acrom olecular synthesis as 

Staurosporine can induce apoptosis in the absence of a nucleus (Jacobson et 

aL, 1994a) although preformed mRNAs could still have been translated in the 

cytoplasm. The complicated nature of the pathways involved in inducing 

apoptosis is also highlighted by studies involving bcl-2.

Bcl-2 has been found to block apoptosis induced by anti-CD3, 

glucocorticoids and lonomycin, which have been used to m odel negative 

selection in thymocytes. However, in mice overexpressing a bcl-2 transgene 

in thymocytes, clonal deletion proceeded as normal (Strasser et aL, 1994b) 

indicating that negative selection was unaffected. In this system, bcl-2 was 

able to prolong the life of thymocytes which were not positively selected and 

were probably dying by a default pathway. The data from this transgenic 

m ouse m odel indicates that there may be two pathw ays for apoptosis 

induction, one blockable by bcl-2 and the other independent of bcl-2  

expression. H ow ever, more recently, hom ologues of bcl-2 have been 

discovered which act together w ith bcl-2 in controlling apoptosis (section 

1.2.1). It is possible that there may not be distinct pathw ays of apoptosis 

induced by different stimuli defined by bcl-2 as postulated by Strasser et al 

(1994). Instead it may be that in the transgenic model the balance of Bcl-2 and 

other bcl-2 family members has been disturbed such that the protective effect 

of Bcl-2 has been neutralised. In order to test this the other family members 

m ust be closely examined and their role in this transgenic model ascertained.

It is clear from these results and the findings of others that apoptosis in 

thymocytes is an extremely complicated and a poorly defined process. There 

are m any different methods for inducing apoptosis and there appear to be 

num erous pathw ays by w hich apoptosis can be signalled. In these 

experiments and in the experiments of others, each stimulus had different
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characteristics w ith respect to the tim ing and extent of apoptosis induced. 

This implies that each treatment stimulates a different blend of signals which 

in tu rn  causes the cells to respond slightly differently. A lthough the end 

result is the same with each stimulus, that is cell death, the m anner in which 

it is carried out is different in each case further reinforcing the postulation of 

m ultiple apoptotic signalling mechanisms.

Apoptosis is such an im portant mechanism for the disposal of cells 

w ithout resulting inflammation (chapter 1 ) that it makes physiological sense 

to have some redundancy in the apoptotic pathway. This w ould still allow 

the cell to proceed to apoptosis in the event of one part of the mechanism not 

being able to function. The complexity involved also allows delicate control 

of cell death and cell survival such as in the case of bcl-2's involvem ent in 

positive and negative selection (Strasser et al., 1994b) (section 1.2.1).

3.6.2 Apoptotic corpses and the progression of T3.2 cells through apoptosis

One of the m ain functions of apoptosis is to prevent the leakage of 

intracellular com ponents into the extracellular m atrix and thereby avoid 

resulting inflamm ation (chapter 1). By studying the electron m icrographs 

(figure 3.4c-3.10c), it can be seen that the end stage of apoptosis in this system 

is a necrotic cell w ith only the presence of apoptotic bodies to indicate that it 

has been through apoptosis. In vivo, these corpses never occur because at a 

very early stage the cells express markers that define them as apoptotic and 

they are cleared away by phagocytic cells (Duvall et al., 1985; Savill et al., 1993; 

Ren et al., 1995). In vitro, there are no phagocytic cells and it appears that the 

cells eventually  enter necrosis, giving rise to the apopto tic  corpse 

m orphology.

Using TEM and studying apoptosis at different time points (data not 

shown), it was noticed that from 6  hours, after treatment, there was a constant
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num ber of cells in the active stages of apoptosis at all times. This implies that 

even in a clonal population of cells there was a range of sensitivity to the 

induction of apoptosis. It could be argued that this phenomenon was caused 

by cells being able to enter apoptosis at only one point of the cell cycle. 

However, experiments where Thapsigargin was added, cells were observed to 

fragm ent their DNA from G2, indicating that the cells can enter apoptosis 

from any stage of the cell cycle.

3.6.3 Use of ICa^+h changes to stimulate apoptosis

In figure 3.12 differences were observed between the [Ca^+Ji changes 

induced in isolated thymocytes and T3.2 cells (section 3.5). One reason for this 

could be that T3.2 cells were a model of only im m ature double positive 

thym ocytes w hile  ex vivo double positive thym ocytes are a highly 

heterogeneous population. Also, the isolated thym ocytes consisted of 

approximately 90% double positive cells (data not shown) and it was possible 

tha t the single positive, double negative and other double positive 

populations did not flux [Ca^+]i in a similar manner to T3.2 cells. Therefore as 

the lum inescence spectrom eter gave average readings for the cuvette 

contents, these cell populations could have been contribu ting  to the 

differences observed.

It was interesting to note that lonomycin, Con-A and Thapsigargin 

induced  a transien t [Ca^+]i change and yet all three induced  DNA 

fragm entation as measured by 7AAD staining in a m anner that was distinct 

from the each other. Analysis of DNA fragm entation profiles indicated a 

distinct and highly reproducible pattern of cells analysed by forward scatter 

versus 7AAD staining after treatm ent with each stimulus. After lonomycin 

(figure 3.4b) treatment there were significant numbers of cells left in cycle and 

after Con-A (figure 3.6b) there were a few cells which appeared to be in G1 and
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no cells in other stages w ith most of the apoptotic cells showing very little 

7AAD staining. Cells treated w ith Hydrocortisone (figure 3.8b) displayed a 

very small G1 population and a large immediate sub-Gl population whereas 

cells treated w ith Thapsigargin (figure 3.9b) displayed a larger G1 population 

and a sim ilar sub-G l population. This im plied that a com bination of 

m agnitude, duration, rate and location of the [Ca^+]i change could have 

enabled the cell to distinguish the different stimuli. This appears to be true 

for other systems where the cell receives many different signals involving 

Ca2+ and may distinguish them via differences in m agnitude, duration, rate 

and location of the [Ca^+Jj flux (Clapham, 1995).

In comparing apoptosis induced by Thapsigargin versus lonomycin, 

the former is m uch more effective at inducing apoptosis (1 0 0 % compared to 

40%, figures 3.4 and 3.9). Thapsigargin induces a much smaller [Ca^+]i change 

than lonomycin (figure 3.12a and d), implying that the m agnitude of the 

[Ca2+]i change does not necessarily reflect the extent of apoptosis induced and 

that a more subtle mechanism m ust be at work. In addition it has been 

suggested  that T hapsigargin m ore closely approxim ates physiological 

signalling, such as receptor cross-linking (Klaus, G.G.B., 1996, Personal 

comm unication.), and that m ay be the reason for its greater efficacy at 

inducing the response.

3.6.5 Acquisition of a benchm ark for the comparison of m utant cell lines

These results and comparisons showed that T3.2 was a good model for 

the apoptosis in isolated thymocytes. Observations about the induction of 

apoptosis in T3.2 cells were likely to be applicable to apoptosis during 

thymocyte selection. In addition, as an extensive profile of the occurrence of
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apoptosis in T3.2 cells w ith a range of apoptotic stimuli, had been achieved, 

new cell lines which no longer underw ent apoptosis could be derived and 

their phenotypes meaningfully compared to that of the parent cell line.
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Figure 3.1 Expression of CD3, CD4. CD8  and HSA by T3.2 cells is sim ilar to that

of double positive thymocytes

T3.2 cells were stained with directly conjugated antibodies to a : CD3, b : 

CD4, c : CD8  and d : HSA and analysed by flow cytometry on a FACScan. T3.2 

cells (e) and isolated BIO thymocytes (f) were stained solely w ith directly 

conjugated antibodies to CD3 on the same day for comparison. In all plots the 

line denotes the maximum level of fluorescence of unstained cells.
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Figure 3.2 T3.2 cells contain a total of 42 chromosomes, two more than

normal mouse cells.

a) Photograph of a metaphase chromosome spread at lOOx prepared 

from T3.2 cells as described in chapter 2 (Materials and Methods).

b) The total num ber chromosomes in 20 unam biguous chromosome 

spreads was counted. A mean of 41.5, mode of 42 and standard deviation of 

0.867 were calculated.
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Figure 3.3 Transm ission Electron Microscopy shows a low  background of

spontaneous apoptosis in T3.2 cells.

T3.2 cells were taken in log phase fixed, stained, sectioned and viewed 

in a transm ission electron microscope. A total of three hundred  cells were 

counted and categorised, as described in table 3.1, in m ultiple fields. A low 

level (2-6%) of apoptosis can be detected in untreated T3.2 cells. The top panel 

shows a 1820x micrograph of untreated T3.2 cells. One late apoptotic cell can 

be seen in the top right hand corner. The bottom panel shows that 95% of the 

cells were categorised as normal in appearance.
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Figure 3.4 T3.2 cells are induced into apoptosis by treatment with lonomycin

a) Treatment w ith 0.5 |iM lonomycin for 24 hours induces a significant 

loss of 3HT incorporation after 24 hours (filled circles) compared to untreated 

control cells (open circles). T3.2 cells were titrated in triplicate in the presence 

or absence of 0.5 |iM lonomycin and cultured for 24 hours. At 24 hours wells 

were pulsed with 1 pCi for 3 hours. Points are shown as the mean and error 

as the standard deviation of triplicate wells.

b) Treatment w ith 0.5 pM lonomycin for 24 hours induces a significant 

increase in the num ber of cells w ith DNA fragmentation. T3.2 cells were 

treated w ith 0.5 pM lonomycin for 24 hours, perm eabilised for 20 m inutes 

w ith 0.3% Saponin in PBS, stained with 4 p g /m l pM 7AAD and analysed by 

flow cytometry.

Cell size was plotted on the X axis (linear) and DNA content (linear) on the Y 

axis. Cells falling within gate 1 were counted as normal cycling cells and cells 

falling in gate 2 as those undergoing DNA > fragmentation. The left hand 

panel shows untreated cells and the right hand panel shows cells treated for 

24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 92% 6 %

Right Hand Panel 57% 40%
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Figure 3.4-cont. T3.2 cells are induced into apoptosis by treatm ent with 

lonom ycin

c) T3.2 cells were treated w ith 0.5 |iM lonom ycin, fixed, stained, 

sectioned and viewed in a transmission electron microscope at 2800x. 300 cells 

were counted in multiple fields, categorised and charted (inset).

d) Treatment w ith 0.5 pM lonomycin induces an imm ediate cytosolic 

[Ca2+]i increase from a baseline of 100-200 nM to 1400 nM within 100 seconds 

of addition. 3x10^ cells were loaded with Indo-1 for 30 minutes, washed and 

placed in  a luminescence spectrometer. A baseline cytosolic [Ca^+J was 

established for 2 m inutes, 0.5 pM lonomycin added and the change in 

cytosolic [Ca2+] recorded for 500 seconds (solid line). The dashed line shows 

the cytosolic [Ca^+Ji of cells treated w ith buffer alone over the same time! 

period. I
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Figure 3.5 T3.2 cells are not induced into apoptosis by treatm ent w ith PdBu

a) Treatment w ith 50 n g /m l PdBu for 24 hours induces no significant 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles). ^HT incorporation was m easured as 

described in figure 3.4a.

b) Treatment w ith 50 n g /m l PdBu for 24 hours induces no significant 

increase in the num ber of cells w ith DNA fragmentation. T3.2 cells were 

treated w ith 50 n g /m l PdBu for 24 hours and processed as described in figure 

3.4b. The left hand panel shows untreated cells and the right hand panel 

shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 93% 3%

Right Hand Panel 83% 1 1 %

130



(a)
1000000

None
PdBu 50 ng/ml

100000

10000

1000

100
100 1000 10000 100000

Cell No.

(b)

(271OC-11 -S-)R W271OCOO1 ,FC2;4

P 1 : CELL SIZE (FORWARD SCATTER F S C - H )

(2710C-I1-S-)RW2710C002PC2;5

P I : CELL SIZE (FORWARD SCATTER F S C -H )

Figure 3.5



Figure 3.5-cont. T3.2 cells are not induced into apoptosis by treatm ent w ith 

PdBu

c) Treatment w ith 50 n g /m l PdBu induces no cytosolic [Ca^+]i change. 

3x1 cells prepared as in figure 3.4d. A baseline cytosolic [Ca^+] was 

established for 2 minutes and then 50 n g /m l PdBu added and the change in 

cytosolic [Ca2+] recorded for 720 seconds (solid line). Locks solution was added 

to produce a control trace (dashed line). The dashed line shows the cytosolic 

[Ca2+]i of cells treated with buffer alone over the same time period.
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Figure 3.5.1 T3.2 PdBu antagonises the effect of lonomycin on T3.2 cells.

Treatm ent w ith 0.5 |iM lonomycin for 24 hours induces a significant 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles). Treatment w ith 50 n g /m l PdBu for 24 

hours induces no significant loss of ^HT incorporation after 24 hours (open 

squares) compared to the untreated control cells (open circles). Treatm ent 

w ith  lonomycin and PdBu induces significant grow th arrest bu t less than 

lonom ycin alone (filled squares). ^HT incorporation w as m easured  as 

described in figure 3.4a.
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Figure 3 .6  T3.2 cells are induced into apoptosis by treatm ent w ith Con-A

a) Treatment w ith 10 jig /m l Con-A for 24 hours induces a complete 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles), ^h t  incorporation was m easured as 

described in figure 3.4a.

b) Treatment w ith 10 pg /m l Con-A for 24 hours induces a significant 

increase in the num ber of cells w ith DNA fragmentation. T3.2 cells were 

treated w ith 10 pg /m l Con-A for 24 hours and processed as described in figure 

3.4b. The left hand panel shows untreated cells and the right hand panel 

shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 92% 5%

Right Hand Panel 1 2 % 75%
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Figure 3.6-cont. T3.2 cells are induced into apoptosis by treatm ent w ith Con-A

c) T3.2 cells were treated with 10 |ig /m l Con-A, fixed, stained, sectioned 

and viewed in a transmission electron microscope at 1820x. 300 cells were 

counted in multiple fields, categorised and charted (inset).

d) Treatment w ith 10 p g /m l Con-A induces an im m ediate cytosolic 

[Ca^+Ji increase from a baseline of 100-200 nM to 500-600 nM w ithin 100 

seconds of addition. 3x10^ cells were prepared as in figure 3.4d. A baseline 

cytosolic [Ca^+] was established for 2 minutes, 10 pg /m l Con-A added and the 

change in cytosolic [Ca^+] recorded for 900 seconds (solid line). The dashed line 

shows the cytosolic [Ca^+Ji of cells treated w ith buffer alone over the same 

time period.
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Figure 3.7 T3.2 cells are not induced into apoptosis by treatment w ith anti-CD3

a) Treatment w ith 10 |ig /m l anti-CD3 cross linked on plastic for 24 

hours induces no significant loss of 3HT incorporation after 24 hours (filled 

circles) com pared to the untreated control cells (open circles). Anti-CD3 

antibody was allowed to bind to the wells for 1 hour before the cells were 

added. ĥ T incorporation was measured as described in figure 3.4a.

b) Treatment with 10 pg /m l plastic cross linked anti-CD3 for 24 hours 

induces no increase in the number of cells with DNA fragmentation. T3.2 

cells were treated w ith 10 p g /m l anti-CD3 for 24 hours and processed as 

described in figure 3.4b. The left hand panel shows untreated cells and the 

right hand panel shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 83% 9%

Right Hand Panel 85% 7%
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Figure 3.8 T3.2 cells are induced into apoptosis by treatm ent w ith 

Hydrocortisone

a) Treatm ent w ith 1 |iM H ydrocortisone for 24 hours induces a 

complete loss of 3HT incorporation after 24 hours (filled circles) compared to 

the untreated control cells (open circles). ^HT incorporation was m easured as 

described in figure 3.4a.

b) Treatm ent w ith  1 pM H ydrocortisone for 24 hours induces a 

significant increase in the num ber of cells w ith DNA fragm entation. T3.2 

cells were treated with 1 pM Hydrocortisone for 24 hours and processed as 

described in figure 3.4b. The left hand panel shows untreated cells and the 

right hand panel shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 92% 5%

Right Hand Panel 8% 88%
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Figure 3.8-cont. T3.2 cells are induced into apoptosis by treatm ent w ith 

Hydrocortisone

c) T3.2 cells were treated w ith 1 |iM Hydrocortisone, fixed, stained, 

sectioned and viewed in a transmission electron microscope at 2800x. 300 cells 

were counted in multiple fields, categorised and charted (inset).

d) Treatm ent w ith  1 pM H ydrocortisone induces no im m ediate 

cytosolic [Ca^+Ji increase from a baseline of 100-200 nM 900 seconds of 

addition. 3x106 cells were prepared as in figure 3.4d. A baseline cytosolic [Ca^+] 

was established for 2 minutes, 1 pM Hydrocortisone added and the change in 

cytosolic [Ca2+] recorded for 900 seconds (solid line). The dashed line shows 

the cytosolic [Ca^+Jj of cells treated w ith buffer alone over the same time 

period.
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Figure 3.9 T3.2 cells are induced into apoptosis by treatm ent w ith 

Thapsigargin

a) Treatment w ith 50 nM Thapsigargin for 24 hours induces a complete 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles). ^HT incorporation was m easured as 

described in figure 3.4a.

b) Treatm ent w ith  50 nM Thapsigargin for 24 hours induces a 

significant increase in the num ber of cells w ith DNA fragm entation. T3.2 

cells were treated w ith 50 nM Thapsigargin for 24 hours and processed as 

described in figure 3.4b. The left hand panel shows untreated cells and the 

right hand panel shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 95% 4%

Right Hand Panel 32% 68%
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Figure 3.9-cont. T3.2 cells are induced into apoptosis by treatm ent w ith 

Thapsigargin

c) T3.2 cells were treated w ith 50 nM Thapsigargin, fixed, stained, 

sectioned and viewed in a transmission electron microscope at 2800x. 300 cells 

were counted in multiple fields, categorised and charted (inset).

d) Treatment w ith 50 nM Thapsigargin induces an immediate cytosolic 

[Ca2+]i increase from a baseline of 100-200 nM to 600-700 nM 7200 seconds after 

addition. 3x10^ cells were prepared as in figure 3.4d. A baseline cytosolic [Ca^+] 

was established for 2 minutes, 50 nM Thapsigargin added and the change in 

cytosolic [Ca^+] recorded for 720 seconds (solid line). The dashed line shows 

the cytosolic [Ca^+Ji of cells treated w ith buffer alone over the same time^ 

period.
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Figure 3.10 T3.2 cells are induced into cell death by treatment with 

Staurosporine

a) Treatment w ith 1 |iM Staurosporine for 24 hours induces a complete 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles). ^h T incorporation was m easured as 

described in figure 3.4a.

b) T reatm ent w ith  1 pM Staurosporine for 24 hours induces a 

significant increase in the num ber of cells w ith DNA fragmentation. T3.2 

cells were treated w ith 50 nM Thapsigargin for 24 hours and processed as 

described in figure 3.4b. The left hand panel shows untreated cells and the 

right hand panel shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 93% 3%

Right Hand Panel 18% 77%

Notes: 1) Different gates were d raw n for left and right hand

panels as these samples were acquired on different FACS machines due to 

technical difficulties. 2) An extra exclusion gate had to be set to filter out a 

regular artefact which appeared after Staurosporine treatment.

140



(a)
1000000

None
Staurosporine 1 uM

100000 -

100001

1000 1

100
100000100 1000 10000

Cell No.

(b)

(2012C-11 -S-)RW2012C001 .FC2;2

P I :  f o r w a r d  SCATTER (C E L L S IZ E ) F S C - H

(2012C3-11 -2012C5-X1 -S-)RW2012C009.FC2;2

P I  : FORWARD SCATTER (CELL S IZ E ) F S C - H

Figure 3.10



Figure 3.10-cont. T3.2 cells are induced into apoptosis by treatm ent w ith 

Staurosporine

c) T3.2 cells were treated w ith 1 |iM Staurosporine for 8 (top) and 24 

(bottom) hours, fixed, stained, sectioned and view ed in a transm ission 

electron microscope at 4620x and 2800x respectively. 300 cells were counted in 

multiple fields, categorised and charted (insets).
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Figure 3.11 A comparison of the effects on T3.2 cells of different apoptotic 

stim uli after 24 hours by examining W T  incorporation and DNA 

fragm entation.

a) The ^HT incorporation for 10x10^ cells is expressed as a percentage of 

the control response (cpm treated cells /  cpm control cells x 100). This was 

done for all stimuli tested and charted.

b) The percentage of cells falling in gate 2 in the untreated samples was 

subtracted from the percentage of cells falling in gate 2 in the treated samples 

to give a percentage increase in DNA fragm entation induced by treatm ent 

This figure is charted.
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Figure 3.12 T3.2 and isolated thymocytes exhibit similar cytosolic FCa^1 
changes in response to apoptotic stimuli.

Treatm ent w ith most stimuli induces an immediate cytosolic [Ca^+Jj 

increase from  a baseline of 100-200 nM after addition. 3x10^ cells were 

prepared as in figure 3.4d. A baseline cytosolic [Ca^+] was established for 2 

minutes, stimuli added and the change in cytosolic [Ca^+] recorded (solid line). 

The dashed line shows the cytosolic [Ca^+Jj of cells treated w ith buffer alone 

over the same time period. The responses of T3.2 and isolated thymocytes 

were m easured to lonomycin, Con-A, Hydrocortisone and Thapsigargin.

Cells Investigated Treatm ent Panel

T3.2 cells lonom ycin a

T3.2 cells Con-A b

T3.2 cells Hydrocortisone c

T3.2 cells Thapsigargin d

Isolated Thymocytes lonom ycin e

Isolated Thymocytes Con-A f

Isolated Thymocytes Hydrocortisone g

Isolated Thymocytes Thapsigargin h
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Table 3.1 D efinition of morphological stages observed in apoptotic T3.2 cells 

by TEM

T3.2 cells were treated w ith 1 fxM Hydrocortisone for 8 hours and 

p repared  for TEM as described in M aterials and Methods. Cells were 

characterised by tem poral occurrence of cellular m orphology and w ith  

reference to previous observations (Kerr et al., 1972)

% Norm al % Early % Medium % Late % Apoptotic 
corpse

0 Hours 94.6 0.0 3.2 2.2 0.3

8 Hours 32.7 11.1 20.9 17.1 18.3

16 Hours 1.4 0.6 19.7 33.4 44.9

24 Hours 0.0 0.0 1.3 9.0 89.7

Inserted table represents the percentage of total cells falling into each category 

at different times after the addition of 1 pM Hydrocortisone to the culture 

This table is presented in order to give an indication of the progression of 

cells through the different stages with time after the induction of apoptosis.
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DESCRIPTION PICTURE
NORMAL

Dispersed chromatin, Mitochondria intact 
- christae visible. Cytoplasm intact and 
dispersed. Plasma membrane ruffled and 
intact

EARLY
Cytoplasm condensed. Mitochondria 
remain intact. Characteristic chromatin 
''horseshoe" condensation around nucleus 
edge. Nucleus still whole. Appearance of 
vesicles in cytoplasm

MEDIUM
As Above - Except Cfiromatin fully 
condensed. Nucleus may be fragmented. 
Vesicles greater in number and seen to be 
''budding o f f  from the membrane or 
nucleus

LATE
Cell may be auto enucleating. Cytoplasm 
beginning to fragment with necrotic 
morphology (doesn't look so condensed). 
Plasma membrane becoming leaky. Fewer 
number of vesicles visible. Mitochondria 
no longer visible

APOPTOTIC CORPSE
Whole cell has sponge like appearance 
completely fragmented. Plasma 
membrane completely degraded. No 
organelles visible, Apoptotic bodies 
visible. Few fragmented vesicles visible

Table 3.1



CHAPTER 4

Generation of and analysis of apoptosis 
resistant mutant cell lines
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4.1 Introduction

A common approach to studying biological processes is to make 

m utations which block the process and then attem pt to ascertain where and 

how the blockage has occurred. This has enabled investigators to dissect the 

mechanisms of several biological pathways, for example, the interferon alpha 

signalling pathw ay (Pelligrini et al., 1989) and the developmental pathw ay of 

the nematode, Caenorhabditis elegans (Hengartner and Horvitz, 1994b).

H aving characterised apoptosis in T3.2, a benchm ark had  been 

achieved to which m utant cell lines could be compared. The fact the T3.2 

proliferated well in culture m ade the selection of m utant cell lines very 

straight-forw ard in that a stim ulus could be applied and any cells not 

undergoing apoptosis would grow out to a point where they could be isolated.

In order to generate apoptosis resistant m utant cell lines, a variation of 

the m ethod of Pelligrini et al was used (Pelligrini et al., 1989). The main 

difference between this and other mutagenesis protocols was that the cells 

were m utagenised three times. Cells were allowed to recover in-between 

successive rounds of mutagenesis because of the toxicity of the mutagen. The 

cells were mutagenised up to three times in order to maximise the probability 

of m utagenising both alleles of the same gene and thus the generation of a 

m utant phenotype. This m ethod utilised the acridine m utagen, ICR-191, 

w hich exerts its effect by preferentially inducing frame shift m utations 

(Benjamin et al., 1991). A frame shift m utation may lead to a non-functional 

translation of message or a prem ature stop codon.

Application of the mutagenesis protocol gave rise to a panel of m utant 

cell lines, each resistant to the induction of apoptosis by the selecting 

stimulus. With one minor exception, no m utant cell line was resistant to any
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stim ulus other than the one w ith which it was selected. Therefore it was 

concluded that the early apoptotic pathways induced by the stimuli studied, in 

T3.2 cells, were independent of each other.

4.2 M utagenesis of T3.2

The first step was to determine the best concentration of ICR-191 for 

mutagenesis of T3.2 cells. As the most effective mutagenesis was thought to 

be achieved when 60-90% of the cells die from ICR-191's toxicity (Pelligrini et 

al., 1989), ICR-191 was titrated. T3.2 cells were treated w ith  different 

concentrations of ICR-191 for 2 hours, washed, cultured until 24 hours had 

elapsed and then viable cells counted using trypan blue. 2 p g /m l of ICR-191 

was found to induce approximately 66% cell death w ithin 24 hours and so 

this was adopted as the working concentration (data not shown).

At the beginning of each experiment T3.2 cells were grown in six T75 

tissue culture flasks to 4 x 10  ̂ cells per ml, giving a total of 5 x 10^ cells in log 

phase. Figure 4.1 shows a graphical representation of the m utagenesis 

protocol carried out. The mutagenesis was carried out in 6 independent pools 

(6 X T75) so that mutants from different pools could not be sibling mutations. 

Each T75 flask was then treated with 2 pg /m l ICR-191 for 2 hours, washed 

three times w ith AB-IMDM and left to recover for 2-3 days. W hen the cell 

concentration had reached 8 x 10  ̂ cells/m l, indicating that the cells had 

recovered, half (8 x 10  ̂per pool) of the cells were taken and selected w ith an 

apoptotic stimulus. The rem aining half were re-m utagenised and left to 

recover as before.
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4.3 Selection of apoptosis resistant mutant cell lines

Cells to be selected were plated in 96 well, flat bottomed, plates at 10  ̂

cells per well, making a total of 1 x 10  ̂ cells per plate. Each independent pool 

w as plated in one 96 well plate per mutagenesis treatm ent. The selection 

stimulus was applied and the cells were cultured for 14 days to allow resistant 

cells to grow out. Successive rounds of m utagenesis and selection were 

carried out until three groups of six plates, (one plate per independent pool) 

were generated. After three rounds of mutagenesis and selection, 3 x 10^ cells 

per pool and a total of 18 x 10^ cells had been mutagenised and selected.

In all experiments unm utagenised cells were selected in parallel for 

two reasons. Firstly, to ensure that the stimulation was effective at inducing 

apoptosis and preventing grow th in any wells and secondly, to gain an 

estimation of the spontaneous rate of m utation in T3.2 cells.

4.3.1 Selection w ith one stim ulus

In order to select m utant cell lines resistant to the induction  of 

apoptosis, m utagenised cells in 96 well plates w ere selected using the 

concentration of stimulus that had been found to effectively induce apoptosis 

in T3.2 cells after 24 hours (see chapter 3). Typically, the stimulus was added 

to the m edia and the cells cultured for 14 days. However, in the case of 

Hydrocortisone and Thapsigargin previous studies had show n that by 16 

hours of stim ulation 100% of the cells had entered apoptosis (data not 

shown). Therefore, when m utagenised T3.2 cells w ere selected w ith these 

stimuli the wells were treated for 16 hours, the stim ulus rem oved and the
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cells then cultured for 14 days. Furthermore, this protocol was sufficient to 

kill all the control unm utagenised cells. This was done to minim ise non

specific killing of potential m utant cells by the toxicity of Hydrocortisone and 

Thapsigargin.

4.3.2 Selection w ith two stimuli sim ultaneously

The fact that no m utant cell line generated w as resistan t to any 

stimulus other than the one w ith which it was selected (figures 4.4, 4.7, 4.10 

and 4.13), indicated that mutagenesis events were occurring upstream  of any 

com m on signalling pathw ay. In order to investigate the possibility  of 

deriv ing m utants in a common pathw ay, m utagenised T3.2 cells w ere 

selected w ith two different stimuli simultaneously. A lthough a range of 

combinations of apoptotic stimuli was tested, in  all cases no cells grew out 

after 14 days (data not shown). This indicated that the protocol w as 

inappropriate for the derivation of mutants in a common pathw ay or that not 

enough cells were screened to find those with double mutations.

4.4 Generation of m utant cell lines resistant to the induction of apoptosis

A sum m ary of the numbers of positive wells which were obtained after 

mutagenesis and selection w ith each of the individual stimuli is presented in 

table 4.1. For each of the selection stimuli, a maximum of 12 independent 

wells were picked and grown up as cell lines for further analysis.

lonom ycin resistant m utants were generated from six independent 

groups of cells selected following each of three rounds m utagenesis. After 

round 1 only two m utants were generated from pool 6. The frequency of 

m utation increased after round 2 treatm ent bu t no further increase was 

observed after round 3. At all times there were no positive wells in the plate
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containing unm utagenised T3.2 cells indicating that the treatm ent w as 

effective at inducing apoptosis and that the spontaneous level of m utation 

was below background. Wells were chosen from different pools including 

one well from round 1. A total of twelve wells were picked and tested for 

resistance to lonomycin-induced apoptosis (section 4.5.1). The resulting cell 

lines were not subcloned at this stage.

At the first attem pt to generate Con-A resistant m utants, no positive 

wells were obtained following any of the mutagenesis rounds indicating that 

the m utation rate was very low. Therefore the experiment was repeated and 

the cells were not selected until they had had all three cycles of mutagenesis 

treatment. After 3 rounds of mutagenesis, there were a significant num ber of 

wells w ith Con-A resistant cells growing. Pool 2 had the most positive wells 

and  therefore it was possible that these contained sibling m utations. 

Therefore all the wells from pool 6 and pool 1 were picked for further 

analysis together w ith four from pool 2. The cell lines were then tested for 

resistance to Con-A-induced apoptosis (section 4.5.2).

In the first experiment where T3.2 cells were m utagenised and selected 

w ith Hydrocortisone, the cells failed to recover after round 2 treatm ent and so 

no selection could be applied. However, one well from round 1 was positive 

and was isolated. Repetition of the experiment gave no positive wells after 

rounds 1 and 2 w ith two wells positive after round three which were also 

isolated. The cell lines were then tested for resistance to Hydrocortisone- 

induced apoptosis (section 4.5.3).

It can be seen in table 4.1 that after three rounds of selection w ith 

Thapsigargin only pools 1 and 5 showed any signs of growth. No wells were 

positive after rounds 1 and 2. As there were less than 12 wells in total with 

signs of cell growth all 7 wells were picked and assessed for resistance to 

Thapsigargin-induced apoptosis (section 4.5.4).
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In order to have a clear record of the source of each m utant cell line, a 

simple nom enclature system for m utants was designed. Each m utant was 

assigned a letter denoting the stimulus w ith which they had been selected (I - 

lonomycin, C - Con-A, H - Hydrocortisone and T - Thapsigargin). Then each 

m utant was given the round num ber, the pool from which it was derived 

and the well location. For example m utant I16A10 is an lonomycin resistant 

m utant derived after round 1, from pool 6, well AlO. Table 4.2 shows a list of 

all the m utant cell lines isolated.

4.5 Cell death in apoptosis resistant m utant cell lines

To characterise the nature of the m utations derived, cell death in 

m utant cell lines was analysed in a number of ways. Firstly, the phenotype of 

the cell lines w ith respect to CD3, CD4, CDS and HSA was exam ined by 

staining and flow cytometry to investigate whether any change in cell surface 

m arkers had occurred. The induction of apoptosis in thymocytes prim arily 

occurs in double positive, CD4, CDS cells (chapter 1). If the m utagen had 

caused some form of cell m aturation, the cells could have lost sensitivity to 

the induction of apoptosis w ithout m utation of the apoptotic pathw ay. 

Therefore it was necessary to determine the phenotype of all m utant cell lines 

to exclude this possibility.

Secondly, there was a possibility that the karyotype of m utant cell lines 

had changed as a result of mutagenesis. Gain or loss of a chromosome 

containing genes involved in apoptosis had the potential to greatly affect the 

induction of apoptosis by various stimuli. Although chromosome loss was 

unlikely, given the way that the m utagen operates, each m utant cell line was 

characterised w ith respect to its chromosome content using the same protocol 

as used for T3.2 cells (section 3.2).
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Thirdly, in order to confirm that the m utants w ere resistan t to 

induction of apoptosis by the selecting stimulus they were examined for cell 

growth (3RT incorporation) and DNA fragmentation (7AAD staining) after 24 

hours of stimulation. Both of these assays were used to ensure that apoptosis 

was occurring and to get an accurate measure of the percentage of apoptotic 

cells after treatment.

Fourthly, in  order to investigate the nature of m utations, m utant cell 

lines were tested for resistance to the induction of apoptosis by the other 

stimuli w ith which T3.2 was characterised. The cell lines were tested by 

analysing DNA fragm entation after treatm ent for 24 hours and then if any 

resistance was observed the cell line was tested w ith ^h T incorporation to 

gain a fuller picture.

4.5.1 Induction of apoptosis in lonomycin resistant m utant cell lines

In order to study the phenotype of the four m utant cell lines which 

were fully resistant to the induction of apoptosis by lonomycin (see below), 

cell lines were stained for CD3, CD4, CD8 and HSA. I16A10,123D4 and I34D9 

displayed indistinguishable staining when compared to T3.2 cells and so only 

I16A10 and I32F7 are shown in figure 4.2. A lthough I32F7 had altered 

expression of the co-receptors CD4 and CD8, unaltered expression of HSA and 

CD3 indicated that it still appeared to have an im m ature phenotype. In 

addition, analysis of the m utant karyotypes revealed that no gross karyotype 

changes had occurred during mutagenesis (data not shown).

The twelve isolated (section 4.4) cell lines were tested for resistance to 

lonomycin-induced apoptosis by ^HT incorporation to confirm that they were 

m utants. Only four cell lines (I16A10, I23D4, I32F7 and I34D9) from the
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twelve picked were found to be both fully resistant to lonom ycin-induced 

apoptosis and to be derived from independent pools (data not shown). The 

rem aining eight were either partially  resistan t or not resistan t w hen 

compared to T3.2 cells.

M utants were re-tested for the induction of apoptosis by m easuring 

3RT incorporation in parallel w ith assaying DNA fragm entation by 7AAD 

staining. Figure 4.3a shows that there is no grow th arrest induced by 

lonomycin in I16A10, I23D4,132F7 and I34D9 m utant cell lines after 24 hours 

w hen compared to T3.2 cells. Figure 4.3b confirms that in addition to growth 

arrest, lonom ycin  is incapable of inducing  any increase in  DNA 

fragm entation after 24 hours in these cell lines. This finding confirms that 

the cell lines are completely resistant to the induction of apoptosis by 

lonomycin. It was possible that the mutants were merely delayed in the onset 

of apoptosis after treatment. However it was found that treatm ent for up to 

72 hours gave the same result (data not shown).

In o rder to characterise the nature of the m utations w hich had  

occurred, lonomycin resistant cell lines were taken and treated for 24 hours 

w ith  10 p g /m l Con-A, 1 pM Hydrocortisone and 50 nM Thapsigargin. The 

cells were then permeabilised, stained with 7AAD and analysed. Figure 4.4 

shows that all except one of the lonomycin resistant m utant cell lines show 

no increased resistance to apoptosis induced by any other stimulus tested. 

The bottom category of each graph denotes the percentage of increased DNA 

fragm entation induced by each stimulus in parent T3.2 cells. In all cases, 

except one (I32F7, discussed below) the DNA fragmentation induced is exactly 

comparable to T3.2 cells.

Figure 4.4 indicated that there was a significant reduction of induced 

DNA fragm entation in I32F7 cells treated w ith  1 |iM H ydroco rtisone  

compared to T3.2 cells. This is shown in more detail in figure 4.5a which 

shows that there is a significant percentage (37%) of cells remaining in cell
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cycle after I32F7 cells have been treated (right) w ith 1 \lM  Hydrocortisone. It 

appears that the cells, analysed by 7AAD, which remained in gate 1 were not 

apoptotic as there appeared to be cells in S phase. However, to further 

characterise this phenomenon, the effect of 1 pM Hydrocortisone on growth 

arrest in I32F7 cells was investigated. Figure 4.5b shows that, although a 

significant drop in ^HT incorporation was observed, the counts did not drop 

below background as was observed in T3.2 cells (figure 3.8a). This indicated 

that the cells in gate 1 after treatment, figure 4.5a, cells were in cycle and that 

I32F7 had partial resistance to apoptosis induced by Hydrocortisone. Whether 

this extra resistance was due to multiple mutations or one m utation affecting 

both pathways was unclear at this stage.

In summary, lonomycin resistant cell lines behaved the same as T3.2 

cells to all stimuli except that they are completely resistant to the induction of 

apoptosis by lonomycin. The exception is I32F7 which has altered expression 

of CD4 and CDS and is also partially resistant to apoptosis induced by 

Hydrocortisone.

4.5.2 Induction of apoptosis in the Con-A resistant m utant cell line C36H12

Growth arrest induced by Con-A was examined by m easuring % T
\

incorporation in all twelve isolated cell lines. Eleven cell lines showed either 

partial or complete growth arrest w ith only one line, C36H12, displaying no 

growth arrest (data not shown). C36H12 was analysed in more detail and also 

tested for DNA fragm entation by 7AAD staining. Figure 4.6a shows that 

while T3.2 cells exhibit complete growth arrest, C36H12 does not. This is 

confirmed by the lack of DNA fragm entation in these cells after Con-A 

treatm ent (figure 4.6b).

In order to characterise further the lesion observed in the C36H12 

m utant, it was tested for DNA fragmentation by 7AAD staining after 24 hours
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treatm ent w ith  lonomycin. Hydrocortisone and Thapsigargin. Figure 4.7 

shows that C36H12 cells enter apoptosis in a similar fashion to T3.2 cells 

w hen treated w ith  stimuli other than Con-A.

Analysis of surface markers on the Con-A m utant C36H12 showed that 

it was unchanged from T3.2 w ith  respect to CD3, CD4, CD8 and HSA 

expression and furthermore the karyotype of this cell line was the same (data 

not shown).

In sum m ary, C36H12 is unchanged from T3.2 cells in its response with 

respect to all stimuli, marker expression and karyotype except for the fact they 

no longer enter apoptosis in response to Con-A. The exact nature of the 

mutation(s) rem ain unclear but it appears that the mutation(s) are upstream  

of any conversion point into a common pathway. A d d itio n a lly , C36H12 

cells aggregated into clumps when treated with Con-A in a m anner similar to 

wild type cells, implying that Con-A was still able to bind m utant cells.

4.5.3 Induction of apoptosis in Hydrocortisone resistant m utant cell lines

Hydrocortisone resistant cell lines, H15F12, H34F12 and H34H12 were 

taken, stained for CD3, CD4, CD8 and HSA analysed in a flow cytometer 

Figure 4.8a show s that all the lines have sim ilar CD4, CD8 and HSA 

expression w hen compared to T3.2 cells. However, each cell line expressed 

CD3 slightly differently, w ith H34F12 expressing CD3 very like T3.2, H15F12 

expressing an interm ediate population and a small high population and 

H34H12 expressing CD3 at low, interm ediate and high levels in different 

proportions. However, the expression of CD3 appeared not to affect the 

induction of apoptosis (see below). Additionally, m utant cell lines were 

investigated for gross chrom osome changes. No m utan t d isp layed  a 

karyotype distinguishable from T3.2 cells.
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In order to confirm the m utant phenotypes, the cell lines were 

treated  w ith  1 |iM Hydrocortisone for 24 hours and 1) tested for ^h T 

incorporation and 2) DNA fragm entation by 7AAD staining. Figure 4.9a 

shows that m utant lines showed no growth arrest compared to T3.2 which 

show ed 100% grow th  arrest. Correspondingly, there was no significant 

induction of DNA fragmentation by Hydrocortisone in these cell lines (figure 

4.9b).

In order to further characterise the phenotype of these m utant cell 

lines, they were treated w ith lonomycin, Con-A and Thapsigargin and tested 

after 24 hours for DNA fragmentation by 7AAD staining. Figure 4.10 shows 

that in all cases in the induced DNA fragm entation was sim ilar to the 

fragmentation induced in wild type T3.2 cells implying that other pathw ays 

for the induction of apoptosis had not been affected during the m utagenic 

treatm ent.

In summation, H15F12, H34F12 and H34H12 resemble T3.2 cells except 

tha t they are com pletely resistan t to the induction  of apoptosis by 

Hydrocortisone and show some small variations in CD3 expression. The 

possibility of H34F12 and H34H12 being sibling m utations as they both came 

from pool 6 after round 3 was noted and tested (chapter 5).

4.5.4 Induction of apoptosis in Thapsigargin resistant m utant cell lines

In order toj ensure that the isolated cell lines contained the appropriate 

m utations, all isolated lines were tested for their resistance to Thapsigargin- 

induced apoptosis by measuring the incorporation of ^HT after 24 hours (data 

not shown). Of the six cell lines tested, only T31A1, T35A2, T35A12 and 

T35G7 were totally resistant to Thapsigargin-induced apoptosis and so these 

were chosen to be studied further.
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To determine the surface phenotypes, the Thapsigargin resistant cell 

lines were stained for CD3, CD4, CDS and HSA. All lines displayed similar 

phenotypes and so only T35G7 is displayed. Figure 4.11 shows that the cell 

lines have similar CD4, CDS and HSA expression to T3.2 cells. All the 

m utants displayed expression of the intermediate level of CD3 but the lines 

had lost the low CD3 expression population also exhibited by T3.2 cells. No 

gross chromosome changes were observed in Thapsigargin resistant lines and 

karyotypes were indistinguishable from T3.2 cells (data not shown).

The four resistant lines were re-tested as before and also tested in 

parallel for the induction of DNA fragm entation using 7AAD staining and 

flow cytometry. Figure 4.12a shows that Thapsigargin is unable to induce any 

significant grow th arrest in T31A1, T35A2, T35A12 and T35G7 cell lines. 

Figure 4.12b confirms this finding with Thapsigargin being unable to induce 

any DNA fragmentation, confirming that T31A1, T35A2, T35A12 and T35G7 

cell lines contain mutations in the Thapsigargin-induced apoptotic pathway.

To more extensively characterise these resistant cell lines, T31A1, 

T35A2, T35A12 and T35G7 were treated w ith lonom ycin, Con-A and 

H ydrocortisone for 24 hours and stained w ith  7AAD (figure 4.13). 

Thapsigargin resistant cells were induced to undergo DNA fragmentation in a 

similar manner to T3.2 cells by stimuli other than Thapsigargin. Figure 4.13 

also shows that T31A1, T35A2, T35A12 and T35G7 cells may be slightly more 

resistant to DNA fragm entation induced by lonomycin than T3.2 cells which 

may indicate some small overlap between the two pathways, possibly at the 

level of Ca^+ signalling.

To summarise T31A1, T35A2, T35A12 and T35G7 are indistinguishable 

from T3.2 cells except that are completely resistant to the induction of 

apoptosis by Thapsigargin. They appear to have lost the population of cells
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expressing CD3 at a low level and they may be slightly resistant to apoptosis 

induced by lonomycin. The possibility that T35A2, T35A12 and T35G7 were 

sibling m utations, as they were all derived from round  3, pool 5, w as 

investigated in chapter 5.

4.6 Discussion

In this chapter the technique of mutagenesis was found to be efficient 

at generating cell lines resistant to the induction of apoptosis. Table 4.1 shows 

tha t w hile in m any experim ents at least one well w as positive, the 

unm utagenised control plates always remained negative. This indicated that 

the mutagenesis protocol was effective at generating m utants resistant to the 

induction of apoptosis. Some of the originally derived lines displayed only 

partial or no resistance to the selecting stimulus. It is possible that the 

m utations in these cases were unstable and in the absence of selection 

reverted to a wild phenotype. However, a range of definite m utations was 

successfully obtained thereby justifying the application of this technique.

4.6.1 The early pathways for the induction of apoptosis are independent

It is obvious that apoptosis is critical to the appropriate functioning of 

m any systems. The embryological development of many species depends on 

altruistic cell suicide in order to attain limb shape (Coucouvanis et al., 1995) as 

does the prevention of tum ourigenesis in DNA dam aged cells by p53- 

m ediated apoptosis (Clarke et al., 1993) and the generation of a safe, functional 

T cell repertoire (von-Boehmer, 1992).

Many of the routes of induction of apoptosis can be blocked by Bcl-2 

which has led to the suggestion that there may be a common pathw ay of cell 

death into which these diverse signals converge (Flomerfelt and Miesfeld,
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1994). W hatever the function of Bcl-2, be it inhibition of Ca^+ responses (Lam 

et al., 1994) or scavenging of reactive O2 interm ediates (Hockenbery et al., 

1993), it is likely that it interferes w ith a biochemical mechanism rather than 

regulation of gene transcription. Therefore any common pathw ay postulated 

could consist of a series of biochemical mechanisms each which could be 

controlled by a number of gene products.

The observation that none of the m utant cell lines derived were 

resistant to any other stimulus than the one w ith which they were selected 

(figures 4.4, 4.7, 4.10 and 4.13) suggests that the early signals induced by the 

different stimuli which lead to apoptosis are independent. The one exception 

was I32F7 which was generated as an lonomycin resistant line and displayed 

partial resistance to Hydrocortisone-induced apoptosis (figures 4.4 and 4.5). 

W hether the partia l resistance to H ydrocortisone w as linked to the 

lonomycin resistance was not clear at this stage. Since it appeared that the 

early signal transduction pathways of these stimuli were independent and 

that the outcome (apoptosis) was the same w ith all the stimuli, it is possible 

that these pathways converge at some point into a common pathway.

Other studies using a similar approach of generating m utants to study 

apoptosis have yielded interesting results revealing aspects of the pathw ays 

involved in inducing apoptosis. Flomerfelt and Miesfeild have used the cell 

line WEHI7.2 to model apoptosis in im m ature thymocytes and derived a 

panel of m utants resistant to the induction of apoptosis by glucocorticoids. 

M utagenesis w as carried  out by a 13 hour trea tm en t w ith  ethy l 

m ethanesulfonate followed by 2-3 day recovery period prior to selection. 

Four independen tly  derived  lines were generated w hich expressed a 

functional glucocorticoid receptor and rem ained resistant to glucocorticoid- 

induced apoptosis. These resistant lines were also all resistant to apoptosis 

induced by 8-br-cAMP, a cAMP analogue shown to induce apoptosis in w ild 

type cells and y-irradiation. All but one of these lines were resistant to H 2O2-

159



induced  apoptosis and all lines w ere sensitive to Ca^+ ionopho re . 

C om plem entation analysis indicated that three glucocorticoid resistan t 

m utants had mutations in different genes and that they were recessive. They 

proposed that the multiple resistance was evidence for a common pathway. 

However, these mutants were not resistant to apoptosis induced by the Ca^+ 

ionophore A23187. The fact that apoptosis could be induced indicated that the 

apoptotic m echanism  w as still functional and that their m utations had 

occurred below a convergence of glucocorticoid, gamma irradiation and c- 

AM P-induced pathways bu t above a convergence w ith the Ca^+ ionophore 

pathw ay (Flomerfelt and Miesfeld, 1994).

As more experiments are carried out, it becomes increasingly difficult 

to define a common pathw ay of apoptosis. If one exists, it would seem likely 

that genes essential to apoptosis w ould need to be transcribed  after 

stim u la tion  as apop tosis induced  by m ost stim uli is sensitive  to 

cyclohexamide. However, this is not always the case as Jacobson et al have 

show n that enucleated cytoplasts can undergo apoptosis (Jacobson et al., 

1994a) and that apoptosis can still occur in the absence of reactive O2 radicals 

and mitochondria (Jacobson et al., 1993; Jacobson and Raff, 1995) which have 

been suggested to be essential to the process. However, these relatively late 

effector pathw ays may be irrelevant in vivo as the cells w ould have been 

destroyed by phagocytes well before this point. Studies such as these may 

simply reflect the fact that there is considerable redundancy in the ways in 

which apoptosis can be carried out.

In vivo, an im portant feature is the ability of phagocytes to recognise 

and remove cells undergoing apoptosis. There appear to be a variety of 

structures which are capable of "flagging" cells as apoptotic (chapter 1) any of 

which could be sufficient for efficient cell removal. Even at this stage there
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appears to be a degree of redundancy w ith  m echanism s w hich could 

potentially substitute for each other should the need arise. This lends further 

credence to the notion of m ultiple gene products regu lating  com m on 

biochemical mechanisms involved in apoptosis.

If this is the case, then why should the cell bother to undergo any 

change except for the expression of phagocytic markers? One reason is that 

endonucleases could be important in the deactivation of damaged, oncogenic 

DNA. This would ensure that the phagocytic cell could not be transformed by 

incoming DNA from the apoptotic cell.

4.6.2 Absence of any m utations in a common pathway of apoptosis

The m ethod of applying one stim ulus was successful in generating 

m utant cell lines after mutagenesis but none of these cell lines displayed any 

significant resistance (except I32F7) to any of the other stimuli. In order to 

gain mutations in a common pathway, it was decided to select the cells w ith 

two stimuli simultaneously (section 4.3.2). Despite a range of combinations, 

no m u tan t cell lines were derived. This could be explained by the 

considerable redundancy where common biochemical m echanisms can be 

m ediated by multiple gene products. If a m utation had occurred in one gene 

controlling one of the biochemical mechanisms then another unm utagenised 

gene product m ay have replaced it and allow ed progression th rough  

apoptosis and a negative result. Another possible explanation is that 

m utations in the common pathw ay are extremely rare and that not enough 

cells were selected in order for the mutations to be revealed. Additionally, 

genes in the common pathw ay may also be housekeeping gene products, 

essential for cell grow th, w hich w hen m utagenised produce a lethal 

phenotype.
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4.6.3 Further analysis of m utant cell lines resistan t to the induction  of 

apoptosis

This data clearly shows that the mutations which have been derived in 

each group of mutations are distinct from those in other groups. The next 

step is to examine, w ithin each group, how m any different m utations have 

been derived so that a pathw ay can be assembled. This can be done by 

effecting complementation assays where different m utant cell lines are fused 

together and then the resulting cell line examined for reversion to the wild, 

apoptosis-sensitive phenotype. This procedure should shed light on the 

pathw ays at w ork and simplify the process of further analysis of these 

m utations to gain insights into the pathways at work during the induction of 

apoptosis in thymocytes.
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Figure 4.1 M ethod for generation of apoptosis resistant m utant cell lines.

5x10^ cells in log phase were taken in six flasks and incubated w ith ICR- 

191 for 2 hours. Either after individual rounds of m utagenesis or after 

repeating this process two times, cells from each flask were plated out in 96 

well plates at 10^ per well (1x10^ per plate) and an apoptotic stim ulus was 

applied. Resistant clones were picked and analysed 14 days later.

Variations in the protocol: lonomycin and Con-A were left in the wells 

for the full 14 day period but Hydrocortisone and Thapsigargin were left for 

only 16 hours before being removed and replaced w ith fresh media.
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METHOD FOR GENERATION OF APOPTOSIS 
RESISTANT MUTANT CELL LINES

SIX INDEPENDENT FOOLS

I
INCUBATE 2 HRS ICR-191 
ACRIDINE MUTAGEN.

ALLOW CELLS TO RECOVER 
1-2 DAYS

I
SIX INDEPENDENT MUTAGENISED POOLS

«

I

10x10 ® CELLS FROM EACH POOL PLATED IN 196 WELL PLATE AT l(f/WELL 
APOPTOTIC STIMULUS GIVEN AND RESISTANT CLONES PICKED AFTER 14 DAYS

Figure 4.1



Figure 4.2 M utant cell lines resistant to lonom ycin-induced apoptosis show 

sim ilar phenotypes to that of T3.2 cells.

T3.2 and lonomycin resistant m utant cells were stained w ith 

directly conjugated antibodies to a : CD3, b : CD4, c : CDS and d : HSA and 

analysed by flow cytometry on a FACScan. M utant lines I23D4 and I34D9 

displayed staining similar to I16A10 and T3.2 cells and are not shown here. In 

all plots the line denotes the maximum level of fluorescence of unstained 

cells.
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Figure 4.3a M utant cell lines resistant to lonomycin-induced apoptosis do not 

display growth arrest after treatm ent w ith lonomycin

Treatment w ith  0.5 |iM lonomycin for 24 hours induces no significant 

loss of 3HT incorporation after 24 hours (filled circles) com pared to the 

untreated control cells (open circles). M utant cell lines were plated out at four 

cell concentrations in six wells per cell concentration. 0.5 |iM lonomycin was 

added to three of the six wells and left for 24 hours. At 24 hours 1 pCi of 3HT 

per well was added, left for 3 hours, DNA harvested and incorporation of 3HT 

counted. Each point was calculated as the mean of three independent wells 

and Y error bars as the standard deviation.
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Figure 4.3b M utant cell lines resistant to lonomycin-induced apoptosis are not 

induced to fragm ent their DNA by treatm ent w ith lonomycin

Treatment w ith 0.5 |iM lonomycin for 24 hours induces no significant 

increase in the num ber of cells w ith DNA fragmentation. M utant cell lines 

w ere treated w ith  0.5 |xM lonomycin for 24 hours, perm eabilised for 20 

m inutes w ith  0.3% Saponin in PBS, stained w ith  4 p g /m l 7AAD, and 

analysed by flow cytometry. The percentage of cells falling in gate 2 for 

untreated cells was subtracted from the percentage of cells falling in gate 2 for 

treated cells as in chapter 3.
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Figure 4.4 M utant cell lines resistant to lonom ycin-induced apoptosis are 

induced to fragment their DNA to a sim ilar degree to T3.2 cells by treatm ent 

w ith other stimuli.

Treatm ent w ith 10 M-g/ml Con-A, 1 |iM Hydrocortisone and 50 nM 

Thapsigargin for 24 hours induces a significant increase in the number of cells 

w ith DNA fragm entation. M utant cell lines were treated w ith  the above 

stimuli for 24 hours and processed as before. The percentage of cells falling in 

gate 2 for untreated cells was subtracted from the percentage of cells falling in 

gate 2 for treated cells. Data for T3.2 cells is also presented here for 

comparison.
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Figure 4.5 lonom ycin resistant cell line I32F7 shows partial resistance to 

apoptosis induced by Hydrocortisone

a) Treatm ent w ith 1 |iM H ydrocortisone for 24 hours induces a 

significant increase in the num ber of cells w ith DNA fragmentation. T3.2 

cells were treated w ith 1 |iM Hydrocortisone for 24 hours and processed as 

described in figure 3.4b. The left hand panel shows untreated cells and the 

right hand panel shows cells treated for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 79% 12%

Right Hand Panel 37% 52%

b) Treatment w ith 1 |iM Hydrocortisone for 24 hours induces a 

significant loss of 3HT incorporation after 24 hours (filled circles) compared to 

the untreated control cells (open circles). ^HT incorporation was m easured as 

described in figure 3.4a.
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Figure 4.6 The m utant cell line resistant to Con-A-induced apoptosis do not 

display growth arrest after treatment w ith Con-A

a) Treatment of C36H12 cells with 10 pg /m l Con-A for 24 hours induces 

no loss of 3HT incorporation after 24 hours (filled circles) compared to the 

untreated control cells (open circles). ^HT incorporation was m easured as 

described in figure 3.4a.

b) Treatment w ith 10 pg /m l Con-A for 24 hours induces no increase in 

the num ber of cells w ith DNA fragmentation. C36H12 cells were treated with 

10 pg /m l Con-A for 24 hours and processed as described in figure 3.4b. The left 

hand panel shows untreated cells and the right hand panel shows cells treated 

for 24 hours.

Gate 1 (normal) Gate 2 (apoptotic)

Left Hand Panel 93% 5%

Right Hand Panel 91% 7%
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Figure 4.7 The m utant cell line resistant to Con-A-induced apoptosis is 

induced to fragm ent its DNA to a sim ilar degree as T3.2 cells by treatm ent 

w ith other stimuli.

Treatment w ith 0.5 |iM lonomycin, 1 [iM Hydrocortisone and 50 

nM Thapsigargin for 24 hours induces a significant increase in the number of 

cells w ith DNA fragmentation. M utant cell lines were treated with the above 

stimuli for 24 hours and processed as before. The percentage of cells falling in 

gate 2 for untreated cells was subtracted from the percentage of cells falling in 

gate 2 for treated cells. Data for T3.2 cells is also presented here for 

comparison.
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Figure 4.8 M utant cell lines resistant to Hydrocortisone-induced apop tosis 

show sim ilar phenotypes to that of T3.2 cells.

T3.2 and Hydrocortisone resistant m utant cells were stained w ith 

directly conjugated antibodies to a : CD3, b : CD4, c : CDS and d : HSA and 

analysed by flow cytometry on a FACScan. In all plots the line denotes the 

maximum level of fluorescence of unstained cells.
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Figure 4.9a M utant cell lines resistant to Hydrocortisone-induced apoptosis do 

not display growth arrest after treatm ent w ith Hydrocortisone

Treatment with 1 |iM Hydrocortisone for 24 hours induces no 

significant loss of 3HT incorporation after 24 hours (filled circles) compared to 

the untreated control cells (open circles). Mutant cell lines were plated out at 

four cell concentrations in six w ells per cell concentration. 1 pM 

Hydrocortisone was added to three of the six wells and left for 24 hours. 

Plates and data were processed as in figure 4.3a.
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Figure 4.9b M utant cell lines resistant to Hydrocortisone-induced apoptosis 

are not induced to fragment their DNA by treatm ent w ith Hydrocortisone

T reatm ent w ith  1 ^iM H ydrocortisone for 24 hours induces no 

significant increase in the num ber of cells w ith DNA fragmentation. M utant 

cell lines were treated w ith 1 |iM Hydrocortisone for 24 hours and analysed as 

in figure 4.3b. The percentage of cells falling in gate 2 for untreated cells was 

subtracted from the percentage of cells falling in gate 2 for treated cells as in 

chapter 3.
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Figure 4.10 M utant cell lines resistant to H ydrocortisone-induced apoptosis 

are induced to fragm ent their DNA to a sim ilar degree as T3.2 cells by 

treatm ent w ith other stimuli.

T reatm ent w ith  0.5 |iM lonom ycin, 10 |ig /m l Con-A and 50 nM 

Thapsigargin for 24 hours induces a significant increase in the num ber of cells 

w ith  DNA fragm entation. M utant cell lines were treated w ith  the above 

stimuli for 24 hours and processed as before. The percentage of cells falling in 

gate 2 for untreated cells was subtracted from the percentage of cells falling in 

gate 2 for treated cells. Data for T3.2 cells is also p resented  here for 

comparison.
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Figure 4.11 M utant cell lines resistant to Thapsigargin-induced apoptosis 

show sim ilar phenotypes to that of T3.2 cells.

T3.2 and Thapsigargin resistant m utant cells were stained w ith directly 

conjugated antibodies to a : CD3, b : CD4, c : CD8 and d : HSA and analysed by 

flow cytometry on a FACScan. M utant lines displayed similar staining and so 

only T35G7 is shown. In all plots the line denotes the maximum level of 

fluorescence of unstained cells.
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Figure 4.12a M utant cell lines resistant to Thapsigargin-induced apoptosis do 

not display growth arrest after treatm ent w ith Thapsigargin

T reatm ent w ith  50 nM T hapsigargin  for 24 hours induces no 

significant loss of 3HT incorporation after 24 hours (filled circles) compared to 

the untreated control cells (open circles). M utant cell lines were plated out at 

four cell concentrations in  six wells per cell concentration. 50 nM 

Thapsigargin was added to three of the six wells and left for 24 hours. Plates 

and data were processed as in figure 4.3a.
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Figure 4.12b M utant cell lines resistant to Thapsigargin-induced apoptosis are 

not induced to fragment their DNA by treatm ent with Thapsigargin

T reatm ent w ith  50 nM Thapsigargin  for 24 hours induces no 

significant increase in the num ber of cells w ith DNA fragmentation. M utant 

cell lines were treated with 50 nM Thapsigargin for 24 hours and analysed as 

in figure 4.3b. The percentage of cells falling in gate 2 for untreated cells was 

subtracted from the percentage of cells falling in gate 2 for treated cells as in 

chapter 3.
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Figure 4.13 M utant cell lines resistant to Thapsigargin-induced apoptosis are 

induced to fragm ent their DNA to a sim ilar degree as T3.2 cells by treatm ent 

w ith other stim uli.

T reatm ent w ith  0.5 |iM lonom ycin, 10 |ig /m l Con-A and 1 |iM 

Hydrocortisone for 24 hours induces a significant increase in the num ber of 

cells w ith DNA fragmentation. M utant cell lines were treated with the above 

stimuli for 24 hours and processed as before. The percentage of cells falling in 

gate 2 for untreated cells was subtracted from the percentage of cells falling in 

gate 2 for treated  cells. Data for T3.2 cells is also p resented  here for 

comparison.
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Table 4.1 Percentage of positive wells after selection w ith apoptotic stimuli

After each sequential mutagenesis treatm ent, 1 x 10^ cells from each 

independent pool were plated in a 96 well plate at 10^ per well. 1 x 10^ 

unm utagenised, wild type T3.2 cells were also plated in a 96 well plate at 10  ̂

per well. All wells were then treated with one of the four apoptotic stimuli. 

After 14 days the num ber of wells w ith positive grow th in them  were 

counted. The num ber of wells positive for each independent pool in each 

round was calculated and tabulated.

After the first round of selection w ith Hydrocortisone, the cells failed to 

recover from the second m utagen treatment. The experim ent was repeated 

and selection w ith Hydrocortisone after each round carried out. No positive 

wells were detected until the cells had been m utagenised three times. 

Therefore the results from the first round of the first experiment are shown 

together w ith the results of the second and third rounds of treatm ent from 

the second experiment.
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STIMULUS RO U N D 1 

UNMUTAG. POOLS 1-6

ROUND 2 

UNMUTAG. POOLS 1-6

ROUND 3 

UNMUTAG. POOLS 1-6

lONOMYCIN 0 0, 0, 0, 0, 0,2 0 36,36, 57,43, 
50,45

0 37,37,33,34, 
33,30

CON-A NOT DONE NOT DONE NOT DONE NOT DONE 0 5,17, 0, 0, 0,3

HYDROCORTISONE 0 0, 0, 0, 0,1, 0 0 0, 0, 0, 0, 0, 0 0 0, 0, 0,2, 0, 0

THAPSIGARGIN 0 0, 0, 0, 0 ,0 ,0 0 0, 0, 0, 0, 0, 0 0 3, 0, 0, 0,4, 0

Table 4.1



Table 4.2 M utant cell lines picked from selected independent pools to be tested 

for resistance to the induction of apoptosis

Wells observed to be growing after 14 days, assessed by cell content and 

media colour, were chosen where possible to minimise the possibility of 

sibling mutations being picked. This was done by selecting the same number 

of wells from each independent pool where possible. In the case of 

Hydrocortisone and Thapsigargin, the number of positive wells was less than 

twelve so all positive wells were picked increasing the probability of the 

occurrence of sibling mutants.
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NUMBER lonomycin Con-A Hydrocortisone Thapsigargin

1 I16A10 C31A1 H15F12 T31A1

2 I2C10 C31B1 H34F12 T31D12

3 I22B8 C31C1 H34H12 T35A2

4 I23D4 C31B8 - T35A12

5 I24D7 C31E12 - T35G7

6 I25D3 C32D7 - T35H11

7 I26D5 C32E9 - -

8 I31D8 C32E11 - -

9 I32F7 C32A2 - -

10 I33F8 C36H2 - -

11 I34D9 C36H10 - -

12 I35E3 C36H12 - -

Table 4.2



CHAPTER 5

Complementation of apoptosis resistant 
mutant cell lines
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5.1 Introduction

W hen a biological process is being investigated by studying a panel of 

m utants, it is im portant to know which have m utations in different genes. 

M utations in the same gene are know n as sibling m utations and can be 

identified by testing the mutants for complementation (Pelligrini et al., 1989; 

Flomerfelt and Miesfeld, 1994).

Complementation analysis tests for reversion to w ild type in a cell line 

or animal derived from two mutants w ith the same phenotype. In cell lines 

this is done by fusing the cells, selecting for heterokaryons and then testing 

for reversal to the wild type (Pelligrini et al., 1989; Flomerfelt and Miesfeld, 

1994). The rational behind this is that two mutants w ith different defects will 

have a wild type copy of the other gene and when they are fused together each 

will provide the missing product. A problem is usually the effective selection 

of heterokaryons from non-fused and homokaryon cells. The selection can be 

carried out by having m utants each w ith a different drug resistance m arker 

and then selecting the fused cells with both drugs (Pelligrini et al., 1989).

As all the m utant cell lines had been derived from T3.2, selection for 

heterokaryons via drug resistance would have required each cell line to be 

transfected w ith drug resistance genes. This was considered to be too time 

consuming and labourious and so another method of heterokaryon selection 

was designed. It was decided to stain cell lines either red or green w ith  

lipophilic dyes (Di-I and Di-O) and then FACS sort double positive cells.

After designing and testing a system using Di-I and Di-O as cell 

m arkers, each m utant was fused to all the other m utants sharing the same 

resistance, heterokaryons selected, sub cloned and tested for reversion to the 

apoptosis-sensitive phenotype. As none of the m em bers of any group 

d isplayed complete resistance to other stimuli, it indicated that betw een
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m utation groups there was no common mutation. Therefore m utants from 

different groups were not routinely fused together except to test the 

complementation assay.

Six subclones from each fusion were picked and tested for reversion to 

an apoptosis-sensitive phenotype. lonomycin resistant cell lines fell into two 

complementation groups w ith three in one and one in the other, indicating 

that there are at least two gene products involved in lonom ycin-induced 

apop to sis  upstream  of any conversion  in to  a com m on pa thw ay . 

Hydrocortisone resistant cell lines all fell into one complem entation group 

indicating the presence of at least one gene upstream  of any conversion. 

Thapsigargin m utants were more complicated appearing to fall into two 

complementation groups but the results were unclear (see section 5.4.3). Con- 

A m utants could not be complimented as there was only one m utant in this 

group.

5.2 Experimental design

In order for the technique of fluorescent sorting of heterokaryon cells 

to be effective three problems had to be overcome. Firstly, the cells had to be 

properly and stably stained with lipophilic dyes, secondly, there had to be no 

exchange of dye betw een cells w hen differently labelled cells were mixed 

together and thirdly, sorted cells needed to be verified as heterokaryons.

Firstly, staining dilutions of the stock Di-I and Di-O solutions were 

titrated and analysed. Secondly, cells from stainings w ith each dye were 

mixed and left until the fusion had been carried out and then analysed to 

ensure no dye exchange had taken place and thirdly, sorted cells were re

stained w ith markers unique to each originating fusion partner and sorted 

cells were analysed on a fluorescence microscope and photographs taken.
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5.2.1 Staining with lipophilic dyes Di-I and Di-O

In order to establish a working dilution of Di-I and Di-O for staining of 

cell lines to be fused, 5 x 10  ̂ T3.2 cells were taken, washed in PBS and re

suspended in 500 |il of PBS in six samples. Di-I and Di-O were individually 

added to samples at three different concentrations. These samples were then 

analysed on a flow cytometer.

Figure 5.1a-c shows that the staining of T3.2 cells w ith Di-I is almost off 

scale at 1:100, very bright at 1:400 and less bright w ith a w ider spread of 

staining at 1:800. Figure 5.1d-f shows that Di-O staining at 1:50 is almost off 

scale, very bright at 1:100 and less bright w ith a w ider spread of staining at 

1:200. W orking dilutions of 1:400 for Di-I and 1:100 for Di-O were chosen 

because in addition to stable staining, the populations were required to be 

tight to facilitate sorting and very bright so that they could be seen on the 

fluorescence microscope which was m uch less sensitive than  the flow 

cytometer.

5.2.2 FACS sorting of stained and fused cells

In order to separate heterokaryon fused cells from the rest, the two cell 

lines to be fused were individually stained, mixed together, fused and sorted 

on a flow cytometer. In order to control the experim ent, the following 

samples of cells were taken at different points throughout the procedure: 

first, unstained, (figure 5.2a-b), second, Di-O and Di-I stained (figure 5.2c-d) 

and third after the cells were mixed ready for fusion, a sample was taken to 

control for dye exchange between the two lines (figure 5.2e).

Figure 5.2 shows a typical fusion and sorting experim ent w ith six 

samples. Figure 5.2c-d show singly (Di-O or Di-I) stained cells and it was on 

the basis of these stainings that FACS compensations were set. Figure 5.2e
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shows that there was no dye exchange between the two cell lines and figure 

5.2f shows that after fusion a population of green and red cells appeared 

which could easily be sorted. It was noted that in  all experiments the singly 

stained population of red cells could no longer be detected on the flow 

cytometer. This seemed to be an artefact of the flow cytometer as this 

popu lation  was present and it could be observed under fluorescence 

microscopy (section 5.2.3).

On the basis of the fluorescence profiles of the mixed sample (figure 

5.2e) quadrants and sort gates were set. The sample of fused cells (figure 5.2f) 

was ru n  through the flow cytometer and the cells falling into gate were 

electronically sorted into tubes or 96 well plates. Cells sorted into tubes were 

counted, subcloned and cultured at 37°C for 14 days whereas cells sorted into 

plates were placed directly at 37°C and cultured for 14 days.

5.2.3 Analysis of fused and sorted cells

Once the red and green fluorescent cells had  been sorted, it w as 

essential to ensure that the cells which had been sorted were heterokaryons. 

This was attempted in two ways. Firstly, KKT-2 cells which express a different 

CD8 (2.1) allele to T3.2 cells (2.2) (data not shown), were fused to T3.2 cells. 

The fused cells were then sorted on a flow cytometer and the resulting cells 

were stained for the presence of both CD8 alleles. Unfortunately, no reliable 

analysis of CD8 expression was achieved as the sorted cells were already very 

bright from the lipophilic dyes and this made accurate flow cytom eter 

calibration impossible. However, it did look as if the two alleles were both on 

the surface of the sorted cells (data not shown).

Secondly, 2 x 10  ̂ cells from each stained sample (figures 5.2c-f) were 

taken, m ounted on a slide and viewed in a fluorescence microscope. Figure

5.3 shows the fluorescence of singly stained cells (a-b), fluorescence of mixed,
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unfused cells (c) and the fluorescence of fused and sorted cells (d). In all 

panels the cells were viewed under green (left) and red (right) fluorescence. 

Figure 5.3a shows that singly stained Di-O cells are green and not red while 

figure 5.3b shows that singly stained Di-I cells are red and not green. Figure 

5.3c shows that when the singly stained cells are mixed but not fused there is 

no dye exchange. Figure 5.3d shows that fused and sorted cells are truly green 

and red, indicating that these cells are derived from the fusion of the two 

original cell lines.

In addition to photographs being taken, in order to estimate the purity 

of sorted cells, each sample viewed was counted for the presence of green, red 

and green and red cells. Between 200 and 400 cells were assessed for each 

sample and the results expressed as a percentage of total cells counted.

Figure 5.3e shows that 100% of singly stained cells were fluorescent for 

the colour w ith which they were stained. Mixed but unfused cells were 

present in a 1:1 ratio as expected and fused cells were present in a 1:1:1 ratio. If 

every cell had fused to one other cell at random  and the original cells were 

mixed at 1:1 then this is the exact ratio expected. The counts clearly show that 

the sorted cells are 95% pure for double positive cells (heterokaryons) w ith 5% 

contamination with red cells. These red cells may also have contained green 

fluorescence b u t at levels too weak to detect on the microscope. The 

percentage of double positive cells counted in the microscope in the fused 

sam ple was 33% which agreed w ith the double positive FACS populations 

which were also approximately of this value.

A problem w ith this heterokaryon selection m ethod was the apparent 

disappearance of the singly stained red cells on the flow cytometer but not in 

the microscope. The concern was that this population m ight have been 

registering in the sorting gate. In order to investigate this problem  T3.2 cells 

were taken, stained with Di-I and Di-O and then Di-I stained cells fused to Di-I 

stained cells. The flow cytometer was set up as before with a mixed sample of
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green and red cells. However, when the fused cells were analysed, they were 

exactly the same as cells stained only w ith Di-I, indicating that the fusion 

procedure w as not making them undetectable in the flow cytometer. The 

reason for the red cell disappearance in the flow cytom eter rem ains 

unresolved b u t im portantly, they did not appear to be contam inating the 

sorted cells.

5.3 Fusion of cell lines, selection of fusion partners and subclon ing  of 

heterokaryons

Since it has been dem onstrated that this experim ental system  is 

functional and is able to isolate true heterokaryons, the com plem entation 

assays were carried out. A feature of newly derived heterokaryons is that they 

have a tendency to throw out chromosomes during the cell cycle (Blau, 1989). 

If one of these chromosomes had genes relevant to apoptosis it could affect 

the induction of apoptosis. Therefore to minimise this possibility sorted cells 

were sub cloned before testing for reversion to wild type and a minim um  of 6 

individual subclones were examined from each fusion. As a large num ber of 

cell lines had to be screened, 1 decided to screen for reversion by treatm ent for 

24 hours and then estimating apoptosis by 7AAD staining.

After the cells had been stained and sorted, the cells were w ashed, 

counted and plated out in 3 96 well plates at different numbers per well. After 

14 days cell growth was assayed by cell content and media colour and the 

percentage of positive wells calculated. In plates where less than  66% wells 

were positive, the wells were assumed to be clonal and eligible to be picked.

In order to analyse the mutations in cell lines resistant to lonomycin- 

induced apoptosis, pairs of cell lines were taken, stained w ith Di-1 and Di-O, 

fused and sorted into media. Figure 5.4a-f shows the fluorescence of stained 

cells mixed but not fused cells (left) and mixed and fused cells (right) w ith gate
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1 denoting the param eters used to sort the cells. For each of the 6 fusions 

carried out the mixed sample showed a very low level of contamination w ith 

mixed but not fused cells (0.5 - 4%) whereas the mixed and fused cells showed 

a significant increase of cells falling into gate 1 (18-35%).

The sorted cells were then washed, counted, plated in 96 well plates at 

10 per well, 1 per well and 0.3 per well and 14 days later cell grow th was 

assessed. Table 5.1 shows that cells plated at 0.3 per well had routinely less 

than 30% wells positive indicating that these wells were clonal. 6 wells from 

each 0.3 cells per well plate were picked and grow n up  to be tested for 

reversion to the wild phenotype.

In order to investigate the m utations involved in H ydrocortisone 

resistant cell lines, they were fused and sorted. Figure 5.5a-c shows the 

profiles of the control and fused cells. Again, very low levels of 

contamination (0.3-0.7%) were observed in the mixed sample compared to the 

fused sample, where 16-22% of cells fell into the sort gate. Only the brightest 

portion of the population was sorted to minimise contamination. 2 x 10^ cells 

were sorted in to media and subcloned as before. Table 5.1 shows that all 

plates w ith 0.3 cells per well had less than 40% of wells positive. Therefore 6 

wells from each plate were picked and grown up to be tested for reversion.

Thapsigargin cell lines were taken and fused and the profiles are 

shown in figure 5.6a-f. Gate 1 denotes the sort gate. Mixed, but not fused cells 

showed 0.3-1.3% contamination within the sort gate whereas mixed and fused 

cells were present in the sort gate at 20-30%.

In this experiment a different sub cloning procedure was used. The 96 

well plates with media were attached directly to the flow cytometer and the 

cells were sorted into the wells. One feature of this system was that the 

cloning efficiency was reduced at least 120 fold. Table 5.1 shows that wells 

w ith 40 cells per well routinely had fewer positive wells than plates w ith 0.3
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cells per well subcloned manually. This discrepancy could not be accounted 

for as the cytometer was found to sort accurately and all fusions were treated 

in the same way. For all fusions, 6 wells were picked from the plate which 

had fewest positive wells and tested for reversion to the wild type.

5.4 Reversion of fused cells to parental phenotype

The fusion of two cell lines w ith different mutations but w ith the same 

phenotype, should lead to the resulting cell line re-acquiring the w ild 

phenotype. In order to investigate the nature of the apoptosis resistant 

m utations, 6 subclones from  each fusion were taken, treated  w ith  the 

stim ulus to which their parents were resistant for 24 hours, stained w ith 

7AAD and analysed on a flow cytom eter. The increase in  DNA 

fragm entation was calculated and plotted as before. For each fusion, the 

percentage increase in DNA fragmentation of wild type T3.2 cells and the two 

parent cell lines was also determined and shown for comparison.

It was necessary to confirm that the fusion protocol w ould not itself 

cause reversion of the m utants and that mutants resistant to different stimuli 

and fused together w ould become sensitive to both  stimuli. Therefore 

H15F12 cells were fused firstly, to H15F12 cells and secondly, to C36H12 cells. 

Subclones were picked and tested for reversion to wild phenotype.

Cell lines derived from H15F12 cells fused to H15F12 show ed no 

reversion to the wild type indicating that the process of cell fusion, sorting 

and subcloning on its own was not capable of bringing about any change in 

apoptotic phenotype (data not shown). Cell lines derived from FI15F12 fused 

to C36H12 all show ed complete sensitivity to H ydrocortisone-induced 

apoptosis and increased sensitivity to apoptosis induced by Con-A w hen 

compared to wild T3.2 cells and their parent cell lines (data not shown).
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5.4.1 Reversion of fused lonomycin resistant mutants

In o rder to place lonom ycin resistan t m u tan t cell lines in to  

com plem entation groups, the 6 subclones from each fusion were taken, 

treated w ith 0.5 |iM lonomycin for 24 hours, stained w ith 7AAD and analysed 

on a flow cytometer. For each fusion wild type T3.2 and parental lines from 

which the subclones were derived, were also tested. The induced increase in 

DNA fragmentation in the subclones was then plotted and compared to that 

of the wild type and parent m utant cell lines.

Figure 5.7a-f shows the DNA fragmentation induced in the 6 cell lines 

subcloned from the fusions of 116A10:123D4 (a), 116A10:132F7 (b), 116A10:134D9 

(c), 123D4;132F7 (d), 123D4:134D9 (e) and 132F7:134D9 (f). Figure 5.7c shows that 

4 ou t 6 of the subclones derived from the 116A10:134D9 fusion show ed 

reversion to the wild, lonomycin-sensitive phenotype. This indicated that 

116A10 and 134D9 had mutations in different genes. In contrast, subclones 

derived from the fusions of 116A10:123D4 (a) and 116A10:132F7 (b) showed no 

reversion implying that 116A10, 123D4 and 132F7 had m utations in the same 

gene w ith  134D9 having a m utation in a different gene. The fusion of 

123D4T32F7, 123D4T34D9 and 132F7:134D9 (figures 5.5d, e and f respectively), 

confirm this finding and reinforce the allocation of the com plem entation 

groups. As expected, 123D4:132F7 subclones showed no significant reversion 

(figure 5.7d) whereas 123D4T34D9 (e) and 132F7T34D9 (f) showed 3 out 6 and 5 

out 6 subclones, respectively, reverting to the wild type.

This confirms there are at least two gene products involved exclusively 

in lonomycin-induced apoptosis in T3.2 cells. One m utant from each group, 

(116A10 and 134D9) was chosen to be m aintained and studied further. In 

addition, 132F7 was also maintained due to its additional partial resistance to 

Hydrocortisone (figure 4.5) so that further investigations could be carried out.
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5.4.2 Reversion of fused Hydrocortisone resistant mutants

In order to place Hydrocortisone resistant m utant cell lines into their 

respective complementation groups, the same procedure w as carried out and 

DNA fragmentation was calculated and charted alongside the induced DNA 

fragmentation of wild type and parent cell lines.

Figure 5.8a-c shows the induced DNA fragm entation in sub clones 

derived from the fusion of H15F12:H34F12 (a), H15F12:H34H12 (b) and 

H34F12:H34H12 (c). This figure shows that while almost 100% apoptosis was 

observed in T3.2 cells, no apoptosis was observed in parent cell lines nor in 

the subclones from each fusion, indicating that they had not reverted to the 

w ild. Hydrocortisone-sensitive phenotype. This suggested that H15F12, 

H34F12 and H34H12 possessed mutations in the same gene. The possibility of 

the m utation consisting of a loss of glucocorticoid receptor was duly noted 

and tested  (chapter 6). Since all these cell lines w ere in the same 

com plem entation group, only one cell line, H34F12, w as m aintained for 

further study.

5.4.3 Reversion of fused Thapsigargin resistant mutants

To assign complementation groups to the four Thapsigargin resistant 

m utan t cell lines, the 6 subclones from each fusion were tested and the 

induced DNA fragm entation in each subclone was calculated and charted 

w ith T3.2 and parent lines.

Figure 5.9a-f shows the DNA fragmentation induced in T31A1:T35A2 

(a), T31A1:T35A12 (b), T31A1:T35G7 (c), T35A2:T35A12 (d), T35A2:T35G7 (e), 

and T35A12:T35G7 (f) derived subclones. Figure 5.9a shows that 4 out 6 of the 

subclones derived  from  the T31A1:T35A2 fusion show ed significant 

reversion  to the w ild, Thapsigargin-sensitive phenotype. This resu lt
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combined w ith the lack of any complementation between T31A1 with T35A12 

(figure 5.9b) and T31A1 w ith T35G7 (figure 5.9c) implied that T31A1, T35A12, 

T35G7 had m utations in the same gene and that T35A2 had a m utation in a 

different gene.

From this result, it was expected that T35A2 w ould also complement 

w ith T35A12 (figure 5.9d) and T35G7 (figure 5.9e). However, this proved not 

to be the case w ith none of the subclones derived from these fusions showing 

any reversion to the w ild type. Two different m utations had been obtained 

bu t the lack of com plem entation between T35A2 w ith  T35A12 and T35A2 

w ith T35G7 indicated that either some lines had more than one m utation or 

that some m utations displayed dominance.

The generation of heterokaryon cell lines and the m easurem ent of 

complem entation depends on the complementing m utations being recessive 

(Flomerfelt and Miesfeld, 1994). This is because if one m utation is dom inant, 

then a complimenting copy of the wild type gene will not be able to restore 

the wild type and the pathway will remain blocked. In the case T35A12 and 

T35G7 cells it was possible that these cells contained dom inant negative 

m u ta tions and  therefo re  these cells w ould  no t have show n any 

complementation to any other cell line. Another possibility was that T35A12 

and T35G7 contained both the mutations observed in T31A1 and T35A2 and 

that was the reason for the lack of complementation observed (figure 5.9d-e). 

In order to test which was correct, both cell lines were fused to wild type T3.2 

cells, heterokaryons sorted, sub clones, 6 lines picked and tested for the 

induction of apoptosis in response to Thapsigargin 50 nM. Both T35A12 and 

T35G7 were found not to exhibit complementation w ith T3.2 cells indicating 

that these cells contain dom inant negative mutations of an undefined nature 

(data not shown).
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5.5 Summary of complementation assays and groups

Table 5.2 summarises these findings and shows which lines were tested 

and the areas where complementation occurred. The fact that H15F12 fused 

to itself did not revert to an apoptosis-sensitive phenotype but that H15F12 

fused to C36H12 did, suggested that the procedure used to generate 

heterokaryon cells and the method of complementation analysis was both 

viable and effective in the evaluation of the derived mutations.

Table 5.2 clearly shows that mutant cell lines resistant to the induction 

of apoptosis by lonomycin fell into two groups with three lines in one and 

one in the other. This finding was verified by fusing all possible 

combinations of lines and achieving reciprocal results (figure 5.7). Mutant 

cell lines resistant to the induction of apoptosis by Fiydrocortisone fell into 

one group with no complementation occurring in any fusion (figure 5.8). 

Thapsigargin resistant mutants fell into two complementation groups with 

three lines in one and one in the other. Because the complementation was 

not reciprocal, T35A12 and T35G7 could not be unambiguously assigned to a 

complementation group as they were thought to contain dominant 

mutations.

5.6 Discussion

5.6.1 Complementation of apoptosis resistant cell lines

The method of genetic cell fusion in vivo or in vitro has long been 

used to study the genetics of many systems. It has been used to clone genes in 

yeast (Rose and Broach, 1991), to study Drosophi la  m e la n o g a s te r  

development (Castrillon et al., 1993), to analyse the genetic basis of the disease 

Fanconi anaemia (Rosselli et al., 1995) and to study the pathways involved in
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apoptosis in susceptible cell lines (Flomerfelt and Miesfeld, 1994). In many 

systems, transfected drug resistance genes (Mao et al., 1993) have been used to 

select heterokaryons from unfused or homokaryon cells. In the experiments 

presented here, it was felt that the transfection and selection would have been 

time consuming and labourious and so the described fluorescence technique 

was developed and tested.

When two non-dividing populations of cells are fused together the 

nuclei do not immediately fuse and are visible under microscopy (Baron and 

Maniatis, 1986). These are known as transient heterokaryon lines and as long 

as the nuclei do not fuse they remain genetically intact. In a dividing 

population of cells at the time of cell division some major changes are likely 

to occur such as chromosome loss or rearrangement (Blau, 1989). In the 

many experiments, complementation assays are carried out on transient 

heterokaryons in order to minimise the problems caused by genetic 

rearrangements (Baron and Maniatis, 1986; Flomerfelt and Miesfeld, 1994). 

This system was used in the experiments carried out by Flomerfelt and 

Miesfeld on non-dividing heterokaryon cells derived from glucocorticoid 

resistant cell lines (section 4.6.1).

The heterokaryons described in this chapter did not arrest division 

after fusion and therefore transient heterokaryons could not be tested for 

reversion to wild type. Additionally, when cells were inspected under the 

microscope no cells with 2 nuclei were seen. In order to minimise the biases 

introduced by the effects of chromosome abnormalities, the cells were 

subloned and a panel 6 sub clones examined per fusion to eliminate odd 

sub clones.

lonomycin resistant mutants fell into 2 complementation groups. This 

indicated that each mutant cell line had only one mutation relevant to the 

induction of apoptosis by lonomycin as no cell line belonged to more than 

one complementation group. However, the complementation between

194



mutants resistant to the induction of apoptosis by Thapsigargin was more 

complicated. This was because T31A1 complemented T35A2 but not T35A12 

or T35G7, and then T35A12 and T35G7 failed to complement T35A2, 

suggesting that T35A12 and T35G7 belonged to both complementation groups. 

This could occur if T35A12 and T35G7 contained mutations in two genes 

implicated in the Thapsigargin dependent pathway. However fusing these 

lines to wild type cells indicated that these lines contained dominant 

mutations in the Thapsigargin-induced apoptotic pathway.

The lack of complementation between any of the mutants resistant to 

the induction of apoptosis by Hydrocortisone implied that the gene which 

had been mutated, on at least two occasions independently (H15F12 and 

H34F12), was more sensitive to ICR-191 than other genes which could have 

been mutated in this pathway. In the study carried out by Flomerfelt and 

Miesfeld, when the cell lines W7.2 and WG3 were mutated, 95% and 65% 

respectively of the derived mutants were negative for glucocorticoid receptor 

function (Flomerfelt and Miesfeld, 1994). The possibility of this protein being 

mutated was investigated (chapter 6).

5.6.2 Chromosome loss after fusion and contamination during FACS sorting

In figures 5.5 and 5.9 it can be seen that not all the 6 chosen subclones 

exhibit reversion to the wild, apoptosis-sensitive phenotype. It is a common 

feature of dividing heterokaryon cell lines that major genetic rearrangements 

take place. Examples of such rearrangements are the translocation of 

chromosomes and the throwing out of whole chromosomes during growth 

(Blau, 1989). There was potential in these complementation assays for 

apoptotic genes, wild or mutated to be lost during the genetic reorganisation 

in the derived heterokaryons.
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expression of apoptotic genes to which antibodies could be obtained was tested 

in wild type T3.2 cells and compared to mutant cell lines (chapter 6).
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Figure 5.1 Di-I and Di-O were titrated in order to find the best staining of T3.2 

cells.

5 X 10̂  cells were taken, washed in PBS and re-suspended in 500 |il PBS. 

The lipophilic dyes, Di-I and Di-O, were then added at three different 

dilutions. The tubes were then incubated for 10 minutes at 37°C in the dark 

and then analysed on a flow cytometer. In all plots the vertical line denotes 

the maximum level of unstained cell fluorescence. Plots a-c are T3.2 cells 

stained with Di-I at 1:200, 1:400 and 1:800 respectively. Plots d-f are T3.2 cells 

stained with Di-O at 1:50, 1:100 and 1:200 respectively. Di-I was visualised on 

FL-1 and Di-O on FL-2.
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Figure 5.2 The system used to set up the isolation of heterokaryon mutant cell 

lines by FACSorting.

Each time a cell - cell fusion was carried out these samples a-e were 

used to set up the FACS sorter so that heterokaryon cells could accurately be 

sorted. Panels a-b denotes the fluorescence of the two cell lines to be fused 

without staining. Panel c denotes cell line 1 stained with Di-O (1:100), 10 

minutes at 37°C and panel d denotes cell line 2 stained with Di-I (1:400), 10 

minutes at 37°C. FACS sorter compensations were set on the basis of these 

two samples. Panel e shows the fluorescence of both cell lines, stained and 

mixed together which ensures there is no spontaneous swapping of dye. 

Quadrants and sort gates were set on the basis of this profile. Panel f shows 

the fluorescence of cells after PEG fusion had been carried out. Gate 1 denotes 

the sort gate which was used to isolate heterokaryon cells. In this experiment 

the contamination in the sort gate in the mixed sample (e) was 0.43%. All 

samples where examined in a fluorescence microscope after this experiment 

figure 5.3. This experiment used T35A2 and T35A12 cells.
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Figure 5.3 Sorted cells contain 95% cells which have Di-I and Di-O in their 

membranes.

After the cells had been sorted, 2 x 10̂  cells from each sample were 

spun down re-suspended in 50 |il PBS and mounted on a microscope slide. 

Each sample was then analysed on a fluorescence microscope with green and 

red filters and 200-400 cells counted. Photographs were taken of the same field 

under red and green fluorescence and are displayed in panels a-d: Panel a 

T35A2 cells stained with Di-O (1:100), 37°C for 10 minutes photographed 

under green (left) and red (right) fluorescence, panel b T35A12 cells stained 

with Di-1 (1:400), 37°C for 10 minutes photographed under green (left) and red 

(right) fluorescence. Panel c T35A2 cells stained with Di-O and T35A12 cells 

stained with Di-I mixed together and photographed under green (left) and red 

(right) fluorescence and panel d T35A2 cells stained with Di-O and T35A12 

cells stained with Di-I PEG fused, sorted via gate 1 (figure 5.2) and 

photographed under green (left) and red (right) fluorescence.
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Figure 5.3-cont. Sorted cells contain 95% cells which have Di-I and Di-O in 

their membranes.

Panel e shows the percentage of total cells counted having green or red 

or green and red fluorescence. The samples analysed were: T35A12 cells 

stained with Di-I (DI-I); T35A2 cells stained with Di-I (DI-I); stained T35A2 and 

stained T35A12 cells mixed but not fused (MIXED); stained T35A2 and stained 

T35A12 cells fused but not sorted (FUSED) and stained T35A2 and stained 

T35A12 cells fused and sorted (SORTED). All photographs taken using the 

X40 objective.
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Figure 5.4 Fusion and sorting of mutant cell lines resistant to the induction

of apoptosis by lonomycin.

Mutant cell lines resistant to the induction of apoptosis by lonomycin 

were taken and fused together as in figure 5.2. However, for simplicity only 

the mixed and fused samples are shown in each panel here. Once again the 

quadrants and sort gates (gate 1) were set on the basis of the mixed sample (left 

in each panel).

(a) I16A10 cells fused to I23D4 cells. I16A10 cells were stained with Di-O 

and I23D4 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (1.07%) indicating that only double 

positive cells were sorted (right). 34.8% cells fell into gate 1 and were sorted 

into tubes

(b) I16A10 cells fused to I32F7 cells. I16A10 cells were stained with Di-O 

and I32F7 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (4.73%) indicating that only double 

positive cells were sorted (right). 26.3% cells fell into gate 1 and were sorted 

into tubes

(c) I16A10 cells fused to I34D9 cells. I16A10 cells were stained with Di-O 

and I34D9 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (4.12%) indicating that only double 

positive cells were sorted (right). 21.49% cells fell into gate 1 and were sorted 

into tubes
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Figure 5.4-cont. Fusion and sorting of mutant cell lines resistant to the 

induction of apoptosis by lonomycin.

(d) I23D4 cells fused to I32F7 cells. I23D4 cells were stained with Di-O 

and I32F7 cells were stained with Di-I. The mixed sample (left) shows that

very few cells fall in to the sort gate (0.64%) indicating that only double

positive cells were sorted (right). 20.48% cells fell into gate 1 and were sorted 

into tubes

(e) I23D4 cells fused to I34D9 cells. I23D4 cells were stained with Di-O

and I34D9 cells were stained with Di-I. The mixed sample (left) shows that

very few cells fall in to the sort gate (0.87%) indicating that only double 

positive cells were sorted (right). 26.15% cells fell into gate 1 and were sorted 

into tubes

(f) I32F7 cells fused to I34D9 cells. I32F7 cells were stained with Di-O 

and I34D9 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (3.48%) indicating that only double 

positive cells were sorted (right). 17.68% cells fell into gate 1 and were sorted 

into tubes
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Figure 5.5 Fusion and sorting of mutant cell lines resistant to the induction

of apoptosis by Hydrocortisone.

M utant cell lines resistant to the induction of apoptosis by 

Hydrocortisone were taken and fused together as in figure 5.2. However, for 

simplicity only the mixed and fused samples are shown in each panel here. 

Once again the quadrants and sort gates (gate 1) were set on the basis of the 

mixed sample (left in each panel).

(a) H15F12 cells fused to H34F12 cells. H15F12 cells were stained with 

Di-O and H34F12 cells were stained with Di-I. The mixed sample (left) shows 

that very few cells fall in to the sort gate (0.38%) indicating that only double 

positive cells were sorted (right). 16.34% cells fell into gate 1 and were sorted 

into tubes

(b) H15F12 cells fused to H34H12 cells. H15F12 cells were stained with 

Di-O and H34H12 cells were stained with Di-I. The mixed sample (left) shows 

that very few cells fall in to the sort gate (0.49%) indicating that only double 

positive cells were sorted (right). 14.08% cells fell into gate 1 and were sorted 

into tubes

(c) H34F12 cells fused to H34H12 cells. H34F12 cells were stained with 

Di-O and H34H12 cells were stained with Di-I. The mixed sample (left) shows 

that very few cells fall in to the sort gate (0.65%) indicating that only double 

positive cells were sorted (right). 21.92% cells fell into gate 1 and were sorted 

into tubes
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Figure 5.6 Fusion and sorting of mutant cell lines resistant to the induction

of apoptosis by Thapsigargin.

Mutant cell lines resistant to the induction of apoptosis by 

Thapsigargin were taken and fused together as in figure 5.2. However, for 

simplicity only the mixed and fused samples are shown in each panel here. 

Once again the quadrants and sort gates (gate 1) were set on the basis of the 

mixed sample (left in each panel).

(a) T31A1 cells fused to T35A2 cells. T31A1 cells were stained with Di-O 

and T35A2 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (0.44%) indicating that only double 

positive cells were sorted (right). 26.48% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well

(b) T31A1 cells fused to T35A12 cells. T31A1 cells were stained with Di- 

O and T35A12 cells were stained with Di-I. The mixed sample (left) shows 

that very few cells fall in to the sort gate (0.34%) indicating that only double 

positive cells were sorted (right). 21.72% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well

(c) T31A1 cells fused to T35G7 cells. T31A1 cells were stained with Di-O 

and T35G7 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (0.37%) indicating that only double 

positive cells were sorted (right). 22.72% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well
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Figure 5.6-cont. Fusion and sorting of mutant cell lines resistant to the 
induction of apoptosis by Thapsigargin.

(d) T35A2 cells fused to T35A12 cells. T35A2 cells were stained with Di- 

O and T35A12 cells were stained with Di-I. The mixed sample (left) shows 

that very few cells fall in to the sort gate (0.23%) indicating that only double 

positive cells were sorted (right). 29.49% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well

(e) T35A2 cells fused to T35G7 cells. T35A2 cells were stained with Di-O 

and T35G7 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (1.13%) indicating that only double 

positive cells were sorted (right). 28.85% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well

(f) T35A12 cells fused to T35G7 cells. T35A12 cells were stained with Di- 

O and T35G7 cells were stained with Di-I. The mixed sample (left) shows that 

very few cells fall in to the sort gate (0.53%) indicating that only double 

positive cells were sorted (right). 19.03% cells fell into gate 1 and were sorted 

into 96 well plates at 80, 20 and 10 per well

206



RW170«DOO«PC2;1

P:: DI-O ( a - t )

R w no«D O IlPC 2.1

P 3 ;l> -0  ( a - 1)

RW170SD010PC2;! RW170SD0I3PC2.I

PJ:DI-0 (a -1 )

IB

P J ;D I - 0  ( F L - 1 )

RWl 7MD009PC2;1

P3: 01 -0  (FL-1)

------ ■ I t

’’■‘I

m -

III

RW 170*D0I2PC2J

P J:D I-0 ( a - 1)

Figure 5.6(d-f)



Figure 5.7 Mutant cell lines resistant to lonomycin-induced apoptosis fall into 
two complementation groups.

T3.2 cells, six subcloned lines derived from fused and sorted cells and 

the parent mutant cell lines were treated with 0.5 pM lonomycin for 24 

hours, stained with 4 pg/ml 7AAD, and analysed by flow cytometry. Data was 

processed as in chapter 4 giving a figure denoting the increase in DNA 

fragmentation and a measure of the effect of the stimulus. In each panel 

below the horizontal line is displayed the DNA fragmentation for T3.2 cells 

and each of the two cell lines which were fused. Above the line is the DNA 

fragmentation of each of the 6 subclones derived from fused and sorted cells. 

Panel (a) denotes I16A10 cells fused to I23D4 cells where no reversion was 

observed. Panel (b) denotes I16A10 cells fused to I32F7 cells where no 

reversion was observed. Panel (c) denotes I16A10 cells fused to I34D9 cells 

where significant reversion was observed. Panel (d) denotes I23D4 cells fused 

to I32F7 cells where no reversion was observed. Panel (e) denotes I23D4 cells 

fused to I34D9 cells where significant reversion was observed. Panel (f) 

denotes I32F7 cells fused to I34D9 cells where significant reversion was 

observed.
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Figure 5.8 Mutant cell lines resistant to Hydrocortisone-induced apoptosis fall 
into one complementation group.

T3.2 cells, six subcloned lines derived from fused and sorted cells and 

the parent mutant cell lines were treated with 1 |iM Hydrocortisone for 24 

hours, stained with 4 |ig/ml 7AAD, and analysed by flow cytometry. Data was 

processed as in chapter 4 giving a figure denoting the increase in DNA 

fragmentation and a measure of the effect of the stimulus. In each panel 

below the horizontal line is displayed the DNA fragmentation for T3.2 cells 

and each of the two cell lines which were fused. Above the line is the DNA 

fragmentation of each of the 6 subclones derived from fused and sorted cells. 

Panel (a) denotes H15F12 cells fused to H34F12 cells where no reversion was 

observed. Panel (b) denotes H15F12 cells fused to H34H12 cells where no 

reversion was observed. Panel (c) denotes H34F12 cells fused to H34H12 cells 

where no reversion was observed.

208



(a)

SC-6

SC-5

SC-4

SC-3

SC-2

SC-1

H34F12

H15F12

T3.2

20 40 60 800 100
% increase in D N A  Fragmentation

(b)

SC-6

SC-5

SC-4

SC-3

SC-2

SC-1

H34H12

H15F12

T3.2

800 20 40 60 100
% increase in  D N A  Fragmentation

(c)

SC-6

SC-5

SC-4

SC-316
;!
§

SC-2

SC-1

H34H12

H34F12

T3.2

60 800 20 40 100
% increase in D N A  Fragmentation

Figure 5.8



Figure 5.9 Mutant cell lines resistant to Thapsigargin-induced apoptosis fall 
into two complementation groups.

T3.2 cells, six sub cloned lines derived from fused and sorted cells and 

the parent mutant cell lines were treated with 50 nM Thapsigargin for 24 

hours, stained with 4 |ig/ml 7AAD, and analysed by flow cytometry. Data was 

processed as in chapter 4 giving a figure denoting the increase in DNA 

fragmentation and a measure of the effect of the stimulus. In each panel 

below the horizontal line is displayed the DNA fragmentation for T3.2 cells 

and each of the two cell lines which were fused. Above the line is the DNA 

fragmentation of each of the 6 subclones derived from fused and sorted cells. 

Panel (a) denotes T31A1 cells fused to T35A2 cells where significant reversion 

was observed. Panel (b) denotes T31A1 cells fused to T35A12 cells where no 

reversion was observed. Panel (c) denotes T31A1 cells fused to T35G7 cells 

where no significant reversion was observed. Panel (d) denotes T35A2 cells 

fused to T35A12 cells where no reversion was observed. Panel (e) denotes 

T35A2 cells fused to T35G7 cells where no reversion was observed. Panel (f) 

denotes T35A12 cells fused to T35G7 cells where no reversion was observed.
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Table 5.1 N um ber of positive wells after FACSorting of heterokaryons and 

subcloning and different cell concentrations.

A fter FACSorting heterokaryons derived  from  lonom ycin  and 

Hydrocortisone resistant cell lines, the cells were washed and counted. Then 

the cells were plated at 10 cells per well, 1 cell per well and 0.3 cells per well 

(upper table). The cells were cultured at 37°C.

During FACSorting heterokaryons derived from Thapsigargin resistant 

cell lines, the plates into which the cells were to be sorted were attached 

directly to the FACS sorter and the cells sorted directly in to the wells by the 

machine. Due the observed decrease in cloning efficiency the cells were 

plated at 80 cells per well, 40 cells per well and 20 cells per well (lower table). 

The cells were cultured at 37°C.
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FUSION 10 Cells / well 1 cell / well 0.3 cells / well

I16A10:I23D4 96 33 14

I16A10:I32F7 96 38 22

I16A10:I34D9 92 43 9

I23D4:I32F7 96 58 20

I23D4:I34D9 87 37 20

I32F7:I34D9 96 50 29

H15F12:H34F12 96 91 35

H15F12:H34H12 96 77 33

H34F12:H34H12 96 20 8

FUSION 80 Cells / well 40 Cells /well 20 Cells / well

T31A1:T35A2 57 0 0

T31A1:T35A12 61 1 0

T31A1:T35G7 74 41 0

T35A2:T35A12 36 4 0

T35A2:T35G7 27 2 0

T35A12:T35G7 28 0 0

Table 5.1



Table 5.2 Summation of results found in complementation assays.

Each m utant cell line is listed here and the complementation to every 

other m utant cell line is compared. Data from figures 5.5, 5.7 and 5.9 is 

included here along w ith two control fusions which are not show n in the 

figures. These are C36H12 to H15F12 and H15F12 to H15F12. C36H12 and 

H15F12 fused cells were found to be completely sensitive to Hydrocortisone- 

induced apoptosis but only partially sensitive to Con-A-induced apoptosis, 

hence the + /-  symbol.
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CHAPTER 6

Biochemical analysis of signalling in apoptosis 

resistant mutant cell lines.
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6.1 Introduction

In m any cases stim ulus-induced apoptosis is dependent on signal 

transduction pathways mediated at least in part by Ca^+ which often leads to 

tyrosine phosphorylation (Su et al., 1994). In chapter 3, the m obilisation of 

intracellular Ca^+ in T3.2 cells was examined in response to lonomycin (figure 

3.4d), phorbol ester (figure 3.5c), Con-A (figure 3.6d) and Thapsigargin (figure 

3.9d). All of these stimuli with the exception of phorbol ester presented an 

im m ediate  Ca^+ flux which coincided w ith the subsequent induction of 

apoptosis. Phorbol ester did not produce a Ca^+ flux nor did it induce 

apoptosis but instead antagonised apoptosis induced by lonomycin.

As m ost of the apoptotic resistant m utant cell lines, generated in 

chapter 4, were resistant to agents which directly affect mobilisation of Ca^+, it 

was interesting to test the m utant cell lines for m obilisation of Ca^+ in 

response to the stimuli to which they were resistant. As Hydrocortisone was 

not observed to induce a [Ca^+]i flux by fluorim etry (figure 3.8d) or flow 

cytometry (figure 6.Id), Hydrocortisone resistant cell lines were not tested for 

[Ca2+]j fluxes and other lines w ere not tested  for [Ca^+Ji fluxes to 

Hydrocortisone.

In order to try and identify the lesions induced by treatm ent w ith  

m utagen, tyrosine phosphorylation patterns in m utan t cell lines w ere 

com pared to wild type cells so that any change in tyrosine phosphorylation 

could be identified. In addition, m utant cell lines were examined for changes 

in expression levels of proteins which are known to be involved in apoptosis, 

as such changes could explain the resistant phenotypes. As described in 

chapter 1, there are many gene products which have the ability to effect the 

induction of apoptosis by different stimuli. Gene products know n to be 

involved include: repressors (Bcl-2), inducers (Bax), cysteine proteases (ICE 

family), oncogenes (c-Myc), signalling molecules (tyrosine kinases), receptors
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(glucocorticoid receptor, GR) and effectors (endonucleases). One possibility 

was that the resistance had been generated by an up-regulation of Bcl-2 or a 

down-regulation of Bax. However, it was thought that this was unlikely as 

no cell lines were fully resistant to more than one stimulus and Bcl-2 and Bax 

have been shown to affect apoptosis induced by multiple stimuli (Reed, 1994). 

A dditionally it was speculated that resistance may have been caused by a 

change in c-Myc or ICE expression and in the case of Hydrocortisone resistant 

cell lines, a change or loss in GR expression.

In order to investigate these possibilities, the early signalling pathways 

in T3.2 and m utant cell lines were investigated by examining: 1) [Ca^+]i fluxes 

2) protein tyrosine phosphorylation after stimulation and 3) the expression of 

known apoptotic proteins in wild type and mutant cell lines.

6.2 T3.2 cells all flux Ca2± in a synchronous manner

Before any realistic conclusions could be draw n from data which had 

been processed from the fluorimeter, the behaviour of individual cells w ith 

respect to Ca^+ after stim ulation needed to be examined. The fluorim eter 

produces a trace which is an average of all the cells in the cuvette and 

therefore if only a sub-population  of cells change their [Ca^+Jj, it is 

represented as a smaller change in all the cells. As discussed in section 3.6.2, 

T3.2 cells did not enter apoptosis in a synchronous m anner after stimulation 

w ith  apoptotic stim uli and therefore it was possible that this m ay have 

reflected a non-synchronous signalling in individual cells and perhaps non- 

synchronous [Ca^+]i fluxes. If this were true then the fluorimeter could not 

have been reliably used to estimate cell behaviour after stimulation.

By m easuring the fluorescence induced by [Ca^+]i fluxes on a flow 

cytometer it was possible to ascertain whether the population of T3.2 cells 

m obilised Ca^+ synchronously after stimulation. 1x10^ cells were taken and
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loaded w ith Indo-1 as before and analysed on an EPICS flow cytometer. A 

baseline w as established, acquisition halted, the stim ulus added  and 

fluorescence measured for 360 seconds. The data accumulated was similar to 

that from the fluorimeter. In figure 6.1 it can be seen that lonomycin (b) and 

Thapsigargin (e) induce a sharp, synchronous increase in [Ca^+]i w ith the 

majority of cells responding in a similar manner. Con-A (c) induces a more 

heterogeneous [Ca^+]i flux but all the cells appear to signal w ithin 3 or 4 

minutes. As expected Locks solution (a) and Hydrocortisone (d) induced no 

[Ca2+]i change. These results reflected those gained using the fluorimeter, 

w ith  lonom ycin having the highest average [Ca^+ji flux follow ed by 

Thapsigargin and Con-A. This experiment confirmed that the majority of 

cells were mobilising Ca^+ in a synchronous manner and that the Ca^+ fluxes 

of m u tan t cell lines analysed by fluorim etry  w ould  yield  a realistic 

representation of the behaviour of the cell lines.

6.3 rCaW i fluxes in m utant cell lines to the stim ulus to w hich they were 

resistant

In chapter 4, m utant cell lines were derived which were completely 

resistant to the induction of apoptosis. Investigating the nature of these 

m utations led to the observation that all the cell lines w ere only fully 

resistant to the stimulus w ith which they were selected. This implied that the 

m utations had occurred upstream  of any possible conversion poin t of 

apoptotic pathways and may have been located in early signalling pathways. 

Therefore, the im m ediate [Ca^+ji changes in m utant cell lines treated w ith 

their selecting stimuli were investigated and compared to T3.2 cells.

T3.2 and lonomycin resistant cells were tested w ith lonomycin, T3.2 

and C36H12 were tested w ith Con-A and T3.2 and Thapsigargin resistant cell 

lines were tested w ith Thapsigargin.
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Figure 6.2a shows that lonomycin resistant m utants I16A10 and I32F7 

displayed a similar m agnitude of [Ca^+Ji increase in response to lonomycin 

com pared to control T3.2 cells but lacked the slow decay rate. Instead the 

signal returned to baseline much more rapidly. Repetition of this experiment 

revealed that the small differences in the magnitudes of the peaks observed 

in I16A10,132F7 and T3.2 were not reproducible but that the differences in the 

decay rates were. In contrast, m utant I34D9 displayed a decreased Ca^+ 

response to lonomycin, which in other experiments m irrored the slow return 

to baseline exhibited by T3.2. Thus the m utant I34D9 has greatly impaired 

Ca2+ signalling which may account for its resistance to apoptosis in response 

to lonomycin. The situation with lonomycin is complicated as it functions as 

an ionophore and therefore any changes in [Ca^+]i profile may be due to other 

proteins such as chelators which may have been altered so that they chelate 

Ca2+ more quickly or that they are expressed in greater quantity. Enhanced 

activity of chelators could lead to a loss of Ca^+ signalling before it is 

established.

Whereas lonomycin resistant mutants displayed altered [Ca^+]i profiles, 

Thapsigargin mutants displayed a complete loss of flux (figure 6.2c) indicating 

that the latter may have lesions in proteins directly in Ca^+ release in to the 

cytosol. One possibility is that the ATPase Ca^+ pum p, which Thapsigargin 

inhibits, has been m utated such that Thapsigargin can no longer inhibit it. 

This was thought to be the case as Thapsigargin resistant m utants were 

sensitive to other stimuli (chapter 4) and gave [Ca^+Jj fluxes in response to 

other stimuli (section 6.4). The Con-A resistant m utant, C36H12, displayed a 

complete loss of [Ca^+Ji flux when stimulated w ith Con-A (figure 6.2b) like 

Thapsigargin resistant mutants.
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6.3.1 [Ca2±li fluxes from internal and external stores in lonom ycin resistant 

cell lines

Figure 6.2a shows that lonomycin resistant m utant I34D9 has a greatly 

reduced [Ca^+]i flux when treated w ith lonomycin. A [Ca^+Ji flux in response 

to a stimulus is made up of Ca^+ entering the cytoplasm from the ER as well 

as from extracellular stores and there are different mechanisms which control 

each part (chapter 1). Therefore it was possible that in I34D9 cells, one or both 

of these mechanisms had been altered thereby affecting the [Ca^+]i profile. 

Pre-incubation of the cells w ith 10 mM EGTA prior to lonomycin addition 

allow ed [Ca^+]i fluxes from only intracellular stores to be m easured and 

assessed independently of the influx of extracellular Ca^+.

T3.2,116A10 and I34D9 were loaded with Indo-1 and their [Ca^+]i fluxes 

analysed in the presence and absence of EGTA. Figure 6.3a shows that the 

release of Ca^+ from  intracellu lar stores in T3.2 cells accounts for 

approximately 25% of the total response and displays an equivalent profile of 

rapid  onset followed by slow decay. The lonomycin m utant 116AlO displays 

similar response profiles in the presence or absence of EGTA. Although the 

response in the presence of EGTA is only 25% of that w ithout EGTA, the 

rapid decay is EGTA independent as it occurs in both the presence and absence 

of EGTA in I16A10 cells.

In contrast, I34D9 cells (figure 6.3b) displayed an equivalent magnitude 

of [Ca2+]i flux regardless of EGTA but in the presence of EGTA the response 

decayed rapidly. Given that the Ca^+ responses to lonomycin of I16A10 and 

I34D9 were very similar in the presence of EGTA, it appeared that m utant 

I34D9 cells had norm al release of Ca^+ from intracellular stores bu t was 

defective in the im port of extracellular Ca^+. As lonomycin is a membrane 

perm eable ionophore, it is possible that the m utation affects the removal of 

Ca^+ from the cytoplasm. Chelation activity may have been increased so
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greatly such that before Ca^+ can accumulate, it is chelated and the signal lost. 

However, if this is the case, this m utant would be expected to display reduced 

[Ca^+ji fluxes to other stimuli as chelation may not be stimulus specific.

6.4 O ther lCa2±li fluxes in m utant cell lines

In chapter 1 the mechanisms of Ca^+ signalling in T cell activation were 

discussed. There appear to be a number of different channels, activated by 

different stimuli, which can mediate the release of Ca^+ implying that there 

m ay be a num ber of different mechanisms involved in Ca^+ signalling. As 

the m utant cell lines rem ained sensitive to apoptosis induced by stimuli 

other than that to which they had been selected, it was possible that their 

[Ca^+]i fluxes to such stimuli would be unaffected.

In order to test this hypothesis m utant cell lines were tested w ith all 

stimuli to which they were sensitive and their [Ca^+Ji fluxes compared to wild 

type. Figure 6.4 shows Con-A resistant cells and Thapsigargin resistant 

m utants stimulated w ith lonomycin and analysed for 600-900 seconds (figure 

6.4a). All cell lines displayed similar [Ca^+]i fluxes w hen stim ulated w ith 

lonomycin w ith only small variations in magnitude of response which were 

not consistent.

Interestingly when lonomycin resistant cell lines were tested w ith Con- 

A (figure 6.5a), they showed no significant [Ca^+]i fluxes in response and yet 

they remained sensitive to Con-A-induced apoptosis. This implies that in the 

Con-A resistant m utant there may be at least 2 mutations as these data show 

that [Ca2+]i fluxes are not absolutely required for Con-A-induced apoptosis. 

One m utation  w ould lie in Ca^+ m obilisation pa thw ay  and  another 

somewhere in the Con-A specific apoptosis pathway. It is possible that this is 

a dem onstra tion  of the redundancy  postu lated  to exist in  apoptotic 

m echanisms. Perhaps in wild type cells [Ca^+Ji fluxes are used to induce
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apoptosis to Con-A but where they are incapacitated another, unknow n, 

mechanism may take over to transduce the signal.

Figure 6.5b shows that Thapsigargin m utants flux Ca^+ in response to 

Con-A at a slightly lower level, and in the case of T35G7, about half of the 

w ild type level. This slightly lower level of [Ca^+]i fluxing was reproducible 

bu t its significance was unknow n as the cells underw ent apoptosis in a 

sim ilar m anner to T3.2 cells. These differences w ere sim ilar to those 

observed in lonom ycin resistant cell lines stim ulated w ith  Thapsigargin 

(figure 6.6a). Here, lonomycin resistant cells displayed a reduced [Ca^+J  ̂flux in 

response to Thapsigargin but entered apoptosis like wild type cells. Again the 

reduction in [Ca^+]i flux was reproducible and its significance unknow n. 

Figure 6.6b shows that C36H12 display a wild type response to Thapsigargin 

w hen compared to T3.2 cells. In this figure the trace is slightly different but 

this was not consistent.

In general, w ith one exception, m utant cell lines stimulated w ith other 

stim uli produce a [Ca^+Ji flux and enter apoptosis. This implies that there 

m ay be more than one mechanism involved in producing a [Ca^+]i flux in 

response to different stimuli. It is possible that the different stim uli use 

different m echanism s or combinations of m echanism s to induce [Ca^+Ji 

fluxes. Perhaps w hen  lonom ycin m u tan ts w ere s tim u la ted  w ith  

T hapsigargin (figure 6.6a) or w hen Thapsigargin resistant m utants were 

stim ulated w ith Con-A (figure 6.5b), the cells used different m echanisms, 

than in wild type cells, to produce the [Ca^+ji flux thereby causing the observed 

differences. This m ay have occurred if changes in the Ca^+ m o b ilisa tio n  

machinery had occurred causing different mechanisms to be required, thereby 

producing slightly different [Ca^+Ji fluxes.
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6.5 Phosphorylation of tyrosine residues after apoptotic stimulation

As discussed in chapter 1, a large range of stimuli produce tyrosine 

residue phosphorylation w ithin m inutes of treatm ent resu lting  in cell 

activation or cell death (Su et a l, 1994). As anti-CD3-induced [Ca2+]j fluxes 

have been observed to depend on tyrosine phosphorylation (McConkey et ah,

1994) and as m any of the apoptotic stimuli produce a [Ca^+]i flux, it was 

though t tha t stim ulation  could have been  accom panied by  ty rosine 

phosphorylation . Therefore it was thought that changes in  tyrosine 

phosphorylation  patterns m ight be visible in m utants resistan t to the 

induction of apoptosis.

The induction of tyrosine phosphorylation was exam ined after the 

stimulation of T3.2 cells for 4.5 minutes with lonomycin. Hydrocortisone and 

Thapsigargin by W estern blotting w ith  anti-phosphotyrosine antibodies. 

However, it was found that it was not possible to reproducibly visualise the 

phosphorylation induced by these stimuli. It is unclear why this occurred but 

in a total of 9 experim ents there appeared to be no consistency in the 

appearance of newly phosphorylated proteins or in the increase of already 

phosphorylated proteins. In contrast, treatm ent w ith Con-A reproducibly 

induced the phosphorylation of two 100 kDa proteins (figure 6.7, lanes 1-2). 

Additionally, two proteins of 70-80 kDa in size also displayed increased 

tyrosine phosphorylation bu t upon repetition this was found not to be 

consistent. Therefore the tyrosine phosphorylation in Con-A resistant cells 

could be examined and compared to T3.2. Figure 6.7 shows that Con-A 

resistant cells no longer phosphorylate the two 100 kDa proteins in response 

to Con-A. This implies that the function of one of the mutations in C36H12 

cells m ay be involved in signalling upstream of the phosphorylation of these 

two 100 kDa proteins.
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6.6 Expression of proteins involved in apoptosis

As discussed in chapter 1 there are a num ber of proteins which are 

know n to be involved in apoptosis. It was thought that the resistance in the 

m utan t cell lines could have been brought about by the alteration of an 

already identified protein. In order to investigate this possibility. W estern 

blots from T3.2 and m utant cell lines were probed for the presence of Bcl-2, 

Bax, c-Myc, ICE, and GR. Filters were also probed for the presence of tubulin 

so that any differences in protein loading could be identified.

The Bcl-2 family m em bers each have a profound  effect on the 

induction of apoptosis and their levels of expression in relation to each other 

affects the outcome of an apoptotic stimulation (section 1.2.3). It was thought 

that in m utant cell lines, expression of bcl-2 family members could have been 

altered by the m utagenesis protocol and that this in tu rn  could have been 

involved in the resistance to stimulus-induced apoptosis. The cell line Bal-17 

constitutively expresses high levels of Bcl-2 (Cuende et al., 1993) and was used 

as a positive control. Therefore T3.2, m utant cell lines and Bal-17 were 

examined for the expression of Bcl-2 and Bax.

None of the cell lines, expressed any detectable Bcl-2, except for Bal-17 

where Bcl-2 was expressed very strongly (figure 6.8a). The tubulin loading 

control indicated while lanes 1-6 from one gel had equivalent loading, lanes 

7-11 which had been run  on a separate gel appeared to have slightly more 

protein. Despite this, given the intensity of the control, if Bcl-2 had been 

expressed, it w ould have been observed in T3.2 and m utant cell lines. 

Additionally, the cells did not express Bax (figure 6.8b) indicating that changes 

in Bcl-2 and Bax were unlikely to account resistance observed in m utant cell 

lines. Unfortunately, there was no positive control for Bax expression and 

therefore it is possible that the antibody was not functional.
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Another protein whose expression could have been altered was the 

oncogene c-Myc. c-Myc has been implicated to have an im portant role in the 

control of both proliferation and cell death (section 1.2.4) and it is also the 

protein whose de-regulation is responsible for inducing proliferation in the 

cell line T3.2 (Murdjeva et al., 1996). As the m utant cell lines proliferated at a 

similar rate to T3.2 and displayed the same level of background apoptosis 

(section 3.3), it was unlikely that the expression levels of c-Myc were altered in 

m utant cell lines. However, in order to ensure no changes in expression had 

taken place, cell lysates were electrophoresed, blotted and probed as before. 

Figure 6.9a shows that the all cell lines express equivalent levels of c-Myc. 

M utants T35A12, T35G7, H34F12 and C36H12 (lanes 7-10) appear to express 

m ore c-Myc but these lanes appear to contain more protein as is show n by 

com parison to the loading control. This implies that the levels of c-Myc 

expression were equivalent. Additionally in some lanes, an extra 50-60 kDa 

band was present but this was thought not to be significant.

At the time of these experiments the cysteine protease ICE was the 

m ain candidate for the homologue of the C. elegans gene ced-3 and to be a 

central regulator of apoptosis (section 1.2.5) as cells transfected w ith ICE 

cDNA had been observed to undergo apoptosis. In order to ascertain whether 

ICE was expressed in T3.2 and m utan t cell lines, cell lysates w here 

electrophoresed and treated as before. Figure 6.9b shows that there is no 

detectable expression of ICE in T3.2 or m utant cell lines. However, ICE 

activity has been reported to be upregulated after apoptotic stimulus (Los et 

al., 1995) and therefore protein extracts from T3.2 cells treated for 6 hours with 

apoptotic stimuli were examined in the same way. No expression of ICE was 

detected (data not shown). Unfortunately, there was no positive control for 

ICE expression and therefore it is possible that the antibody was not 

functional.
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Recently, it has been postulated that a different cysteine protease, 

nam ed apopain, is responsible for the induction of apoptosis in m ammalian 

systems (Nicholson et al., 1995). It is possible that it was this protein and not 

ICE which was responsible for the induction of apoptosis in these cell lines 

and therefore there was no reason why the lines should have expressed ICE. 

Additionally, the ICE knock-out mouse was found not to have a defect in 

thymocyte apoptosis (section 1.2.5) further indicating that ICE may not be 

inducing apoptosis in these cell lines.

The ICR-191 m utagen m ainly functions by causing fram e shift 

m utation and truncated or non-existent transcripts (Benjamin et al., 1991). 

Therefore it was possible that the mutation in H34F12 cells was due to a loss 

of GR particularly as all the m utants were in the same complem entation 

group. Figure 6.9c shows that all cell lines express an equivalent level of 

glucocorticoid receptor and that all lanes were loaded w ith an equal amount 

of protein. This result was surprising as Hydrocortisone titration showed that 

H34F12 cells were incapable of responding to even very high doses of 

H ydrocortisone which im plied a loss of GR function (data not shown). 

However, it was possible that the GR was normally expressed but no longer 

functional in H34F12 cells. This could be tested directly using p H T ]- 

Hydrocortisone to m easure how well GR in H34F12 binds Hydrocortisone 

compared to GR in T3.2 cells. Alternatively, transfection of H34F12 w ith GR 

cDNA could be used to assess w hether the presence of a functional GR 

restores sensitivity to Hydrocortisone-mediated apoptosis.
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6.7 Discussion.

6.7.1 The role of FCa^L fluxes

The [Ca2+]i flux is a major route by which extracellular events are 

relayed to the intracellu lar environm ent (Clapham , 1995). Therefore 

investigating the [Ca^+Ji fluxes after apoptosis stim ulation in wild type and 

m utant cell lines is a good way to investigate the nature of the derived 

mutations. I propose that there may be multiple mechanisms by which [Ca^+Jj 

fluxes are induced and that the apoptotic stimuli may use different or a 

different combination of mechanisms to induce their characteristic [Ca2+]i 

flux. In chapter 4 all bu t one of the m utant cell lines were found to have 

retained sensitivity to the induction of apoptosis by other stimuli, implying 

that the early pathways of apoptosis induction are independent. lonomycin, 

Con-A and Thapsigargin were found to induce a [Ca^+Jj flux possibly via a 

similar route. This involves a small release of Ca^+ from the ER inducing 

plasm a m em brane Ca^+ channels (CRAC) to open and allow more Ca^+ to 

enter the cell (Clapham, 1995). However, the data indicted that while [Ca^+ji 

fluxes were often abrogated in m utant cell lines stimulated w ith the selecting 

stimulus, [Ca2+]i fluxes in response to other stimuli remained intact implying 

the proteins involved in mobilising Ca^+ in response to each stimuli may 

have been different. In this model, there may be situations where the 

proteins involved in mobilising Ca^+ to different stimuli overlap to some 

degree. For example, Thapsigargin-induced [Ca^+ji fluxes could share one or 

more (but not all) effector proteins w ith Con-A-induced [Ca^+ji fluxes. If this 

is the case, in Thapsigargin resistant cell lines, which show slightly altered 

[Ca2+]i fluxes in response to Con-A (figure 6.5b), mutation of a shared effector 

protein could account for the differences observed.
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Figure 6.10 is a schematic representation  of po ten tial pathw ays 

involved in inducing apoptosis in T3.2 cells which locates possible points at 

which the m utations may interfere w ith signalling for apoptosis. The data 

im plies that one of the m utation(s) in I34D9 is located in the m achinery 

involved in extracellular [Ca^+]i fluxes. It is possible that I34D9 contains a 

m uta tion  w hich causes it to chelate Ca^+ at a very high rate thereby 

preventing  an observable [Ca^+]i flux but the fact [Ca^+]i fluxes were not 

severely impaired in response to other stimuli implies that the m utation may 

have occurred elsewhere. One possibility is that the lipids of the plasma and 

ER m em branes may have been altered such that lonom ycin cannot pass 

through the membranes as easily. Figure 6.10 also depicts the loss of [Ca^+]i 

fluxes by lonomycin resistant cell lines in response to Con-A w ithout the loss 

of apoptosis induction, the multiple mutations postulated in C36FI12 and the 

partial resistance of I32F7 to Hydrocortisone.

These experiments have shed some light on points at w hich these 

m utations maybe acting to block apoptosis and have confirmed some of the 

findings of the complementation analysis. However, these experiments have 

raised questions about the exact involvement of [Ca^+ji fluxes in apoptosis and 

called into question whether or not they are actually required to induce it. In 

the case of Thapsigargin, blocking of [Ca^+]i fluxes has been shown to block 

apoptosis (Schraven and Peter, 1995) and all Thapsigargin resistant m utants 

do not flux [Ca2+]i in response to treatment implying a requirement for [Ca^+Ji 

fluxes. It is possible that in these cells the ATP dependent Ca^+ pum p has 

been m utated such that Thapsigargin can no longer inhibit it. W ith other 

stimuli such as Con-A where [Ca^+Ji fluxes have been demonstrated not to be 

essential for apoptosis it could be possible that there is a further level of 

redundancy  w here m ultiple pathw ays are able to induce apoptosis in  

response to a single stimulus independently if required.
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6.7.2 lonom ycin resistant m utant cell lines and prim ary im m unodefic iency 

involving FCa^L fluxes

The agreement between the [Ca^+]i flux data and the complementation 

assays for the lonom ycin  res is tan t cell lines w as considerab le . 

Complementation (chapter 5) had revealed that I34D9 most likely contained a 

different m utation compared to I16A10,123D4 and I34D9. This was supported 

by the finding that I34D9 had a lesion in lonomycin-induced [Ca^+]i fluxes 

w hereas I16A10 and I32F7 had m uch smaller differences in their profiles 

w hen compared to wild type cells.

A recent study showed that cells taken from a patient suffering from a 

prim ary immunodeficiency involving T cell proliferation, contained a defect 

in the [Ca^+]i flux. In this patient T cell numbers were normal as were serum 

Ig levels but isolated peripheral T cells failed to proliferate in the presence of 

mitogens. Patch clamp techniques revealed that the cells failed to flux 

external Ca^+ in response to lonomycin and Thapsigargin but release of [Ca^+Ji 

from  internal stores was normal (Fartiseti et al., 1994). In another study 

isolated T lymphocytes from a patient w ith similar symptoms displayed a 

sim ilar abrogation of the external Ca^+ flux. In this patient, proliferation 

could be restored by the addition of IL-2 or phorbol esters with a high dose of 

lonomycin. Interestingly, I34D9 appears to have a similar phenotype with 

respect to lonom ycin-induced Ca^+ signalling, in that it appears that the 

ex te rn a l Ca^+ influx m echanism  has been obstructed . Cells from  

imm unodeficient patients were not examined for the occurrence of apoptosis 

bu t it is possible that the mutation(s) in I34D9 may be related to those found 

in these primary immunodeficiencies. However, patients were also defective 

in Thapsigargin-induced external [Ca^+Jj fluxes whereas I34D9 cells were not. 

This may have been due to the mutations being in different genes or proteins 

or that in either case there was more than one m utation in the Ca^ + 

machinery. The results from the immunodeficient patients implied that the
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dow nstream  mechanisms of T cell activation w here intact. Additionally, 

anti-CD 3 stim ula tion  of pa tien t cells led  to a norm al p a tte rn  of 

phosphoinositol turnover and a normal pattern of tyrosine phosphorylation 

(Gougeon, 1995).

6.7.3 Con-A resistant cells may contain m ultiple m utations

The m utant cell line C36H12 was completely resistant to apoptosis 

induced by Con-A (chapter 4) and this coincided w ith a complete loss of the 

characteristic [Ca^+]i flux after Con-A treatment, (figure 6.5), implying that the 

[Ca2+]i flux m ight be im portant for Con-A-induced apoptosis. However, 

lonomycin resistant m utants I16A10 and I32F7 also showed complete loss of 

C on-A -induced [Ca^+Ji flux bu t perplexingly rem ained sensitive to the 

induction of apoptosis by Con-A. The latter implies that a [Ca^+]i flux is not 

essential for Con-A-induced apoptosis and that there may be an additional 

Ca2+ independent pathway involved in the induction of apoptosis. C36H12 

appears to have m utations in proteins or genes involved in both the pathway 

which elevates [Ca^+Ji and the pathway which induces apoptosis (figure 6.10).

6.7.4 Tyrosine phosphorylation in T3.2 and Con-A resistant cells

It is likely that C36H12 cells contain a m utation in a gene involved in 

Ca2 m obilisation and at least one other m utation in the Con-A specific 

apop tosis pa thw ay . In add ition  C36H12 d id  no t show  tyrosine 

phosphorylation of two 100 kDa proteins which appeared in wild type cells 4.5 

m inutes after treatm ent w ith Con-A. This loss of tyrosine phosphorylation 

may be dow nstream  of Ca^+ signalling and not relevant to the induction of
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apoptosis by Con-A. Tyrosine phosphorylation was not tested in lonomycin 

resistant cells which displayed a loss of Ca^+ signalling in response to Con-A 

but underw ent apoptosis normally.

The two proteins observed to be tyrosine phosphorylated in response to 

Con-A were not observed if T3.2 cells were treated w ith any of the other 

stimuli. One possible candidate for these proteins is a protein know n as 

valosin containing protein (VCP). VCP is a 100 kDa protein which is rapidly 

phosphorylated  on tyrosine residues after TcR stim ulation and it is a 

homologue of the yeast protein cdc48 which is essential for cell division in 

yeast (Egerton et al., 1992). VCP has been found to associate w ith clathrin 

triskelions at the plasm a membrane. It is possible that a VCP-clathrin 

complex is involved in signal transduction but the fact that only a small 

proportion of total protein binds to clathrin indicates that it may have other, 

unknow n functions (Pleasure et al., 1993).

O ther studies have show n that mitogenic lectins induce tyrosine 

phosphorylation of proteins at 120, 72, 62, 55 and 40 kDa in T cell hybridomas 

and IL-2 secretion was found to coincide w ith the phosphorylation of the 120 

and 40 kDa bands (Stanley et al., 1990). In T3.2 cells, only bands of 

approxim ately 100 kDa are consistently seen bu t this m ay be due to the 

different developmental stages of the cell line. One possible identity of the 

120 kDa protein observed in the T cell hybridoma is GTPase activating protein 

(Stanley et al., 1990), which may be involved w ith p21^"®-mediated signalling 

in response to platelet derived growth factor (Molloy et al., 1989). As C36H12 

cells have lost the ability to phosphorylate these proteins, it may be that Con- 

A -induced apoptosis requires the phosphorylation of the tw o 100 kDa 

proteins in order to induce apoptosis. Furthermore, as these bands were not 

observed in response to other stimuli, one w ould predict that their loss 

w ould  produce only a loss in Con-A-mediated signalling and that the cells 

w ould remain sensitive to other stimuli as observed in chapter 4.
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6.7.5 Expression of apoptosis associated proteins

Bcl-2 is not expressed in double positive thymocytes (Hockenbery et al., 

1991; Strasser et al., 1994b) and therefore T3.2 cells were not expected to express 

Bcl-2. However, as the function of Bcl-2 is to repress apoptosis (Korsmeyer, 

1992), it was thought possible that the resistance shown by m utant cell lines 

m ight have been due to upregulated expression of Bcl-2. However, Bcl-2 has 

been observed to protect cells from apoptosis induced by a range of stimuli 

(Reed, 1994) and the m utant cell lines were generally only resistant to one 

stimulus raising doubts that Bcl-2 was responsible for the resistance. This 

premise was borne out by the finding that none of the cell lines express 

detectable levels of Bcl-2. Additionally, Bax which binds to Bcl-2 was also 

found not to be expressed in these cell lines. This was not surprising as 

expression of Bax w ithout Bcl-2 w ould have m ade the cells even more 

sensitive to apoptosis, possibly to the point where the cell line was no longer 

viable. Therefore m utant cell lines selected on the basis of resistance to the 

induction of apoptosis are highly unlikely to have upregulated a protein 

w hich induces them  to be more sensitive to the induction of apoptosis. 

Additionally, Bax had been observed to be upregulated in response to the 

induction of apoptosis (section 1.2.1) but no expression in T3.2 cells induced 

into apoptosis was found (data not shown).

It has been hypothesised that Bcl-2 is involved in Ca^+ signalling and 

that its function in the abrogation of apoptosis is to block Ca^+ signalling 

which in turn blocks the apoptotic signal (Magnelli et al., 1994). In the case of 

the m utan ts described here it is unlikely that a m odulation  of Bcl-2 

expression could be responsible for the loss of [Ca^+Ji fluxes and the displayed 

resistance to apoptosis. This is because each m utant cell line was resistant to 

one stimulus only. It is possible that the loss of [Ca^+]i fluxes is responsible for 

the apoptosis resistant phenotype as in most situations the induction of 

apoptosis in m utant cell lines with other stimuli coincided w ith a [Ca^+]i flux.
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Recent experiments have implicated a ICE/CED-3 homologue, nam ed 

apopain, as the candidate for a global inducer of apoptosis (Nicholson et al.,

1995). This, added to the fact that the ICE knock-out mouse has no apoptosis 

defect (Li et al., 1995), implies that ICE may not be central to the mechanism of 

apoptosis. The fact that ICE is not expressed by these cells nor is induced in 

T3.2 cells by apoptotic stimuli implies that ICE may not be involved in the 

apoptosis of these cell lines. It may be that one of the other members of this 

family of cysteine proteases, possibly apopain, is the effector in these cell lines. 

However, the mutagenesis may not have affected any members of this family 

as they are implicated as global regulators of apoptosis and these lines only 

display resistance to one stim ulus and display w ild phenotypes to other 

stim uli.

As previously stated, glucocorticoid receptor was absent or down- 

regulated  in m any m utations derived from WEHI7.2 cells resistan t to 

glucocorticoid-induced apoptosis (Flomerfelt and Miesfeld, 1994). The fact 

that H34F12 express wild type levels of glucocorticoid receptor does not imply 

that the receptor is functional and it may be that the receptor in H34F12 cells 

has been inactivated. However, as ICR-191 may induce truncated transcripts 

as it preferentially induces frame shift mutations (Benjamin et al., 1991), there 

is also the possibility that the m utation in this cell line is elsewhere in the 

Hydrocortisone specific apoptosis pathway.

These experiments have revealed interesting aspects of the nature of 

the signalling requirements of apoptosis in T3.2 cells and have indicated that 

there may be a degree of redundancy in the signalling pathw ays (see 

concluding remarks) which co-operate to ensure the induction of apoptosis 

during thymic selection.
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Figure 6.1 T3.2 cells m obilise Ca2± sim ultaneously upon stim ulation

1x10^ T3.2 cells were loaded with Indo-1 as before and analysed on an 

EPICS Flow cytometer with a UV laser. Before analysis, cells were warm ed to 

37°C and m aintained at that tem perature for the duration of the experiment. 

After a baseline had been established, acquisition was halted, the stimulus 

added, the tube mixed briefly and acquisition resumed. Forward scatter (FSC), 

fluorescence at 405 nM, fluorescence at 495 nM and time in seconds were 

collected. Dead cells were gated out on FSC and the change in [Ca^+Ji was 

calculated by dividing fluorescence at 495 nM by fluorescence at 405 nM. This 

was displayed as a separate parameter which was plotted against time. T3.2 

cells stimulated with: (a) w ith Locks solution alone; (b) 0.5 lonomycin; (c) 10 

p g /m l Con-A; (d) 1 |iM Hydrocortisone and (e) 50 nM Thapsigargin were 

tested in this m anner and [Ca^+Jj was m easured for 270 seconds after 

stim ulation.
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Figure 6.2 TCa^lj^fluxes of m utant cell lines treated w ith the stim ulus to which 

they are resistant

3x10^ cells were loaded with Indo-1 for 30 minutes, washed and placed 

in  a luminescence spectrometer. A baseline was established for 2 minutes, 

stimuli were added and the change in [Ca^+]i recorded for 540-900 seconds. In 

all experiments no change in [Ca^+Ji was observed when cells were stimulated 

w ith Locks buffer alone (data not shown).

(a) T3.2 (blue), I16A10 (green) I32F7 (red) and I34D9 (cyan) treated with 

0.5 |iM lonomycin after 120 seconds and analysed for 540 seconds.

(b) T3.2 (red) and C36H12 (blue) treated w ith 10 p g /m l Con-A 120 

seconds and analysed for 900 seconds.

(c) T3.2 (cyan), T31A1 (green) T35A2 (red), T35A12 (blue) and T35G7 

(magenta) treated w ith 50 nM Thapsigargin after 120 seconds and analysed for 

720 seconds.
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Figure 6.3 fC a^ lj^fluxes of lonomycin resistant m utant cell lines from internal 

and external stores

3x10^ cells were loaded with Indo-1 for 30 minutes, washed and placed 

in a luminescence spectrometer. A baseline was established for 100 seconds, 10 

mM EGTA was added and then at 120 seconds lonomycin was added and the 

change in [Ca^+]i recorded for 600 seconds. In all experiments no change in 

[Ca^+Ji was observed when cells were stimulated with Locks buffer only (data 

not shown).

(a) T3.2 lonomycin only (blue), T3.2 lonomycin and EGTA (red), I16A10 

lonomycin only (green) and I16A10 lonomycin and EGTA (cyan) analysed for 

600 seconds.

(b) T3.2 lonomycin only (blue), T3.2 lonomycin and EGTA (red), I34D9 

lonomycin only (green) and I34D9 lonomycin and EGTA (cyan) analysed for 

600 seconds.
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Figure 6.4 fC a^lj^fluxes of m utant cell lines stimulated w ith lonomycin.

3x10^ cells were loaded with Indo-1 for 30 minutes, washed and placed 

in a luminescence spectrometer. A baseline was established for 2 minutes, 

lonomycin was added and the change in [Ca^+]i recorded for 600-900 seconds. 

In all experim ents no change in [Ca^+]i was observed w hen cells were 

stimulated with Locks buffer only (data not shown).

(a) T3.2 (blue) and C36H12 (red) treated with lonomycin and analysed 

for 600 seconds

(b) T3.2 (cyan), T31A1 (green), T35A2 (red), T35A12 (blue) and T35G7 

(magenta) treated with lonomycin and analysed for 900 seconds
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Figure 6.5 FCa^M luxes of m utant cell lines stimulated w ith Con-A.

3x10^ cells were loaded with Indo-1 for 30 minutes, washed and placed 

in a luminescence spectrometer. A baseline was established for 2 m inutes, 

Con-A was added and the change in [Ca^+]i recorded for 900 seconds. In all 

experiments no change in [Ca^+]i was observed when cells were stim ulated 

w ith Locks buffer only (data not shown).

(a) T3.2 (blue), I16A10 (green), I32F7 (cyan) and I34D9 (red) treated with 

Con-A and analysed for 900 seconds

(b) T3.2 (cyan), T31A1 (green), T35A2 (red), T35A12 (blue) and T35G7 

(magenta) treated with Con-A and analysed for 900 seconds
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Figure 6.6 FCa^lj^fluxes of m utant cell lines stimulated w ith Thapsigargin.

3x10^ cells were loaded w ith Indo-1 for 30 minutes, washed and placed 

in a luminescence spectrometer. A baseline was established for 2 m inutes, 

Thapsigargin was added and the change in [Ca^+]i recorded for 720 seconds. In 

all experiments no change in [Ca^+Ji was observed when cells were stimulated 

with Locks buffer only (data not shown).

(a) T3.2 (blue), I16A10 (green), I32F7 (cyan) and I34D9 (red) treated with 

Thapsigargin and analysed for 720 seconds

(b) T3.2 (blue) and C36H12 (red) treated w ith  Thapsigargin and

analysed for 720 seconds

236



(a)

T3.2 Thapsigargin 50 nM 
I16A10 Thapsigargin 50 nM 
I32F7 Thapsigargin 50 nM 
I34D9 Thapsigargin 50 nM600--

500-: 

c 400--
+CN
u  300--

200- :

100-5

0 100 200 300 400 500 600 700 800
Time Secs

(b)

SOOr
T3.2 Thapsigargin 50 nM

700-

C36H12 Thapsigargin 50 nM6 0 0 -

I  500--C

^  400-:ft
u
^  3 0 0 -

200 -

100- -

180 720360 
Time Secs

540

Figure 6.6



Figure 6.7 Tyrosine phosphorylation after Con-A treatm ent of T3.2 and 

C36H12 cells

5 X 10  ̂ cells from each cell line were taken in log phase, washed with 1 

X Locks buffer and resuspended in 1 x Locks buffer in order to provide the 

cells w ith extracellular Ca^+ to optimise cell signalling. Cells were brought to 

37°C and Con-A was added 10 pg/m l. 4 minutes and thirty seconds later the 

cells were pelleted, lysed and the nuclei spun out. Cell lysates were 

electrophoresed and blotted onto nitro-cellulose where they were probed for 

the presence of phosphotyrosine residues using a biotinylated antibody and 

H orseradish peroxidase conjugated to Streptavidin as a second layer. Blots 

were visualised using ECL. Lower panel represents stripped and

reprobed gel. U pper panel represents the approxim ately 100 kDa proteins 

referred to in the text which are arrowed.

Lane Cell Line

1 T3.2 None

2 T3.2 Con-A 10 p g /m l

3 C36H12 None

4 C36H12 Con-A 10 [ ig /m l
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Figure 6.8 Expression of Bcl-2 and Bax by T3.2 cells and mutant cell lines

2 X 10  ̂ cells from each cell line were taken in log phase, lysed and the 

nuclei spun out. Cell lysates were electrophoresed and blotted onto nitro

cellulose where they were probed for the presence of Bcl-2 (a) and Bax (b) 

using rabbit antibodies and Horseradish peroxidase conjugated second layers. 

Here, the cell line Bal-17 (obtained from G.G.B. Klaus) was used as a positive 

control for Bcl-2 expression.

Lane Cell Line

1 T3.2

2 I16A10

3 I32F7

4 I34D9

5 T31A1

6 T35A2

7 T35A12

8 T35G7

9 H34F12

10 C36H12

11 BAL-17
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Figure 6.9 Expression of c-Myc. ICE and glucocorticoid receptor by T3.2 cells 

and m utant cell lines

2 X 10^ cells from each cell line were taken in log phase, lysed and the 

nuclei spun out. Cell lysates were electrophoresed and blotted onto nitro

cellulose where they were probed for the presence of c-Myc (a), ICE (b) and 

glucocorticoid receptor (c) using rabbit antibodies and Horseradish peroxidase 

conjugated second layers.

Lane Cell Line

1 T3.2

2 116A10

3 132F7

4 134D9

5 T31A1

6 T35A2

7 T35A12

8 T35G7
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10 C36H12
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Figure 6.10 Postulated apoptotic signalling pathways in T3.2 cells

A highly schematic representation of potential pathways which may be 

at work in inducing apoptosis in T3.2 cells in response to lonomycin, Con-A, 

Hydrocortisone and Thapsigargin. Possible points of m utant intervention are 

m arked.
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Concluding remarks

The aims of these experim ents w ere threefold. Firstly, to 

characterise a thymocyte cell line which undergoes apoptosis, secondly, to 

derive and characterise m utant cell lines w hich no longer underw en t 

apoptosis and thirdly, to determine the nature of the m utations by analysing 

the early signalling events during apoptotic stimulation.

Apoptosis in T3.2 cells was found to occur in response to m ultiple 

stimuli and a panel of mutants was derived which were completely resistant 

to only one stimulus. This indicated that the lesion or lesions had occurred 

in early signalling events before any convergence into a common pathway. 

Selection w ith more than one stimulus, in an attem pt to derive m utants with 

lesions in a common pathway, failed to produce any resistant clones (section 

4.3.2). This may have occurred due to a level of redundancy in a common 

pathw ay of apoptosis (see below). Investigation of the signalling mechanisms 

led to the deduction that I16A10 had a lesion in the lonom ycin specific 

apoptosis signalling pathway downstream of Ca^+ signalling while I34D9 may 

have possessed an overactive chelation activity, thereby reducing lonomycin- 

induced Ca^+ signalling. It was thought that C36H12 had lesions in both Ca^+ 

signalling and in an undefined part of the Con-A specific apoptosis signalling 

pathw ay which may have been upstream  of the tyrosine phosphorylation of 

two 100 kDa proteins. Thapsigargin resistant m utants were observed to have 

lesions in Thapsigargin-induced Ca^+ signalling, which may have acted to 

block apoptosis in these cell lines. The observation that [Ca^+]i fluxes were 

incidental to Con-A-induced apoptosis was a further indication of potential 

redundancy in apoptotic pathways.

In chapter 1 it was noted that apoptosis can be induced in m any 

different cell types by many different stimuli. Despite the variety of cell types 

and stimuli, morphologically, the process of apoptosis always looks the same
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w hen examined by electron microscopy (Kerr et aL, 1972; Ishigami et a l ,  1992; 

Telford and Fraker, 1995). This implied that there was a common effector 

mechanism and led to the idea that there were a large num ber of signalling 

pathw ays which fed into a common pathw ay at some point. If this is true 

then it is likely that a num ber of genes and proteins are essential for the 

induction of apoptosis and that their loss results in the failure of apoptosis in 

all situations. To date, a single global effector or repressor of apoptosis has yet 

to be identified implying that the pathways may not be as straight forward as 

previously proposed.

In chapter 6 it was concluded that Ca^+ signalling was, for some stimuli, 

incidental to the induction of apoptosis implying a level of redundancy in 

Con-A-mediated apoptotic signalling. It is possible that the cell signals for 

apoptosis in response to Con-A using Ca^+ routinely  bu t w hen this 

m echanism is not functional the cell uses a different m echanism, both  of 

which were m utated in C36H12. Additionally in m utant cell lines where Ca^+ 

signalling was defective in response to one stimulus, the Ca^+ signalling was 

relatively norm al in response to other Ca^+ mobilising stim uli, indicating 

that there are multiple and independent mechanisms involved in the release 

of Ca2+ in response to stimulation.

There is no evidence that in general, apopto tic  pathw ays are 

redundant. However, there are a num ber of examples w hich show some 

redundancy in the mechanisms involved in apoptosis. Firstly, there are a 

num ber of different mechanisms by which phagocytic cells can recognise and 

take up  apoptotic cells (section 1.1.3). Each m echanism  is by no means 

restricted to the cell type in which it is mainly used and different mechanisms 

m ay be able to substitute for each other. Secondly, Bcl-2, w hich inhibits 

apoptosis in m any situations, is a member of a family of proteins some of 

which have functions very similar to Bcl-2 (section 1.2.1). It is possible that in 

systems where Bcl-2 does not appear to function, that other family members
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may be acting in its place. Thirdly, in Drosophila the m utations reaper and 

hid are apparent only when the other is also m utated thereby im plying that 

they may be able to substitute for each other (section 1.2.3). Fourthly, 

A lthough DNAse y  is thought to be the major endonuclease w hich is 

involved  in  DNA degradation  during  apoptosis, other endonuclease 

activities have been described during apoptosis indicating that there be a 

num ber of d ifferent endonucleases capable of m ed iating  the  DNA 

degradation step of apoptosis (section 1.4.3). Finally, even though CPP-32 or 

apopain has been proposed to be the true homologue of the CED-3 and a 

central regulator of apoptosis, it is a member of a large family. Over 

expression of other m em bers has been observed to induce apoptosis 

demonstrating the possibility for the other members to substitute for CPP-32 

should the need arise (section 1.2.5). Furthermore, in different experiments, 

contradicting results have commonly been observed. For example, in one 

system CsA was found to block anti-CD3-induced thymocyte apoptosis (Shi et 

al., 1989) and in two others it was not (Anderson et al., 1995; W ang et al., 

1995). This example also allows for speculation that there may be different 

pathways in anti-CD3-induced thymocyte apoptosis, one CsA dependent and 

the other CsA independent.

These observations along w ith the findings of others lead me to 

propose the following speculative model which can account for the existence 

of an apparent common pathway and the levels of redundancy which appear 

to be present in apoptotic systems. I propose that instead of a common 

pathw ay, there are a com m on series of events such as chrom atin 

condensation, membrane blebbing and DNA degradation. Each event may be 

m ediated by a range of gene products each of which acts in the same way 

producing the same end result during apoptosis. This w ould allow for the 

considerable redundancy observed in different areas, explain the common 

m orphological pathw ay and allow for a fail-safe system to ensure that 

apoptosis is effected in spite of mutations in the pathway. This model would
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also explain why no mutations were derived in a common pathw ay (chapter 

4). If one gene product was m utated, then another w ould substitute for it 

allowing progression through apoptosis, the death of the cell and failure to 

detect the mutation.

Apoptosis is essential to the functioning of many physiological systems 

(chapter 1). Therefore it is im portant that the onset of apoptosis is not 

hindered in any way and this model provides a system of fail-safes where 

apoptosis will be able to occur normally in the event of m utation or gene 

product failure. This is of particular importance in the case of the immune 

system where apoptosis is responsible for removing useless and harmful cells 

from the T and B cell repertoires where failure of apoptosis m ay have 

extreme consequences for the organism.
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