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ABSTRACT 

The Glucocorticoid Receptor (GR) activates apoptosis in immature 

thymocytes through a mechanism that requires transactivation and repression of 

gene transcription. Several targets of GR regulation have been identified, 

including Glutathione-S-Transferase Ml (GSTMl) and Nur77 expression, and 

NFkB function, however no specific mechanism for activating GR-regulated 

apoptosis has been determined- Apoptosis is also induced in immature mouse 

thymocytes by ceramide analogues, staurosporine, and Fas stimulation, through 

diverse signal transduction pathways, ultimately resulting in caspase protease 

activation. Glucocorticoids (GO, ceramide analogues, and staurosporine 

pathways are inhibited by the Bcl-2-class of apoptosis regulator proteins. In 

some cell lines. Fas-dependent apoptosis is also blocked by Bcl-2. To identify the 

involvement of specific genes and components of the apoptosis machinery in this 

GR-dependent system, a somatic cell genetic approach was taken. A panel of 

Dexamethasone (Dex)-resistant cell lines (Apt-) isolated in a previous study were 

characterized with respect to their sensitivity to GR-independent apoptotic 

signals. While W7.2 cells were sensitive to staurosporine, ceramide, and Fas 

stimulation, Apt3.8, Apt4.8 and Apt5.8, were foimd to be resistant to some or all 

of these treatments. Apt4.8 and Apt5.8, but not Apt3.8, were found to be 

sensitive to staurosporine-induced apoptosis, whereas, all three Apt- mutants 

were found to be resistant to ceramide and Fas-mediated apoptosis. 

Measurement of steady state and Dex-regulated transcripts for Bcl-2-related 
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genes, and Fas-interacting genes, and the caspase gene family, indicated that the 

observed differential resistance of the Apt- cell lines was not due to altered 

steady-state levels of any of these gene transcripts. GR-dependent regulation of 

GSTMl and Nur77 transcription, and NFkB function was also tested in the Dex-

resistant cell lines. GSTMl expression was not induced in the Apt- cell lines by 

Dex. TNFa-induced activation of NFkB function was not observed in Apt3.8, 

and GR-dependent repression of Nur77 expression is defective in Apt4.8. From 

this genetic analysis of thymocyte apoptosis I conclude that GR-dependent 

apoptosis occurs via a mitochondria-dependent pathway which overlaps with 

many other apoptotic pathways including Fas in the WEHI7.2 cell system. 
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CHAPTERI 

INTRODUCnON 

Glucocorticoid Receptor Function, Thymocyte Development, and Apoptosis 

The focus of this dissertation is the induction of apoptosis in immature 

mouse thymocytes by activation of the glucocorticoid receptor (GR). As a 

member of the nuclear hormone receptor family of transcription factors, the GR 

mediates glucocorticoid (GC) -specific effects by modulating rates of gene 

transcription- During thymocyte development, GR-dependent signals are 

required for both the removal of thymocytes bearing non-functional T-ceU 

receptors by apoptosis (negative selection), and the survival of thymocytes 

expressing functional T-cell receptors (positive selection) (Vacchio et al., 1998). 

While the GR induces apoptosis by activating gene transcription, the target genes 

of this GR-dependent activity have not been identified. 

Apoptosis in inunature thymocytes can be induced by multiple stimuli, 

including exposure to radiation, signaling through the cell surface receptor Fas, 

and withdrawl of cellular growth factors (Smith et al., 1995). The later stages of 

GR-induced apoptosis resemble apoptosis induced by all of these stimuli. This is 

due to the fact that the regulatory mechanism and apoptotic machinery is highly 

conserved. This is true not only for different cellular signals and cell types, but 

between distantly related organisms including humans and the nematode 

Ceanrhabditis elegans (Horvitz et al., 1983). 
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The goal of this work was to identify and characterize specific steps or 

components involved in the early stages of thymocyte apoptosis induction by the 

GR. This was accomplished using a somatic cell genetic approach based upon 

the GC-sensitive WEHI7.2 cell line and a panel of apoptosis-defective mutants 

(Flomerfelt and Miesfeld, 1994). Important to this study was comparison of the 

GR-dependent apoptosis induction pathway with that of the well-characterized 

Fas apoptosis signaling mechanism, and with apoptosis induction by the 

sphingolipid ceramide, and the protein kinase inhibitor staurosporine. The role 

of specific activities of the GR during apoptosis induction were tested by 

examining GR-mediated transcriptional regulation of specific genes associated 

with apoptosis regulation, including Glutathione-S-Transferase Ml and Nurr77. 

The Glucocorticoid Receptor is a Nuclear Hormone Receptor Transcription 

Factor 

The glucocorticoid receptor is a member of the nuclear hormone receptor 

protein family of transcription factors (Miesfeld and Bloom, 1997). Members of 

this protein family have a defined structure consisting of three functionally 

distinct domains. Amino terminus sequences contain key components involved 

in modulationg transactivation of transcription. The hormone binding domain is 

encoded by the carboxy-terminus domain. DNA binding occurs through a 

centrally located Zinc-Finger motif. Within the region encoding the 23nc-Finger 

domain are also amino add residues that are important determinants of protein-

protein interactions and transcriptional repression functions. GR and other 

nuclear hormone receptors play a powerful role through their ability to regulate 
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the expression of multiple genes, or gene networks. Regulation of gene networks 

can be executed in a tissue-specific manner in response to hormones made in the 

brain, and specific hormone-secreting tissues distributed throughout the body. 

Biology of the Glucocorticoid Receptor 

Like other members of the nuclear hormone family, GR plays an 

important role in maintaining homeostasis throughout the body. GCs are 

secreted by the adrenal gland in response to daily cycling or stress induced levels 

of adrenanocorticotropin hormone produced in the pituitary. In the liver, GCs 

activate GR-directed transcription of multiple enzymes to increase blood glucose 

and amino add levels. 

The GR has also been adopted to play a key role in regulating immune 

system responses and development. As will be discussed later, the 

glucocorticoid receptor is central to the selection of correctly functioning 

thymocytes to develop into T-helper and T-killer cells. Outside of the thymus, 

GCs function to suppress immune responses. The use of corticosteroids as 

potent inhibitors of inflammation, for example in the treatment of asthma, is 

based on this particular activity. The key feature possessed by GR and other 

members of the nuclear hormone receptor family which enables them to fulfill 

these roles is their ability to transcriptionally regulate the expression of gene 

networks in specific tissues. 

Transcriptional Regulation of Gene Expression by the Glucocorticoid Receptor 

Nuclear hormone receptors are ligand activated transcription factors. In 

the absence of ligand the GR exists in an inactive state, complexed with heat 
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shock proteins (HSPs) including hsp90 and hsp70, outside of the nucleus. Upon 

binding to GCs, the GR-HSP complex is disrupted and the GR translocates to the 

nucleus where it forms homodimers OPratt, 1993). Nuclear hormone receptor 

activity is also regulated by receptor phosporylation. Phosphorylation at specific 

residues by kinases including MAPK, protein kinase A (PKA), and cyclin-

dependent kinases has been shown to affect GR nuclear translocation and 

tramsactivation potential (Krstic et al., 1997; Rangarajan et al., 1992). 

In the nucleus, GR can both activate and repress gene transcription. 

Transcriptional activation can occur through DNA binding at enhancer 

sequences (GREs), or through protein-protein interactions off the DNA. DNA-

bound GR interacts directly with basal transcription machinery to activate gene 

transcription. At complex enhancer elements DNA-bound GR interacts with 

other transcription factors such as AP-1 to activate or repress gene transcription 

in a cell-specific manner (Miner and Yamamoto, 1992). GR also modulates gene 

transcription through protein-protein interactions occurring in solution. Both 

general and specific transcription factors can be boimd or sequestered by GR, 

resulting in inhibition of transcriptional activation. The GR effects gene 

transcription rates by modifying chromatin structure. This is believed to occur 

through interactions with chromatin-modulating components including the 

SWI/SNF genes and transcription co-activators, p300 and CBP, with histone 

acetylation modifying activity (Cheikravarti et al., 1996; Muchardt and Yaniv, 

1993; Yoshinaga et al., 1992). 
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The GR fills a complex role in modulating gene transcription. Crosstalk 

between the GR and other signaling pathways occurs at the level of gene 

transcription through multiple mechanisms. Temporal and cell specific GR-

dependent activity is determined by DNA sequences of gene promoters, the 

summation of protein levels, and specific activity of GR-interacting transcription 

factors in the nucleus, and chromatin structure. Understanding the role of GR in 

a system such as thymocyte development, where it activates the induction of 

apoptosis, will be very useful in understanding the function of GR at the level of 

transcriptional regulation of genes and gene networks. 

Role of Glucocorticoids in Thymocjrte Development 

The process of thymocyte development is tightly regulated to insure the 

establishment of an efficient immime system. Mature thymocytes make up the 

population of CD4-positive T-helper cells, whose interaction with antigen 

presenting cells results in the release of cytokines to signal an immime response, 

and CD8-positive T-natural killer cells. Central to the function of T-cells is the T-

Cell Receptor (TCR). The TCR locus imdergoes rearrangement before being 

expressed on the maturing thymocyte. Th)nnocyte developement involves the 

testing of the expressed TCR for its ability to activate cytoplasmic signaling 

cascades upon antigen interaction, and the affinity of the expressed TCR for self-

expressed antigens. Negative selection occurs to thymocytes whose TCR is non

functional or recognizes self with inappropriate avidity by the induction of 

apoptosis. 



20 

In the absence of a functional TCR, endogenous levels of locally 

sjoithesized GCs induce apoptosis (Zacharchuk and Ashwell, 1992). Strong 

stimulation of the TCR, as a result of improper recognition of self antigens or 

injection into the thymus of anti-TCR antibodies, also induces apoptosis (Jondal 

et al., 1993). Positive selection requires moderate stimulation of the TCR in the 

presence of endogenous GCs and functional GR (King et al., 1995; Vacchio et al., 

1998). It is clear that TCR stimulation leads to activation of many transcription 

factors which GR can interact with, including AP-1, to modify activation or 

repression of gene transcription, as discussed earlier. These protein interactions 

are too numerous and too complex to make direct analysis of them informative. 

To understand this system it is necessary to identify the target genes of these 

interacting signals and transcription factors, whose function will likely be central 

to positive and negative selection of the immature thymocyte. 

GR-dependent Thymocyte Apoptosis 

Induction of apoptosis by the GR in immature thymocytes has been 

shown to require both transcriptional activation (Chapman et al., 1996; Dieken 

and Miesfeld, 1992)and repression (Helmberg et al., 1995; Karin, 1998). Several 

groups have approached the task of identifying GR- target genes without 

identifying a bonafide death or survival factor. Bourgeois's group identified 11 

transcripts inducible by dexamethasone (Dex), a synthetic GC, using mRNA 

subtractive hybridization techniques (Harrigan et al., 1989)CBaughman et al., 1991). 

These transcripts included a chondroitan sulfate proteoglycan, calmodulin, 

mitochondrial phosphate carrier protein, an immunoglobulin-related 
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glycoprotein, and a sequence with high similarity to the family of G-protein-

coupled receptors. Most of these transcripts were shown not to be directly 

regulated GR, and their functions do not suggest an obvious GR-dependent 

mechanism for apoptosis induction. 

A series of genes were identified based on their elevated expression 

during TCR induced negative selection (Osborne et al., 1996). While no role in 

apoptosis has been assigned to these genes, a subset of these genes was found to 

be inducible by Dex. 

The Miesfeld lab has taken several different approaches and identified a 

number of transcripts up-regulated by Dex in the mouse immature thymocyte 

cell line WEHI7.2 (W7.2). A glutathione-S-transferase gene, mGSTMl, and a 

second death-associated gene, DAG-8, were identified by subtractive 

hybridization (Briehl et al., 1992)(Flomerfelt and Miesfeld, unpublished data). 

DAG-8 is an imimophilin, and may play a role in regulating apoptosis (Baughman 

et al., 1995). Using the PGR based technique of differential display of reverse-

transcribed mRNA (DDRT-PCR), several Dex-induced expressed sequence tags 

were identified (Chapman et al., 1995). One of these transcripts encodes the GT-

mismatch binding protein MSH6. It does not appear, however, to play a role in 

Dex-induce apoptosis (Kuscuoglu and Miesfeld, unpublished). Other GC-

induced gene transcripts isolated by DDRTPCR and currently imder 

investigation in the Miesfeld lab include GIGl and GIG18 (Chapman et al., 1995). 

Repression of gene expression is also believed to be important in Dex-

dependent thymocyte apoptosis and positive selection (Helmberg et al., 1995; 
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Karin, 1998). Two specific targets of GR-repression in the immature thymocyte 

are NFkB transactivation function and expression of the immediate early gene 

Nur77 (Liu et al., 1994; Woronicz et al., 1994). Transactivation by NFkB is 

directly involved in expression of cytokines, immunoglobulins, and adhesion 

molecules (Baeuerle, 1998). NFkB has also been shown to be responsible for 

survival signals which can prevent apoptosis in immature thymocytes as well 

(Baichwal and Baeuerle, 1997; Beg and Baltimore, 1996; Van Antwerp et al., 1996; 

Wang et al., 1996). Activation of the GR can repress NFkB transactivation by at 

least three mechanisms. Activated GR can induce transcription of the inhibitor 

of NFkB genes, DcBa and DcBp (Auphan et al., 1995). The GR can directly interact 

with the p65 subimit in solution through its DBD, thus preventing NFkB action 

(Ray and Prefontaine, 1994; Scheinman et al., 1995). Activated GR also competes 

for coactivator proteins, such p300/CBP, with NFkB, limiting the transactivation 

potential of NFkB at the promoter (Qiakravarti et al., 1996). 

Nur77 is an orphan receptor member of the nuclear hormone receptor 

family. The role of its expression in response to TCR stimulation is poorly 

imderstood. Ectopic expression of a dominant negative form of Nur77 prevents 

TCR-activation of apoptosis (Liu et al., 1994). Interestingly, Nur77 antagonizes 

GR transactivation (Phillips et al., 1997). It is very possible that the role of Nur77 

is to modulate GR function, and that GR-Nur77 interaction is a pivotal point of 

cross talk during th3anocte positive selection. A similar mode of action for GR 

and Nur77 has been proposed for maintaining hormone secretion levels of the 

Hypothalamus-Pituitary-Adrenal (HPA) axis (Phillips et al., 1997). GR-mediated 
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repression of TCR-dependent transcription of Niir77 has been mapped to a 

region in the nur77 gene containing a NFAT-binding site activity (Woronicz et 

al., 1995). NFAT includes fos and jim components (AP-1) and the caldimi 

dependent factor NFATp. As with NFkB above, GR may inhibit NFAT activity 

through direct protein interactions or competition for coactivator functions with 

components of NFAT (Alroy et al., 1995). 

Overall, the GR-target genes identified to date can not be used to 

formulate a particular mechanism or model of GR-dependent activation of the 

conserved apoptotic pathway. Instead, GR induction of apoptosis, like positive 

selection, appears to be quite complex. To leam how GR directs apoptosis 

induction in thymocytes, it may be informative to examine events downstream of 

GR-dependent transcription. Comparison of GR-dependent apoptosis with 

apoptosis induced by other stimuli, testing for similar mechanisms and shared 

components for example from mechanisms that are better understood, may 

prove to be informative. 

Apoptosis 

Apoptosis, or programmed cell death was first observed not long after it 

was discovered that living organisms were made up of discrete cells (Vogt, 1842). 

The term programmed cell death was applied to describe the predictable time 

and place that cells in developing organisms imdergo apoptosis (Lockshin, 1964). 

Today, we understand that many diseases and pathological conditions are 

caused by unregulated apoptosis induction (Thompson, 1995). Escape of cells 

from apoptosis, combined with an increased rate of proliferation, results in the 
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many forms of cancer. Indeed, cancer genetics has led to the identification and 

imderstanding of the roles of several genes in the regulation of apoptosis. In 

apropriate apoptosis leads to several degenerative diseases, especially in the 

brain. Alzeimers disease, several forms of epilepsy, and stroke-induced damage 

are all the result of increased levels of programmed cell death induction, hi the 

case of Alzeimers it is believed that cells die because laminin, a required 

component of the extracellular matrix, is degraded following high levels of 

glutamate stimulation (Chen and Strickland, 1997). If the laminin dependent 

survival signal could be understood, then this condition might be treatable. At 

the very least, by understanding the biology that leads to apoptosis in 

Alzheimer's disease, a test for people at risk for this disease may be developed. 

Apoptosis Introduction: multiple stimuli, one apoptototic phenotype, one 

program 

Programmed cell death is recognized as distinct from necrosis, which 

ocurrs at the site of acute tissue damage and generates inflammation (Kerr and 

Harmon, 1991). Demonstration that apoptosis can be disrupted by specific 

alleles in the genetic system Caenorhabitris elegans solidified the idea that it was 

an evolutionarily conserved biological function (Horvitz et al., 1983). It is 

accepted that there is one conserved cell death program that gives rise to a single 

apoptotic cell phenotype. Cells directed to imdergo apoptosis shrink in size, and 

their chromatin condenses before it is cleaved by a conserved endonuclease. The 

apoptotic cell breaks up into membrane-boimd vesicles called apoptotic bodies 

which, in most cases, are phagocytosed by surrounding cells . 
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An important observation concerning apoptosis was that all nucleated 

artimal cells, in several experiments, could be induced to imdergo apoptosis 

using the protein kinase inhibitor staurosporine in the presence of 

cydohexamide (Tamaoki and Nakano, 1990) (Weil et al., 1996). This observation 

suggested two ideas about the nature of the apoptotic machinary. First, the 

apoptotic machinery is present in all cells. Second, posttranslational regulation 

of the apoptotic machinery, therefore, appears to be very important in the 

regulation of apoptosis induction. 

The Genetics of Apoptosis in Caenorhabditis elegans 

Early genetic studies in Caenorhabditis elegans were very successful in 

apoptosis because its physiology had been characterized to the point that each 

cell's lineage was known. A screen for changes in the nimiber of cells in the adult 

worm identified several cell death genes, including CED-3, CED-4, and CED-9, 

representing the three protein families of the apoptotic machinery (Hengartner 

and Horvitz, 1994; Shaham and Horvitz, 1996). CED-3 was found to be required 

for apoptosis in C. elegans but its function was not immediately defined. A 

mammalian homologue of CED-3, lnterleukin-1 converting enzjmie (ICE) was 

shown to be a cysteine protease. Now, the ICE/ CED-3 related proteins make up 

the Caspases, a family of cysteine proteases, which cleave directly after an 

aspartate in the substrate. CED-9 was identified as an inhibitor of apoptosis. 

This observation fit well with the function of partially homologous protein 

sequence, BcI-2, which is encoded by a gene found at a common translocation 

site in B-cell lymphoma patients. CED-9 and Bcl-2 are members of a family of 
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structurally related proteins of both anti- and pro-apoptotic function. CED-4 was 

also found to be necessary for apoptosis in C elegans. Little is known about this 

protein's function. A vertebrate homologue, human Apaf-1, was only identified 

in the last year (Zou et al., 1997). As described below, these three protein 

faniilies appear to make up the heart of the apoptotic machinery and regulator 

mechanism. 

Proteins of the Apoptotic Machinery: 

The Caspases 

Following the identiHcation of CED-3 and its orthologue ICE as cysteine 

proteases, ten additional members of the caspase proteases have been identified 

in mammals . The caspases make up the effector component of the apoptotic 

pathway. Several substrates for the caspases have been identified, some of 

which would be expected, based upon the apoptotic phenotype. Theses include 

an endonuclease activated by caspase cleavage, the nuclear membrane protein 

lamin, and gelsolin, an actin regulating protein (Kothakota et al., 1997). 

Generation of the apoptotic phenotj^e can be blocked using caspase-spedfic 

protease inhibitors. 

As expected from previous experiments, caspases are present as 

proenzymes in all cells, and are activated by proteolytic processing in response 

to apoptotic signals. While auto-activation is documented in vitro, most 

observations suggest that activation of the caspases requires either cleavage by 

an already active caspase, or through protein-protein interactions between 

regulatory proteins and the prodomain of the caspase proenzjone. Fitting with 
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this model, the caspases are divided into two groups based upon their NH2-

terminal prodomains. Caspases with larger NHj-terminal domains are involved 

in apoptoisis intiation. Apoptosis-signaling molecules interact with the NHj-

terminus through the conserved DED (Death Effector Domain) andCARD 

(CAspase Recruitment Domain) domains to stimulate processing and activation 

of these caspases. The caspases with the shorter prodomains, effector caspases, 

are thought to be processed by active caspases, making up the downstream 

component of a proposed protease cascade (Thomberry and Lazebnik, 1998). 

Activation of the initiator proteases is critical to understanding apoptosis 

regulation. Caspase 8 (FLICE) is activated in response to the stimulation of Fas 

and recruitment into a complex with Fas and FADD. Once activated, caspase 8 

activates multiple effector caspases and apoptosis occurs rapidly. Caspase 9 is 

activated by interactions with the CED-4 homologue Apaf-1. Interestingly, 

cytochrome c has been shown to be critical to this interaction and the activation 

of caspase 9 (Liu et al., 1996). This suggests that caspase 9 activates apoptosis in 

response to signals which disrupt the mitochondrial membrane or activate 

cytochrome c release. Interestingly, thymocytes of caspase 9 knockout mice are 

resistant to Dex, y-radiation, and etoposide treatment, but not Fas stimulation 

(Hakem et al., 1998; Kuida et al., 1998). These results confirm the existence of at 

least two independent apoptosis pathways, defined by the recruitment of 

initiating caspases 8 and 9. 
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Bcl-2 / CED-9 Proteins make up the Apoptotic Switch 

Members of the Bcl-2 /CED-9 family share sequence homology and have 

both pro- and anti-apoptotic acting proteins. These proteins appear to function 

as the central regulatory switch controlling apoptosis induction. Initial 

observations suggested that Bcl-2 /CED-9 proteins functioned directly upstream 

of caspase activation (Reed, 1994). However, as will be discussed later, a subset 

of the caspases probably function upstream of Bcl-2 and related protein function 

(Green, 1998). 

Four conserved domains exist within the Bcl-2 proteins (Figure l)(Adams 

and Cory, 1998). BHl and BH2 have been demonstrated to be required for anti-

apoptotic function, while BH3 alone is required for pro-apoptotic function. BH4 

is involved in interactions with Ced-4/Apaf-1 proteins (Adams and Cory, 1998; 

Chinnaiyan et al., 1997). Bcl-2-like proteins interact with each other, eind the 

popular model suggests that the relative level of the two types of Bcl-2 protein 

activities determine the sensitivity of a cell to apoptotic stimuli. This model is 

supported by the fact that the BH3 domain is sufficient to interact with the BHl 

and BH2 domains, and that pro-apoptotic members act as dominant negative 

regulators of the anti-apoptotic Bcl-2 activity (Adams and Cory, 1998). 

It is unclear how the Bcl-2 family of proteins function and regulate 

apoptosis. Three observatiorxs support a current model suggesting that Bcl-2 

related proteins regulate the pro-apoptotic event of cytochrome c release from 

the mithochondria. First, Bcl-2 is localized to the mitochodria (Nguyen et al., 

1993). Second, crystal structure data and in vitro assays suggest that Bcl-2 
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protein can form a pore in lipid membranes (Chao and Korsmeyer, 1998). 

Finally, cytochrome c has been identified as an important co-factor in caspase 

activation by Apaf-1/ CED-4 (Li et al., 1997; Zou et al., 1997). 

Regulation of this switch component of the apoptotic pathway made up 

by members of the Bcl-2 protein family appears to occur post-translationally. 

Recent studies suggest that, while protein levels remain constant for the different 

Bcl-2 -like proteins, the activity of several pro-apoptotic members is regulated by 

phosphorylation of these proteins directly (Chao and Korsmeyer, 1998). 

Additional regulation occurs by phosphorylation of targets including the small 

protein 14-3-3, which when phosphorylated, can inactivate pro-apoptotic family 

members by binding to them (Zha et al., 1996) (Hsu et al., 1997). Recently, the 

Bcl-2 related protein Bid was shown to be cleaved by caspase 8 of the Fas 

pathway (Li et al., 1998; Luo et al., 1998). Qeaved Bid was shown to both 

translocate from the cytoplasm to the mitochondria, and to activate the release of 

cytochrome c from partially purified mitochondria. This activity is unique 

because it demonstrates a possible role of caspases upstream of the 

mitochondria, regiilating Bcl-2 related protein function. 

Ced-4 / Apaf-1 interacts with the Bcl-2 and Caspase protein families 

The CED-4 protein, originally identified as a required protein for 

apoptosis in C.elegans, was only recently shown to have a homologue in 

mammalian systems (Zou et al., 1997). Functional studies with CED-4 in 

mammalian cells identified its ability to interact with proteins of the Bcl-2 family 

and certain caspases, and to induce caspase activation in a Bcl-2-sensitive manner 
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(Chinnaiyan et al., 1997; Wu et al., 1997) (see also refs 8,9,12,13 of review by 

(Golstein, 1997)). The interaction of CED-4 with Bcl-2 proteins is not inhibited by 

interactions of CED-4 with the caspases. Sequence analysis of Apaf-1 suggests 

that, Uke CED-4, it too can interact with Bcl-2-like proteins and some caspases 

through the CARD (Caspase Recruitment Domain) protein-protein interaction 

domain. The simplest model of the function and interactions between CED-

4/Apaf-1 proteins with members of the Bcl-2/ Ced-9 and Caspases proteins 

describes a multimeric complex in which Bcl-2 inhibits the caspase activating 

function of Apaf-1/ CED-4 (Vaux, 1997). 

Specific, evolutionarily conserved pathways of apoptosis induction 

A series of signaling pathways must exist which connect many different 

stimuli to the conserved apoptotic machinery and its regulatory components. 

Apoptosis is initiated by many different signals. Apoptosis is induced by 

transcriptional activation of genes in response to steroid hormones. DNA 

damage induces apoptosis in a p53-dependent manner, and members of the 

Fas/Timior Necrosis Factor (TNF) receptor family signal apoptosis through 

protein-protein interactions initiated at the cell surface. Also important to the 

regtilation of apoptosis is another set of signals that promote cell survival. 

Survival signals also take many fonns including gene transcription, protein 

phosphorylation, and direct protein-protein interactions. How these very 

different signals all transverse the apoptosis induction pathway, to ultimately 

modulate components of the Bcl-2/ CED-9 apoptotic switch component and 

activating or inhibiting the caspases, is poorly understood. 
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Fas/ TNF signaling via Death and Death Effector Domain Proteins 

Fas, one of the original members of the tumor necrosis factor (TNF) -

related death receptors, induces apoptosis upon FasL ligand binding by forming 

a complex with caspase 8 (FLICE) and an adaptor protein FADD (Medema et al., 

1997). FADD and Fas interact through the conserved death domain (DD). FADD 

and caspase 8 interact through a second conserved motif, the death effector 

domain (DED). Within this complex caspase 8 becomes activated and able then 

to activate additional members of the caspase cadscade (Medema et al., 1997). 

This signal transduction pathway is imique in that in most cell tj^s. Fas 

induced apoptosis is not blocked by Bcl-2 protein function and it does not 

require Apaf-1 (Cecconi, 1998; Massaia et al., 1995; Strasser et al., 1995; Yoshida, 

1998). 

At this time, eight death receptors have been identified. Six of these. Fas, 

TNF-Rl, DK3, DR4, DR5/ KILLER, and CAR 1 can induce apoptosis (Ashkenazi 

and Dixit, 1998). Two death receptors. Decoy Receptor 1 and 2 (DcRl, DcR2) 

have deletions in the cytoplasmic domain and function as negative regulators 

(Marsters et al., 1997; Pan et al., 1997; Sheridan et al., 1997). Signal transduction 

occurs by protein-protein interactions stimulated by ligand binding to these 

receptors. No ligand for DR3 and CAR 1 is known, and only one ligand, TRAIL, 

has been shown to bind and activate DR4, DR5/ KILLER, and DcRl and DcR2. 

Several different receptor-interacting, DD-containing adaptor molecules 

have been identified. FADD has a DD and a DED to connect Fas and the TNF-

Rl/ TRADD complex to DED containing proteins, including caspase 8 FLICE 
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and FLAME-1. FLAME-1 is a caspase 8-like protein with an inactive caspase 

domain, and functions as another negative regulator in this signal transduction 

pathway (Srinivasvda et al., 1997). DD-containing adaptor proteins RIP, RAIDD, 

and CRADD link the TNF-Rl/TRADD complex and DR3 with Caspase-2/ ICH-1 

using a third conserved region of homology known as CARD, the caspase 

recruiting domain (Chou et al., 1998; Duan and Dixit, 1997). 

The death receptor-dependent signals can also modify transcription factor 

activity. TNF-Rl and Fas ligation can activate NFkB and c-Jim transcription 

factors, respectively. In the case of TNF-Rl, a TRADD-TRAF2-NIK complex is 

known to be responsible, where NIK is a kinase capable of phosphorylating DcB 

-inhibiting Kinase complex (Malinin et al., 1997; Regnier et al., 1997). The Fas 

interacting, DD containing protein Daxx can activate JNK/SAPK directly by 

phosphorylation (Yang et al., 1997). Suprisingly, a constituitively active form of 

Daxx was shown to induce apoptosis in a FADD-independent manner, 

suggesting that a second Fas-dependent apoptosis induction pathways exists 

involving a Fas-Daxx-JNK/SAPK-activated mechanism (Yang et al., 1997). 

Regulation of the components in this apoptosis signal transduction 

pathway is also very interesting. DR5/ KILLER was identified as a 

transcriptionally responsive target of p53 activation (Wu et al., 1997). Also, the 

second messenger molecule and apoptosis inducing phospholid ceramide was 

shown to activate FasL transcription through a SAPK/JNK-dependent pathway 

(Herr et al., 1997). Interestingly, the death receptors and associated apoptotic 

signaling components are being named as accomplices in many apoptosis 
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induction pathways where they were presumed iminvolved previously 

(Ashkenazi and Dixit, 1998). 

Transcriptional Regulation of Apoptosis 

Transcriptional regulation of specific genes and gene networks is central 

to multiple aspects of a cell's function. Transcription is involved in cell signaling, 

ceU division, and differentiation. There are many distinct transcription-based 

stimuli which induce apoptosis. Forced expression of c-Myc, a transcription 

factor associated with cell proliferation, induces apoptosis in many different cell 

backgrotmds (Askew et al., 1993; Evan et al., 1992). In the genetic systems of 

C.elegans, a transcripion factor has been identified, ces-2, which is required for 

apoptosis induction (Metzstein et al., 1996). Programmed cell death in 

developing Drosophila larvae requires transcriptional activation of one or more of 

the genes reaper (rpr), head involution defective (hid), and grim (Zhou et al., 

1997). During T-cell maturation, activation of GR to modulate transcription is 

reqired for both positive and negative selection. Except for the example of ces-2, 

which is known to play its role by repressing a positive regulator of the anti-

apoptotic gene CED-9, these important examples of transcriptional regulation of 

apoptosis are not imderstood. 

As described below, transcriptional regulation of apoptosis can be divided 

into two mechanisms, ces-2 gene function in C. elegans and expression of Reaper 

in Drosphila is an exeimple of direct transcriptional control over apoptosis 

induction. The second activity might be described as indirect or complex 

transcriptional control of apoptosis priming events. c-Myc may fit into this 
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secx)nd category, as it likely does not regtdate a component of the apoptotic 

machinery directly, but rather it leads to a cellular state that drives a cell into 

apoptosis. GR-dependent induction of apotosis may take place through one, or 

both of these methods. 

c-Myc induced apoptosis 

c-Myc is a member of the myc family of basic helix-loop-helix leudne-

zipper class transcription factors. It functions as a heterodimer with Max to 

activate and possibly repress transcription. When ectopically activated or 

overexpressed, Myc can induce apoptosis(Evan et al., 1992). Because c-Myc is a 

key regtalator of proliferation and cell cycle progression, its ability to induce 

apoptosis makes it an informative link between the regulation of cell 

proliferation and the regulation of apoptosis (Grandori and Eisenman, 1997). In 

congruence with the normal role of c-Myc, target genes of its transcriptional 

activating function include eIF-2fl, eIF-4E, the cyclin-dependent kinase activator 

cdc25A, carbamoyl-phospate synthase/aspartate carbamoyl transferase/ 

dihydoorotase (CAD), ornithine decarboxylase (OEXZ), and p53 (Bernards, 1995). 

An important requirement for induction of apoptosis by forced Myc expression 

is cell starvation or withdrawal of growth supporting factors. Overexpression of 

either ODC or cdc25A alone can induce apoptosis in some systems, while 

expression of an antisense message for cdc25A or inhibitors of ODC function 

block Myc-induce apoptosis (Galaktionov et al., 1996; Packham and Cleveland, 

1994). These data make a strong argim[ient that these two target genes of Myc 

function play a critical role in apoptosis induction by this transcription factor. It 
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appears that apoptosis induction associated with inappropriate cell cycle 

progression is activated downstream of Myc activation, and that Myc's normal 

role includes regulation of genes required for cell proliferation, including 

monitoring cell proliferation and signaling apoptosis. 

Reaper, Hid, and Grim activate apoptosis in Drosophila 

In a genetic screen for genes involved in apoptosis in Drosophila, three 

genes were foimd within a small chromososmal deletion, reaper (rpr), head 

involution defective (hid), and grim, (Grether et al., 1995; White et al., 1994; 

White et al., 1996). Ectopic expression of each of these genes induces apoptosis in 

Drosophila, independent of the other two genes. In support of a conserved role of 

reaper-related proteins existing in mammals, purified reaper protein can activate 

the apoptotic machinery in vitro in a Xenopus oocyte extract system (Evans et al., 

1997). Based upon sequence homology with K* channel inhibitor domains, the 

conserved NH2-terminal sequences of reaper, grim, and hid encoded proteins 

were foimd to also be potent K* chaimel irOubitors (Avdonin et al., 1998). This 

recent discovery is particularly interesting because Ca* mobilization is thought to 

be a potentially important step in Dex-induced apoptosis (Distelhorst and 

Dubyak, 1998; Distelhorst and McCormick, 1996). 

Reaper mRNA expression is observed in cells 1-2 hours prior to the onset 

of apoptosis, and its expression pattern is coordinated with ecdysone hormone 

levels during development (Jiang et al., 1997). In support of a role for reaper, 

hid, and grim in signal transduction versus the apoptotic machinery, 

morphologically-normal apoptosis is observed in Drosophila cells deficient in 
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these genes following high doses of radiation. The expression of these genes is 

transcriptionally regulated, making it a very attractive model system for the 

induction of apoptosis by specific transcriptional stimuli in other s)rstems, 

including GR-dependent thymocyte apoptosis. 

The Current Model of Apoptosis: Mitochondria-dependent and independent 

pathways 

The current model of apoptosis induction describes two pathways to 

Caspase activation (Figure 2)(Green, 1998). The majority of apoptosis inducing 

signals are believed to stimulate release of cytochrome c from the mitochondria, 

which leads to Apaf-1 activation and processing of caspase 9 (Li et al., 1997). 

Signals using this pathway are blocked by Bcl-2 at the mitochondria, and fail to 

induce apoptosis in cells from mice with targeted deletions of Apaf-1 or caspase 

9 genes (Cecconi, 1998; Hakem et al., 1998; Kuida et al., 1998; Yoshida, 1998). 

These signals include UV-radiation, ceramide, etoposide, Staurosporine, and 

Dex. 

The second pathway is dependent on activation by the Fas/TNF family of "death 

receptors" (DR). Activation of these molecules lead to formation of a complex 

containing caspase 8, which is processed into its active form, that is able to 

activate other caspases. Mice lacking caspase 8 are deficient in Apoptosis 

induction by Fas, TNF, and DR3, but not UV irradiation, ceramide, etoposide, or 

staurosporine (Dex-sensitivity was not tested) (Varfolomeev et al., 1998). The 

clear definition of these two pathways is blurred in vitro, where a ntimber of cell 

lines imdergo Fas induced apoptosis in a Bcl-2 sensitive, nutochondrial-
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dependent manner. In this alternative Fas-activated pathway, caspase 8 targets 

the proapoptotic Bcl-2 related protein Bid CLi et al., 1998; Luc et al., 1998). 

Processed Bid can induce cytochrome c release, and presumably, activate caspase 

9 and downstream caspases in an Apaf-1 dependent manner (Luo et al., 1998). 

From the mouse knockout data, GR-dependent apoptosis most like occurs in a 

mitochondria-dependent manner, requiring the release of cjrtochrome c and 

Apaf-1 activation of Caspase 9. The current question to address is the 

identification of the signals that lead to cytochrome c release. 
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Research Question and Specific Experimental Aims 

Role of members of the Bcl-2 family, Apaf-1, and the Caspases, as 

reviewed above, during apoptosis induction fits into a model that can be 

described both biochemically and genetically. Signal transduction by the death 

receptors, resulting in caspase activation, is also explained by an excepted 

mechanism based upon protein-protein interactions between the identified death 

and death effector domains (DD, DED, respectively). In contrast, it is very 

poorly imderstood how signal transduction in response to stress, DNA damage, 

Staurosporine, and most importantly in respect to thymocyte development, GR 

activation, leads to caspase activation and apoptosis. There are very few dues 

about events upstream of Bcl-2 function and release of cytochrome c that are 

required to induce the mitochondria-dependent apoptosis pathway. This 

deficiency in the current imderstanding of apoptosis signaling and regulation is 

the focus of this dissertation, "Genetic Analysis of Thjmnoq^e Apoptosis." 

To address the question of signal transduction, and particularly events 

associated with GR-activation, a somatic cell genetic approach was used. As 

described in Chapter 3, a panel of GC-resistant cell lines derived from the 

inmiature thymocyte model WEHI7.2, were isolated previously and found to be 

resistant to non-steroid apoptotic stimuli including ^-irradiation and H2O2 

(Flomerfelt and Miesfeld, 1994). This panel of GC-resistant cell lines were used 

here to determine the extent of overlap in apoptosis-signaling transduction 

pathways induced by GR-activation, the lipid based signal transduction 
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molecule ceramide, the protein kinase inhibitor staurosporine, and the Death 

receptor Fas. 

The panel of GC-resistant cell lines was also characterized with respect to 

transcriptional activation by GR-dependent and independent mechanisms- As 

described in Chapter 5, activation of NFkB-dependent transcription in response 

to TNF-a, TPA-induced transcription of the Nur77 gene, and the ability of GR to 

inhibit both of these activities was quatitated. 

Experiments described in Chapter 4 were designed to examine the role of 

GR-dependent GSTMl during thymocyte apoptosis, as well as to add to the 

phenotype characterization of the GC-resistant cell line panel. GSTMl 

transcription was measured in response to other pro-apoptotic signals including 

ceramide, staurosporine, calcium ionophore, y-irradiation and H2O2- Expression 

of GSTMl was also quantitated in the panel of GC-resistant cell lines. A 

functional assay for pro- or anti-apoptotic activity associated with GSTMl 

expression was also performed. 
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CHAPTERH 

MATERIALS AND MEraODS 

Cell Culture 

VV7.2, Wbcl2 (formerly called WHb.l2, (Flomerfelt et al., 1993)), Apt3.8, Apt4.8, 

and Apt5.8 were grown in DMEM supplemented with 10% charcoal-stripped, 

heat-inactivated calf bovine serum, lOOU/ml penicillin, and O.lmg/ml 

streptomycin at 37°C, 90% humidity, and 8% CO2 as previously 

described(Dieken et al., 1990). Dexamethasone (Sigma), resuspended in 100% 

ethanol, staurosporine (Sigma) and N-acetyl-D-sphingosine (C2 ceramide) 

(Sigma), resuspended in DMSO, and anti-mouse Fas mAb (clone RMF8 

,Immunotech), resuspended in water, were added directly to cultures at the 

concentrations described in the text. 

Quantitation of Fas ligand-dependent apoptosis using a co-culturing 

method with anti-CD3-activated, Fas ligand-expressing Al.l hybridoma cells 

was done as described (Bnmner et al., 1995). Briefly, ^-thymidine-labeled 

target cells were combined with Al.l cells and plated in untreated or anti-CD3-

coated 96 well plates and incubated at 37 °C for 8h. Unfragmented, labeled high 

molecular weight DNA was collected by filtration through glass fiber filters 

(Scatron) and coimted in a liquid scintillation counter (Pharmada). Data are 

expressed as percent DNA fragmentation: 100 x (1 - cpm in experimental group 

per cpm of untreated targets). All W7.2 derived cell lines used in this study were 

foimd to have equivalent levels of Fas expression as determined by 
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immunofluorescence and flow cytometry (data not shown). 

Piopidium Iodide staining 

Cell cultures were inoculated at 2x10^ cells/ml in 24-well plates, after 24 hours, 

harvested, washed once with 15 mis PD buffer (13.7mM NaQ, 2.7mM KCl, 

1.47mM KH2PO4, S.lmM Na2HP04) and then resuspended in 0.5 ml PD buffer. 

Propidium iodide (PI) was added to 5 |J.g/ml immediately before analyzing 

10,000 cells/sample with a FACScan flow cytometer (Becton Dickinson) using 

the rhodamine channel to detect PI fluorescence. The nimiber of viable and 

apoptotic cells were determined by plotting the flow cytometry data as forward 

scatter versus PI fluorescence as described (McGahon et al., 1995). Morphology 

of Pl-stained cells was analyzed by phase contrast and fluorescent microscopy 

using a lOOx oil-immersion lens. 

Caspase cleavage assays 

Cell extracts were prepared according to Chow et al.(Chow et al., 1995). Briefly, 

10® cells were harvested, washed once in 50mls PD buffer and resuspended in 

250|ils S-buffer (50mM NaCl, 40mM ^-glycophosphate, lOmM HEPES pH7.0, 

5mM EGTA, 2mM MgCl2,20p.g/ml Leupeptin, 10|ig/ml Aprotinin, and 

10|ig/ml Pepstatin A). Cells were lysed with 4 freeze-thaw cycles and 

centrifuged 15 nuns, at 20,000xg. The supernatant was centrifuged at 120,000xg 

30 mins and stored at "80* C. Protein extract concentration was determined using 

a BCA protein analysis kit (Bio-Rad). 

^S-methionine-labeled p35 substrate was generated by in vitro translation 

using T7 RNA polymerase and TNT reticulocyte lysate (Promega). The p35 
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cDNA (kindly provided by L. Miller), was cloned into pBluescriptSK^ to create 

the plasnrud template p35SK-T7. In vitro generated p35 protein was used directly 

in protease assay reactions without purification. For each set of timed reactions, 

the equivalent of 8|ig of cell extract protein, ^S-methionine-labeled p35 substrate 

contained in l|il of TNT reaction mix and S-buffer to a total volume of 74^il was 

incubated at 30°C. Aliquots (18 |il) were removed at 10,15,20 and 30 min. The 

cleavage reactions were stopped by adding an equal voltune of 2x tridne sample 

buffer (O.IM Tris, 24% glycerol, 8% SDS, 0.2M DTT, 0.02% Coomassie blue G-250) 

and placing in a boiling water bath for 3 mins. p35 substrate and caspase 

products were separated on 10% tridne SDS polyacrylamide gels and the 

amount of radioactivity in individual bands was quantitated using a Molecular 

Dynamics phosphorimager and IPLab Gel software (Signal Analytics). 

DEVD-spedfic caspase activity in cell extracts was measured with the 

fluorogenic substrate DEVD-AFC (Z-Asp-Glu-Val-Asp-7-amino-4-

trifluoromethyl coumarin, Kamiya Biochemical Company). Reactions of 450jxl 

were set up containing 200ng/ml protein extract and lOOmM DEVD-AFC 

substrate in S-buffer. Four lOOpl aliquots were transferred to eppendorf tubes 

and duplicate reaction were incubated in a 30° C water bath for one or three 

hours. Reactions were terminated by placing tubes in a boiling water bath for 1 

min and supematants were recovered following a 2 min. spin in a microfuge 

(16000xg). A portion of the supernatant (75|il) was added to 925 pJ of H2O and 

the absorbance was measured at 361.5nm (max. absorbance for deaved DEVD) 

and 338nm (max. absorbance of undeaved DEVD-AFC). 
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Transient Transfection Assay 

Cells were transfected by electroporation in HBS at 10^ cells/ml per 

electroporation chamber. For cotransfection assays, 15 ng of pGFPemd-c 

(Packard Instrument Co.) and pDC.neo (Flomerfelt and Miesfeld, 1994), 

pDCNeo.Pgal, pDCPur.hFas or pCD8-FLICE (Siegel et al., 1998) in a 1:3 molar 

ratio. In the GFP fusion assay, 15 p.g of pEGFP.Cl (Clontech) or equal molar 

amount of pGFP-FADD 1-78 (Siegel et al., 1998) was used. After 24 hours in 50% 

conditioned media, cells were analyzed by flow cytometry in the presence of 

propidium iodide as described above. Cellular expression of the Green 

Fluorescent Protein was detected using a standard FTTC filter set up. 

Plasmid Construction 

Plasmid pDCNeo.Pgal was generated by inserting the Pgal gene coding sequence 

into the Xhol site, and a neomycin resistance gene expression cassette into the 

Nrul site, of pEXI304 (Immunex). Plasmid pDCPur.hFas was generated by 

inserting the hFas gene coding sequence, contained in a Notl-EcoRV fragment of 

pBSSBCn.hFas, into pEXZPur digested with Bgin, blimt-ended, and digested with 

Notl. Plasmid pDCPur contains the puromydn resistance gene expression 

cassette, an Ndel-BamHI fragment of pPUR (Clontech), inserted into the Nrul 

site of pDC304. Plasinids pCD8-FLICE and pGFP-FADDl-79 were generously 

provided by M. Lenardo (Siegel et al., 1998). 

Subcellular Fractionation 

Mitochondrial and cytosolic (SlOO) fractions were prepared as described by Vander 

Heiden et al., with a few modifications (Vander Heiden et al., 1997). (Dells were treated 
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at 400,000 cells/ml 21 hours with luM Dex or 6 hours with 400nM staurosporine. 200 

tnls of cells were harvested, washed once with 5 mis PD buffer, resuspended in 120 ul 

Buffer A (NO SUCROSE, 20 mM HEPES, 10 mM KQ, 1.5 mM MgC12, ImM EDTA, 1 

mM EGTA, ImM DTT, 17 ug/ml PMSF, 10 ug/ml aprotinin, and 10 ug/ml Leupeptin), 

and placed on ice 30 min. Cells were then lysed in a tissue homogenizer (Ehiall 20, 

Kontes Glass Co.) containing 40 ul IM Sucrose, and lysed with approximately 20 

strokes. Ulysed cells and nuclei were removed with a 2 min. spin at 720xg, 4*C. 

Mitochondria were then pelleted by spinning the supernatant at 10,000xg, 4*C for 15 

min., and resuspended in 50 ul Buffer A with 250mM sucrose. The supernatant was spun 

at 100,000xg, 4°C for 1 hr to generate the SlOO fraction supernatant 

Western Blot Analysis 

To prepare total cell extracts, 2.5x106 cells, washed with ice cold PD, were 

resuspended in 200 ul PBSTDS (IX PBS (9.1mM Na2POH4, l.ZmM NaPOH4, 

150mM NaCl, pH7.4), 1% Triton X-100,0.5% sodium deoxycholate, 0.1% SDS, 

lOug/ml Luepeptin, lOug/ml Aprotinin, IniM EDTA, 17ug/nU PMSF) and 

placed on ice 10 niin. The cell lysate was cleared with centrifugation at 14,000xg, 

4°C for 10 min. 

For examination of Fas protein, 50 ug extract was seperated by SDS-PAGE 

using 7.5% acrlamide, transferred to nitrocellulose, and probed with Fas MAb X-

20 (Santa Cruz), diluted 1:200, or Tubulin MAb B-5-1-2 (Sigma), diluted 1:3000 in 

0.5% Milk, Tris-buffered saline, 0.05% Tween 20. For examination of cytochrome 

c, 30 ug of mitochondrial fraction was seperated on a 15% acrylamine gel, 

transferred to 0.2 uM Nitrocellulose, and probed with cytochrome c MAb 
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7H8^C12 (Pharmingen), diluted 1:1000, or lOng/ml q^ochrome oxidase subunit 

I MAb 1E)6-E1-A8 (Molecular Probes). 

Reverse Transcriptase-PCR 

To amplify GSTMl, M2, and M3 products from total RNA, cDNA was 

synthesized using reverse transcritase (400U Superscript RT) in 50ul reactions 

containing lOug total RNA (denature at 65'C 5 min.), 0.5niM dNTPs, IX RT-

Buffer (GIBCO-BRL), lOmM DTT, 20ug/ml polydT primer, 20ug/ml random 

hexamer primers. RT reaction was incubated at RT 5 min., then at 37'C 1.5 

hours. The cDNA product was diluted 1:10 to generate the final PGR template 

stock. 

PGR reactions of 50ul contained IX PGR Buffer (GIBGO-BRL), 5mM MgGl, 

O.lmM dNTPs, primers at 300nM each, 0.5 ul of cDNA stock template, 2.0 U Taq 

poljnnerase (GIBGO-BRL). Polymerase cycling conditions were 94"G, 45 sec.-

>47°G, 2 min.->72*C, Imin for 17 to 32 cycles. GR cDNA was amolified as an 

internal control for template concentration and amplification efficiency. Primers 

used were GST7 (GSTM1,M2, M3 3'): GAGGT GGATG GGGGT GTGG, GST8 

(GSTMl,M2-specific 5'): CITAG TTGAT GGATG GATG, GST9 (GSTMS-spedfic 

5'):GGTAG TTAAT TGATG GGTG, GRD3B (GR 5'): GGGGA GATGT GTTTG 

GAGGG CTGGG GTAAT TAAGG, GRdSN (GR 3'): GGGGG GATGG GGTTG 

AATAT GGATTA GAAAA GAG. For quatitaion, 32P-dGTP was incorparated, 

products were separated by PAGE, and analyzed using a phosphoimager 

(Molecular Dynamics) and Image Quant software. 

Northern Blot Analysis 
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Total RNA was isolated using Guanidinium cell lysis and phenol 

extraction. Cells were harvested (1-2x10^ cells), resuspended in 4.0 ml 

Denaturation Solution (DS)(4M guanidine thyocyonate, 25mM sodium dtrate, 

0.5% N-lauralsarcosine, and O.IM 2-mercaptoethanol) and lysed with repeated 

pipetting. RNA was extracted with the addition of 0.4 ml 2M sodium acetate 

(pH4.0), 4.0 ml of water-saturated phenol, and 1.0 ml of chloroform/isoamyl 

alcohol (49:1), thorough mixing, and incubation at 4'C 15 min. After 

centrifugation at 10,000xg, 20 min the aqueous phase was transferred to a new 

tube and RNA was precipitated with 4.0 ml isopropanol and incubation at -20 *C, 

20 min., followed by centrifugation at 10,000xg, 4°C, 10 min. The pellet was 

resuspended in 0.6 ml DS, transferred into an eppendorf tube, and precipitated 

again with 0.6 ml isopropanol, incubation at -20 *C, 20 min., followed by 

centrifugation at 10,000xg, 4"C, 10 min. The RNA pellet was washed once with 

75% ethanol and resuspended in 50 ^il HjO. 

To separate total RNA, 10 |ig RNA/lane was nm in a 1% agarose gel, 

containing 7% formaldehyde, transferred and cross-linked to nylon membrane. 

Specific RNAs were detected using random-labled probes containing ^-dCTP, 

hybridized in the presence of 50% formaldehyde, 50mM potassiimi phosphate 

(pH 7.0), 5X SSC, 2X Denhardf s, 0.25 mg/ml Yeast tRNA, 0.2% SDS at 42'C 12-18 

hours. The membrane was washed in IX SSC, 0.1% SDS at RT-55*C, and the 

probe was detected using a phosphoimager (Molecular Dynamics) and Image 

Quant software to quantitate the data. 

Luciferase Transcription Assays 
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To measure transcription from specific enhancer and promoter elements, 

transcriptional reporter constructs encoding the firefly ludferase (Flue, reporter 

constructs) and Renilla ludferase (Rluc, control plasmid) genes were used 

simultaneously. pNFkBluc (Flue, Promega) was used to examine NFkB-

dependent transactivation, MMFluc (Mouse mammary timior virus promoter 

cloned into pFluc (Promega)) was used to examine GR-dependent 

transactivation. Reporter (20-40 |i.g) and control (10 ^g) ludferase plasmids were 

transiently transfected into cells by electroporation, cells were allowed to recover 

and treated as described. To generate ludferase extracts, cells were collected, 

washed once in PD, and resuspended in IX Passive Lysis Buffer (I^omega), and 

lysed with 3X freeze-thawing. Flue activity was quantitated by mixing 5 |il of 

extract with 50 |il Ludferas Assay Reagent II (LARH, Promega) and read in a 

luminometer. Rluc activity was quantitated by adding 50 pil of Stop and Glow 

buffer (promega) to extracts plus LARH solution and read in a luminometer. 

Data is reported as the ratio of Flue Relative Ludferase Units (RLU) of to Rluc 

RLU. 
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CHAPTER ni 

Comparison of apoptosis signaling by Steroids, Fas, Ceramide, and 

Staurosporine in Apt- thymocyte cell lines 

INTRODUCTION 

Apoptosis is an evolutionarily conserved process used to remove cells 

during development, tissue maintenance, and as a central component of 

immimological responses in multicellular organisms (Ashwell et al., 1994). 

Cellular machinery responsible for dismantling the cell consists of three protein 

components, each encoded by a highly conserved set of genes. Caspases are 

cysteine proteases activated during apoptosis and able to cleave specific 

substrates, including components of the cytoskeleton and endonuclease 

proenzymes, to give rise to the apoptotic phenotype (Cryns and Yuan, 1998). Bcl-

2 and related genes encode both pro- and anti-apoptotic proteins that regulate 

cytochrome c release from the mitochondria and caspase activation (Green and 

Reed, 1998; BQuck et al., 1997; Korsmeyer, 1995). Making up the third component 

of the apoptotic machinery, the vertebrate homologue of Ced-4, Apaf-1, interacts 

directly with and activates caspases in the presence of cytochrome c (Chinnaiyan 

et al., 1997; Hu et al., 1998; Spector et al., 1997; Wu et al., 1997). 

Regulation of apoptosis induction is critical, and many diseases are the 

result of dysfunctional apoptosis activation (Thompson, 1995). Signal 
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transduction upstream of the conserved apoptotic machinery, however, is poorly 

understood. Fas and related receptors of the Tumor Necrosis Factor Receptor 

(TNFR) / Nerve Growth Factor Receptor (NGF) super family initiate, jjerhaps, 

the best-defined caspase-activating mechanism in vertebrates. Ligand binding at 

the cell surface leads to receptor aggregation and recruitment of FADD and 

caspase 8 (FLICE) (Boldin et al., 1996; Chiimaiyan et al., 1995; Kischkel et al., 

1995; Muzio et al., 1996). In this complex, caspase 8 is processed to form the 

active caspase consisting of p20 and p30 subunits. Active caspase 8 cleaves other 

caspase proenzymes including caspase 3, resulting in apoptosis(Medema et al., 

1997; Muzio et al., 1997). Caspase 8 activity also activates Bid, a pro-apoptotic 

Bcl-2 related protein, to initate a second pathway to Ced-4/ Apaf-1 dependent 

caspase activation (Li et al., 1998; Luo et al., 1998). 

In contrast to Fas/TNFR induced signaling of apoptosis, transcription-

dependent signaling of apoptosis is poorly understood, but required for 

apoptosis regulation by many different signals. In mammals, for example, 

apoptosis in response to DNA damage and abnormal cell proliferation involves 

p53 and c-myc dependent transcription functions (Evan and Littlewood, 1998). In 

Drosophila, a cluster of genes required for apoptosis include Reaper, Hid, and 

Grim (Chen et al., 1996; Grether et al., 1995). Ecdysone hormones and 

environmental damage alike were recently shown to induce apoptosis through 

transcriptional activation of the Reaper gene (Jiang et al., 1997). 

Regulation of apoptosis by the Glucocorticoid Receptor in thymocytes also 

requires transcriptional modulation of gene expression and is critical to the 
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establishment of a functional immime system (Chapman et al., 1996; Dieken and 

Miesfeld, 1992; Helmberg et al., 1995). GR-dependent transcription induces 

apoptosis in thymocytes expressing a non-functional TCR (negative selection), 

and is required for survival of cells expressing a properly functioning TCR 

(positive selection) (King et al., 1995; Zacharchuk et al., 1990). Many laboratories 

have set out to identify the targets of GR-directed transcription in thymocytes to 

understand this signaling pathway, but no obvious regulators of apoptosis have 

been identified to date. 

As a means to investigate apoptotic signaling in thymocytes, we have 

previously isolated and characterized a panel of glucocorticoid-resistant cell lines 

which were derived from mutagenized WEHI7.2 (W7.2) cells, a murine thymoma 

cell line that undergoes apoptosis in response to dexamethasone (dex) treatment 

(Flomerfelt and Miesfeld, 1994). Somatic cell genetic analyses revealed that three 

of these dex-resistant cell lines, Apt3.8, Apt4.8 and Apt5.8, represent distinct 

complementation groups containing phenotjqjically recessive mutations in genes 

required for apoptosis induced by dex, irradiation and hydrogen peroxide 

(Flomerfelt and Miesfeld, 1994). 

Here we show that defects in the GR-dependent pathway give rise to Fas-

resistant phenotjApe. We have determined that the Fas-resistant phenot)^ is not 

due to loss of Fas protein levels or cell surface expression. In addition, the 

mutations give rise to resistance to the apoptotic signals generated by ceramide, 

and in one event, the potent apoptosis induction activity of Staurosporine. 

Examination of the steady state and Dex-regulated expression of members of the 
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Bcl-2 related genes, components of the Fas/ TNFR signal pathway, and the 

Caspases did not reveal any changes that could directly accoimt for the Apt-

phenot)^s. Finally, defects in the apoptotic pathway are mapped with respect 

to caspase activation and Bcl-2 protein ftmction. 

RESULTS 

Differential resistance of Apt- mutants to ceramide and staurosporine 

We have previously shown that W7.2 cells undergo classic thymocyte 

apoptosis in response to dex-treatment as anal)^d by electron microscopy 

(Flomerfelt and Miesfeld, 1994), and DNA laddering (Dowd and Miesfeld, 1992). 

In the present study we used a quantitative apoptotic assay based on flow 

cytometry (McGahon et al., 1995). Figure 3 shows flow cytometry and 

fluorescent microscopy results following treatment of W7.2 cells with 100 nM 

dex for 24 hrs. Under these conditions, greater than 70% of the W7.2 cells treated 

with dex exhibit a condensed and propidiimi-iodide (PD-positive apoptotic 

morphology as compared to <10% of the cells cultured in the absence of 

hormone. To determine if W7.2 cells were sensitive to other known apoptotic 

inducers, we used the same assays to examine cells following treatment with the 

ceramide analog N-acetyl-E>-sphingosine (C2), and the kinase inhibitor 

staurosporine. As can be seen in Figure 1, W7.2 cells exhibit the same features of 

dex-induced apoptosis following treatment with 60 pM C2 or 30 nM 

staurosporine. 
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Forward Scatter Height 

Figure 3. Induction of apoptosis in the murine thymocjrte cell line W7.2. 

(A) Flow cytometry analysis of propidium iodide stained cells in media alone 

(Ctrl), lOOnM dexamethasone (Dex), 60(iM N-Acetyl-D-sphingosine (C2), or 

30nM staurosporine (STS). (B) Phase contrast and fluorescent images of 

propidixam iodide stained cells following treatments as in (A). The white 

magnification bar represents a length of 5 microns. 
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Based on these results, we next analyzed apoptosis in the three dex-

resistant W7.2-derived Apt- mutant cell lines (Flomerfelt and Miesfeld, 1994), 

and a W7.2 cell line, referred to here as WbcI2, that ectopically expresses 

moderate levels of the human Bcl2 anti-apoptotic protein (Lam et al., 1994). The 

dose response profiles of W7.2 and Wbcl2 cells demonstrate that Wbcl2 cells 

exhibit an apoptosis-resistant phenotype following a 24 hr treatment with 100 

nM dex, 60 |iM C2 and 100 nM staurosporine (Figure 4). These results are 

consistent with the known protective effects of Bcl-2 in cultured cells treated with 

glucocorticoids (Distelhorst and McCormick, 1996; Flomerfelt and Miesfeld, 1994; 

Miyashita and Reed, 1992), ceramide analogs (Geley et al., 1997; Zhang et al., 

1996) and staurosporine (Jacobson et al., 1996). The sensitivity of each Apt- cell 

line was then analyzed using the same concentrations of each reagent. We found 

that Apt3.8, Apt4.8 and Apt5.8 were all resistant to the apoptotic effects of C2. 

Apt4.8 and Apt5.8 exhibited a level of C2-resistance that was similar to Wbcl2, 

while Apt3.8 was foimd to be completely resistant to 60 fiM C2 (Figure 4). 

When we treated the Apt- mutants with lOOnM staurosporine for 24 

hours, we found that Apt4.8 and Apt5.8 were relatively staurosporine-sensitive, 

exhibiting 64% and 54% apoptosis, respectively (Figxire 4). However, Apt3.8 was 

as staurosporine-resistant as Wbcl2 and exhibited only 13% apoptosis under 

these same conditions. The staurosporine-resistant phenot)^ of Apt3.8 

differentiates this cell line from Apt4.8 and Apt5.8, and suggests that the Apt3.8 

mutation affects a component or activity that is common to a majority of 

apoptotic pathways. 
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Figure 4. Apoptosis-defident phenotype of W7.2 variant cell lines. 

(A, C, E) Dose-dependent induction of apoptosis by (A) Dex, (C) C2 ceramide, or 

(E) staurosporine (STS) in W7.2 (closed diamonds) and WbcI2 (open squares). 

Apoptosis was measured in 24 hr cultures containing InM to l^iM dex by PI 

uptake and plotted as percent apoptosis compared to imtreated control samples. 

(B, D, F) Mean level of apoptosis in the W7.2-derived cell lines treated with (B) 

lOOnM Dex, (D) 60^iM C2 ceramide, or (E) lOOnM staurosporine (STS) for 24 hrs. 
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In addition to the observed cross-resistance of the Apt- cell lines to 

ceramide, and partial resistance to staurosporine, these same variant ceU lines 

have previously been shown to be resistant to apoptotic-induction by cyclic 

AMP, Y-irradiation and hydrogen peroxide (Flomerfelt and Miesfeld, 1994). 

Based on these results, we reasoned that lack of pro-apoptotic gene functions, for 

example, altered expression of the Bax, Bad, or Bak genes (Jacobson, 1997), could 

explain the recessive cross-resistant phenotype. To test this possibility, a multi-

probe RNAse protection assay (RPA) was used to determine the level of RNAs 

expressed from seven Bcl2 family members at steady state and in dex-treated 

cells (1 jiM dex for 12 hrs). 

The RPA results from a representative gel are shown in Hgure 5. These data 

reveal that the steady-state levels of Bak, Bax and Bad RNA are equivalent in all 

five cell lines and are not effected by dex treatment. Note that Wbcl2 cells do 

contain elevated levels of human Bcl-2 RNA as expected (Lam et al., 1994). 

Levels of Bcl-2 RNA are similar between W7.2 and the Apt- cell lines, and our 

data suggest that Bcl-2 gene expression is repressed by dex treatment. 

Interestingly, an increase in Bcl-w RNA was seen in response to dex treatment in 

W7.2 and VVbcl2 cells, however, expression of this anti-apoptotic gene was not 

observed in the Apt- lines. This result may suggest that early events in the dex-

induced pathway lead to elevation of Bcl-w gene expression, similar to what has 

been observed with the glutathione S-transferase gene (Flomerfelt et al., 1993). 
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Figure 5. RNase Protection Assay of Bcl-2 related gene transcript levels. 

Expression of Bd-2 related gene transcripts was compared between W7.2, Wbcl2, 

and the Apt- cell lines, in the absence (-) or presence of luM Dex for 12hrs (+). 

Bclf, Bcl-X, Bak, Bax, and Bad RNA levels are unregulated by Dex and similar in 

the different cell lines. Bcl-W RNA levels are induced by Dex in W7.2 and Wbcl2, 

but not in the Apt- cell lines. Bcl-2 expression is constitueitive in Wbcl2 cells and 

Bcl-2 RNA levels decrease with Dex treatment in W7.2 and the Apt- cell lines. 

L32 and GAPDH are loading controls. 
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Staurosporine-sensitivity is associated with caspase activation 

Induction of apoptosis by staurosporine is associated with activation of 

multiple caspases (Janicke, 1998; Yue et al., 1998). To detennine if the observed 

staurosporine-resistance of Apt3.8 cells is due to defects upstream of caspase 

activation, we measured caspase activity in extracts prepared from 

staurosporine-treated cells using an in vitro substrate cleavage assay. The results 

shown in Figure 6 were obtained with a cleavage assay using the baculovirus 

apoptosis inhibitor protein p35 as a labeled target substrate (Bump et al., 1995; 

Xue and Horvitz, 1995). The baculovirus p35 protein is cleaved by caspases that 

recognize the tetrapeptide sequence DEVD. The data reveal that cell extracts 

prepared from staurosporine-treated W7.2 cells contain caspase activity based on 

the expected in vitro cleavage of p35 protein into polj^ptides of 25 and 10 Kd 

fragments. This staurosporine-dependent p35-cleaving activity was also fovind 

in cell extracts prepared from Apt4.8 and Apt5.8 cells, but not in extracts from 

Apt3.8 or Wbcl2 cells (Figiire 6). 

Table 1 summarizes the results from the p35 cleavage assays, including caspase 

activity data obtained from dex-treated cells. It can be seen that the level of 

apoptosis in staurosporine- and dex-treated cells correlates with the amoimt of 

caspase activity in corresponding extracts. Specifically, Apt4.8 and Apt5.8, 

which were shown to be relatively sensitive to staurosporine (Figure 4), were 

also found to have high levels of caspase activity (Table 1). In contrast, Apt3.8 

and Wbcl2 are both staurosporine-resistant and lack staurosporine-induced 

caspase activity. Similar results were obtained using a caspase activity assay 
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Figure 6. Caspase activation by staurosporine (STS) in W7.2, Wbd2, Apt3.8, 

Apt4.8 and Apt5.8 cells. 

S-labeled p35 substrate was incubated with extracts made from untreated or 

STS-treated cells and the relative amount of lOkDa product was quantitated and 

plotted as a function of reaction time. Additional protein bands present in every 

lane correspond to in vitro pol)rpeptide products derived from translational 

initiation at internal methione residues. 
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% Apoptosis Induction p35 cleavage (rdative 10 kD piodtict) 

Treatment (24 hours): Treatment (16 hours): 

Cell line: none Dex SIS none Dex SIS 

W72 13^ 703 903 0.7 53 63 
Wbd2 123 23.6 15.1 0.4 0.9 1.4 
Apt3.S 153 20.6 13.2 03 1.0 1.0 
Apt48 113 23.1 643 0.7 1.1 35 
Apt5.8 173 23.0 53.7 0.8 0.6 6.7 

Table I. Summary of cioss-resistance and caspase activation phenotypes. 
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based on cleavage of DEVD tetrapeptide fluorogenic substrate as measured by 

spectroscopy (M. DeBoer and DA, impublished data). 

Apt- cells are resistant to Fas-mediated killing 

Induction of apoptosis by activation of Fas at the cell sxirface occurs 

through a defined interaction with FADD to directly activate Caspase 8. By 

examining the effect of Fas activation in the Apt- cell lines we were able to 

directly compare the Fas and Glucocorticoid-dependent apoptosis pathways in 

our system. Using an anti-Fas monoclonal antibody to activate the Fas pathway, 

we foimd that W7.2 cells imderwent apoptosis following addition of 100 and 

200ng/ml anti-Fas mAb to the culture (Figure 7). In contrast, Wbcl2 cells were 

shown to be resistant to anti-Fas mAb at the highest doses, indicating that the 

W7.2 cell background supports the anti-apoptotic function of Bcl-2 and suggests 

that in this system Fas induces apoptosis by a mitochondria/ cytochrome C 

-dependent mechanism (Scaffidi et al., 1998). Treatment of Apt3.8, Apt4.8 and 

Apt5.8 with 200ng/ml of anti-Fas antibody revealed that these Apt- mutants 

were resistant to Fas antibody-induced apoptosis (Figure 7). Fas-mediated 

killing in the Apt- cell lines was also measured by a co-culturing assay based on 

FasL- signaling and quantitative DNA fragmentation measurements (Brunner et 

al., 1996). The data shown in Figure 5C confirm that W7.2 cells are sensitive to 

Fas-induced apoptosis, whereas, Apt3.8, Apt4.8, Apt5.8 and Wbcl2 cells are 

markedly resistant. 
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Figure 7. The Apt- and Wbcl2 cell lines are resistant to Fas-dependent 

apoptosis. 

(A) Dose-dependent induction of apoptosis by anti-Fas mAb in W7.2 (closed 

diamonds) and Wbcl2 (open squares). Apoptosis was measured in 24 hr cultures 

containing 20ng, lOOng, and 200ng/ml soluble anti-Fas mAb by PI uptake and 

flow cytometry. (B) Comparison of apoptosis induction by 200ng/ml soluble 

anti-Fas mAb for 24 hrs between W7.2, Wbcl2, and Apt- cell lines. (C) Induction 

of DNA fragmentation W7.2-derived target cells following exposure to FasL 

expressing activated Al.l cells. Target cells for each experiment are listed in the 

key and the Al.l effectorrtarget cell ratios are indicated. 
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The isolation of Fas-resistant cell lines in culture can sometimes be 

attributed to loss of Fas protein expression (Gamen et al., 1996; Mizushima et al., 

1996). We therefore analyzed Fas protein levels using Western blot analysis. The 

data in Rgure 8 demonstrate that Fas protein levels are equivalent in all five cell 

lines, suggesting that Fas-resistance in Apt3.8, Apt4.8 and Apt5.8, is not due to 

loss of Fas. Similar results were obtained using immimofluorescent flow 

cytometry to measure Fas antigen at the cell surface (data not shown). In 

addition, a multi-probe RNase protection assay was used to compare the steady-

state RNA level of gene transcripts corresponding to known components of the 

Fas signaling pathway (Figure 9). Fas RNA levels were found to be similar 

amongst all the cell lines, and moreover, no differences were detected in the 

RNA levels of FLICE (Caspase-8) or FADD, as well as seven other genes of the 

Fas family and Fas-assodated proteins. Analysis of transcript expression levels 

of members of the caspases also failed to identify any differences in apoptotic 

components (Figure 10). Only caspases 8,3,6, and 2 were found to be expressed 

at detectable levels in these cell lines, and no regulation of these four transcripts 

by Dex were observed. 

Functional analysis of Fas-signaling in the Apt- cells 

Although Fas protein and RNA are expressed at wild-t)^ levels in the 

Apt- cell lines (Figures 7 and 8, respectively), it was possible that the Fas-

resistant phenotype could be due to mutations that effect Fas function. 

Therefore, we used a transient transfection assay based on co-expression of the 
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Figuie 8. Fas protein expression is normal in Fas-resistant Wbcl2 and Apt- cell 

lines compared to W7.2 (parent). 

Western blot of total cell extracts (50^lg/lane) using anti-Fas mAb (U. Kuscuoglu 

and R. Miesfeld, impublished data). 
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Figure 9. RNase Protection Assay of Fas and TNFR signaling gene transcript 

levels. Expression of Fas and TNFR signaling gene transcripts were compared 

between W7.2, Wbcl2, and the Apt- cell lines, in the absence (-) or presence of 

l|iM Dex for 12hrs. FLICE (Caspase-8), FasL, Fas, FADD, FAF, Fas2L, TNFRp55, 

TRADD, and RIP RNA levels are unregulated by Dex, and appear normal in 

Wbcl2 and the Apt- cell lines compared to W7J2 (parent). FAP RNA levels are 

high in imtreated Wbcl2 cells and decrease with Dex treatment. L32 emd 

GAPDH are loading controls. 

Askewetal. Figure? 



67 

Q . -  +  -  + -  + -  +  -  +  

caspase 8 

caspaseS 

caspase 6 

• -i. caspase2 

L32 

GAPDH 

Figure 10. RNase Protection Assay of Caspase gene transcript levels. 

Expression of caspase gene transcripts was compared betweeen W7.2, Wbcl2, 

and the Apt- cell lines, in the absence (-) or presence (+) of 1 mM Dex for 12 hrs. 

Caspase 8,3,6, and 2 are expressed equally in all five cell lines and are not 

responsive to Dex treatment. Probes for Caspases 1,1,11, and X did not detect 

corresponding RNAs under these conditions. L32 and GAPDH are loading 

controls. 
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green fluorescent protein (GFP) as a cell marker. This assay had previously been 

used to show that ectopic expression of the himian Fas (hPas) gene in transfected 

murine cells causes induction of the apoptotic pathway (Memon et al., 1995). For 

these experiments, we transfected W7.2, Wbcl2 and Apt- cell lines with an hFas 

expression plasmid, and quantitated the number of nonapoptotic GFP+ cells by 

flow cytometry. Results shown in Figure llA reveal that W7.2 cells are Fas-

sensitive in this assay since 70% fewer GFP+, PI- cells were identified with the 

hFas expression vector as compared to the LacZ or empty expression vector 

controls. Consistent with the results obtained from Fas activation assays (Figure 

7), Wbcl2 and the three Apt- mutants were found to be relatively resistant to 

ectopic expression of hFas based on the increased number of GFP+ cells. 

We next used the transient GFP co-transfection assay to measure the 

sensitivity of the Apt- cell lines to ectopic expression of the FADD Death Effector 

Domain (DED) or caspase 8 expression, two signaling components known to be 

downstream of Fas (Ashkenazi and Dixit, 1998). The data in Figure IIB show 

that all five cell lines were equally sensitive to expression of both the DED of 

FADD (aa 1-79) and an active form of caspase 8 in this assay. These results 

suggest that the cellular components needed for activation of caspase 8 by 

FADD, as well as processing of other caspases by caspase 8, are functional in the 

Apt- cell lines. The sensitivity of VVbcl2 cells to FADD and caspase 8 expression 

in this assay may reflect the utilization of a mitochondria-indepedent activation 

mechanism of apoptosis. (Scaffidi et al., 1998). 
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Figure 11. Apoptosis by ectopic expression of Fas signaling components. 

(A) Induction of apoptosis by hFas expression was measured by quatitation of 

non-apoptotic, propidiiun iodide-negative (PI-) cells expressing green fluorescent 

protein (GPP) 24 hours after co-transfection with pGFPemd and pDCPur.hFas 

expression vectors in a 3:1 ratio. Control transfections included pGFPemd + 

pDCNeo.Pgal. (B) Apoptosis induction in Apt- cells by the Death Effector 

Domain fusion proteins GFP-FADDl-79 and GFP-FLICEl-120 was measured by 

quatitation of GFP+, PI- cells as in (A). Control transfections contained pEGFP-

C1 only. 
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DISCUSSION 

Apt- Cross-resistance identifies shared signaling events between GR-, 

ceramide, Staurosporine, and Fas induction of apoptosis 

To better understand the relationship between GR-mediated 

transcriptional control of thymocyte apoptosis and other cell signaling pathways, 

we have now extended our earlier analyses of Apt3.8, Apt4.8, and Apt5.8 

(Flomerfelt and Miesfeld, 1994), by characterizing the ceramide, staurosporine 

and Fas-mediated apoptotic pathways in these mutant cells. In this present 

study, we found that while all of the cell lines were resistant to treatment with C2 

ceramide and Fas activation, the Apt4.8 and Apt5.8 cell lines displayed 

staurosporine-sensitivity. In contrast, Apt3.8 and Wbcl-2 cells were shown to be 

staurosporine-resistant. This result strongly implies that these distinct apoptosis 

inducers signal the induction of apoptosis through an overlapping set of 

components or activities. These shared components are represented and may be 

defined by defects in the Apt- cell lines presented here. 

Although we do not yet know the molecular basis of the Apt- phenotypes 

of Apt3.8, Apt4.8 or Apt5.8, we have preliminarily ruled out mutations in a 

number of apoptosis-related gene candidates on the basis of RNA expression 

using RPA. We present data from three gene sets showing that the Apt- mutants 

express normal levels of anti-apoptotic and pro-apoptotic members of the Bcl-2 

family (Figure 3). We also found that the RNA levels of ntimerous Fas-related 

signaling proteins, including FLICE (caspase 8), are equivalent in all three Apt-

cell lines (Figure 7). A recent report by Juo et al. (Juo et al., 1998) demonstrated 
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that a Fas-resistant Jurkat cfell variant had a defect in caspase 8 expression. This 

finding prompted the use of RPA to examine RNA levels of caspase 1,1,3,6,7, 

11, and 12, however, no differences were foimd in levels of expression between 

the cell lines, or inresponse to Dex treatment (Figure 8). 

Mapping Apt- defects with regard to the Fas pathway and 6cl-2 Function 

Based on studies aimed at clarifying the role of specific caspases in Fas-

mediated apoptosis, it has been proposed that there are at least two Fas signaling 

pathways that predominate in different types of cells (type I and type n 

cells)(Scaffidi et al., 1998). The majority of Fas-sensitive cells are type I cells in 

which Fas activation leads to the FADD-mediated stimulation of caspase 8 

autocleavage (Ashkenazi and Dixit, 1998). This initial activation step is rapidly 

followed by caspase 8 cleavage of the major effector caspases, such as caspase 3. 

In type n cells, caspase 8 is thought to be limiting or inefficient (Scaffidi et al., 

1998), resulting in a greater reliance on mitochondrial involvement through BID-

mediated stimulation of cytochrome c release (Li et al., 1998; Luo et al., 1998). 

Once this occurs, pro-caspase 9 is cleaved as part of the apoptosome complex 

leading to caspase 3 cleavage and activation (Green and Kroemer, 1998). 

One distinction between type I and type n cells is the ability of Bcl-2 to 

function as an anti-apoptotic protein based on the mitochondrial dependence of 

each pathway; Bcl-2 expression protects type n, but not type I, cells. Based on 

our Fas-activation results comparing W7.2 and Wbcl-2 cells, we predict that the 

W7.2 cell line is most like the human T cell lines Jurkat and CEM, both of which 
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are classified as type n cells (Scaffidi et al., 1998). It has been proposed that most 

apoptotic pathways that do not involve the Fas/TNFR "Death" receptors, for 

example, those stimulated by ceramide, staurosporine, and Dex, are dependent 

on mitochondrial dysfunction leading to cytochrome c release and subsequent 

caspase 9 and caspase 3 activation (Green, 1998). The identification of Apt- cell 

lines that are simultaneously resistant to Dex, ceramide, and Fas-dependent 

signals further supports the idea that the mitochondria is a central site of 

apoptosis regulatory events, as defined by the current model of Fas signaling 

(Type n) and Bcl-2 function. 
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CHAPTER IV 

The role of Glutathione-S-Transferase in GR-dependent Apoptosis 

INTRODUCTION 

Introduction to Glutathione-S-Transferases 

Glutathione-S-Transferase (GST) catalyzes the addition of the tripeptide 

glutathione (GSH) to endogenous and xenobiotic electrophilic molecules. GST 

isoenzymes include a large family of five evolutionarily related cytosolic classes, 

cdpha, kappa, mu, pi, and theta (A, K, M, P, T). Two GST isoenzymes, 

microsomal GST and Leukotriene C4 synthetase, arose through convergent 

evolution. The cytosolic GST isoenzymes are expressed at high levels in Uver, 

where they make up the majority of metabolic enzymes involved in phase n 

detoxification. Toxins, including dietary xenobiotics and drugs, are oxidized in 

phase I by cytochrome p450. Oxidized metabolites are GST substrates, along 

with other electrophiles such as reactive oxygen species (ROS) generated in the 

mitochondria of all eukaryotic cells. 

Consistent with the function of GST, transcription of many GST genes is 

induced by xenobiotics and oxidative agents through specific ds-acting 

elements, the xenobiotic response element (XRE) and the antioxidant response 

element (ARE), respectively. These elements have been identified in alpha and 

pi GST, as well as other phase I and n detoxification enzjnnes including quinine 

NAD(P)H: oxidoreductase and Cyp450. The ARE is bound by the 160 kD ARE-

Binding Protein (ARE-BPl), and potentially members of the Fos and Jim 
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transcription factor families (Ainbinder et al., 1997; Wasserman and Fahl, 1997). 

Activation of the aromatic hydrocarbon receptor (Ah-R) results in activation of 

transcription through the XRE of this subset of phase I and phase n enzymes in 

the liver. This xenobiotic response is potentiated by the glucocorticoid receptor 

in liver cells (Xiao et al., 1995) (Trough et al., 1996) (Linder and Prough, 1993). 

Expression of GSTA2, GSTMl, and GSTM2 in the liver has been shown to be 

repressed by glucocorticoids in combination with IL-6 treatment (Voss et al., 

1996). Overall, GST levels are regulated largely through transcriptional 

mechanisms, with differential regulation between the GST classes and tissue 

types. Importeuitly, GST gene expression is sensitive to GR activity. 

GST^ function and regulation 

GST|i-class genes share little homology with other GST genes. At least six 

GSTp. class genes exist in human (hGSTMl-6). The level of conservation between 

these genes, including exon-intron boundaries eind primary structure suggests 

that gene duplication is responsible for the nimierous members of this class 

(Pickett and Lu, 1989). Within the GST^i class there is great diversity outside of 

exons 3 and 4, suggestive of differences in substrate specificity (Reinhart and 

Pearson, 1993). Four alleles of the GSTMl locus have been characterized in 

humans. Interestingly, approximately 50% of all people are homozygous for a 

GSTMl allele with a large deletion that fails to express GSTMl protein 

(Seidegard et al., 1988). This non-functional allele is associated with increased 

rates of limg and bladder cancers (Bell et al., 1992; BrockmoUer et al., 1994). 

Uke most GST genes, the mu class is expressed constitutively in the liver. 
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Outside of the liver, GSTMl, M2, and M3 have been shown to be expressed in 

tissue specific patterns (Lai et al., 1986; Pearson et al., 1988). The GSTp. class 

genes do not seem to be regulated through an ARE or XRE as described for the 

GST-alpha and pi class isoenzymes. However, GSTMl and GSTTMS are both 

induced in the liver by the BHA, a reagent that induces a number of phase n 

detoxification enzymes but fails to induce any phase I enzjmries (Reinhart and 

Pearson, 1993). 

Steroid hormones in multiple tissues regulate GSTMl expression. GC 

treatment induces GSTMl expression in the immature mouse T-cell line W7.2 

(Briehl et al., 1992; Flomerfelt et al., 1993). GCs have also been shown to induce 

GSTMl expression in a hamster muscle cell line, MS2 (Schwartz and Norris, 

1992). GSTMl was identified as an upregiilated gene in the regressing rat 

prostate following androgen removal (Briehl and Miesfeld, 1991; Chang et al., 

1987). The GR-dependent transcriptional response in hamster muscle cells has 

been determined to be a late primary or secondary response activity, since 

protein synthesis is required (Fan et al., 1992). The role of this up regulation of 

GSTMl expression is not known. 

Roles for GST and GSH in apoptosis 

Evidence that GST may play a role in regulating cell death and cell 

survival has come from several independent systems. A direct link comes from 

observations of GST expression in tissues and cells imdergoing apoptosis. An 

indirect argument can be made for GST involvement from the effect of GSH 

levels in the cell on the sensitivity to various apoptosis inducers. The important 
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role described for ROS during apoptosis, both as a signal transducer and eis a 

product of changes in mitichondria function, suggests that GST could act as a 

modulator of apoptotic signals and effectors. 

Glutathione-S-Transferase expression associated with apoptosis 

Glucocoticoid treatment of T-cells and androgen withdrawal from the 

prostate results in both the induction of GSTMl expression and apoptosis (Briehl 

et al., 1992; Briehl and Miesifeld, 1991; Chang et al., 1987; Flomerfelt et al., 1993). 

Increased intracellular Ca** levels also induce apoptosis and moderately activate 

GST transcription in th)miocytes in vitro (Flomerfelt et al., 1993). A recent screen 

for genes induced during p53-mediated apoptosis identified a microsomal GST 

homologue (Polyak et al., 1997). GST expression has also been associated with 

programmed cell death in plants. In arabidobsis, induction of the hypersensitive 

response by infection with an avirulent pathogen leads to GST expression, 

followed by apoptosis (Greenberg et al., 1994). GST expression was also 

observed in leaves of mutant arabidopsis individuals that spontaneously activate 

the hypersensitive response and programmed cell death (Greenberg et al., 1994). 

GSH levels affect apopiosis-signaling pathways 

The function and expression of GST is directly tied to cellular levels of 

glutathione (GSH), the primary redox buffering mechanism in the cell. The 

major role of GSH is to reduce reactive oxygen intermediates (ROIs) produced 

by mitochondria. Depletion of GSH leads to elevated levels of ROIs and a redox 

state called oxidative stress. The redox state of the ceU is a critical parameter of 

cellular metabolism and function. Several signal pathways, including the MAP 
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kinase cascades, transcription factors including Ref-land NFkB, and ceramide-

generating sphingomylinases have been proposed to be redox- regiilated, or at 

least sensitive to the intracellular redox state (Hug et al., 1997; Liu and Hannun, 

1997). Therefore, GSH, the enzymes GST and Glutathione Reductase, and ROIs 

produced in the mitochondria make up a potent signal transduction mechanism. 

Signaling apoptosis induction, in particular, has been shown to use redox-

dependent signaling mechanisms. Activation of TNF and Fas dependent 

apoptosis induction is associated with decreasing levels of cellular GSH and a 

build up of ROIs. Addition of GSH, GSH precursors, or GSH reductase activity 

can block both TNF and Fas-dependent pathways (Hug et al., 1997; Muller et al., 

1997). Drugs which inhibit mitochondria production of ROIs inhibit apoptosis 

by many inducers (Marchetti et al., 1997; Schulze-Osthoff et al., 1993). Inhibition 

of apoptosis by Fibroblast Growth Factor (FGF), and by over expression of BcI-2 

protein, have also been linked to increased levels of intracellular GSH 

concentrations (Hyde et al., 1997; Voehringer et al., 1998). The current data 

suggests that changes in intracellular GSH and redox states is not a stress 

response associated with apoptosis, but is a signaling mechanism or other critical 

event in the apoptosis induction pathway. 

RESULTS 

Examination of GR-dependent GST-mu expression and thymocyte apoptosis 

Transcription of GSTMl is induced during GR-dependent apoptosis induction in 

the immature thymocyte cell line W7.2 (Briehl et al., 1994; Homerfelt et al., 1993). 
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GSTMl mRNA induction by Dex is impressive, reaching levels 25-fold above 

unstimulated within 8-12 hovirs after treatment. While it has been proposed that 

GSTMl is not a primary response gene of activated GR, the specific ds-

regulatory elements and trans-acting signals responsible for this dramatic 

transcriptional response have not been determined. To examine the nature and 

role of GR-dependent GSTMl transcription, GSTMl gene expression was 

characterized in the context of the immature thymocyte cell line WEHI7.2 and 

the Dex-resistant cell lines Wbcl2, APT3.8, APT4.8, and APT5.8. 

Experiments were designed to address three aspects of GSTMl 

expression. First, the effect of apoptosis-dependent cellular events on Dex-

induced GSTMl expression was examined using the Dex-resistant Bcl-2-

overexpressing cell line Wbcl2, and the Dex-resistant Apt- cell lines Apt3.8, 

Apt4.8, and Apt5.8. Second, using a PCR-based analysis of transcription, I 

determined which of the specific memb€r(s) of the GSTp. class isoenzymes are 

induced by Dex in W7.2 cells. Third, I tested the ability of other apoptosis 

stimuli, including H2O2, Ca^ lonophore A23187, C2-ceramide, y-irradiation, and 

Staurosporine, to induce transcription of GSTMl. Finally, a direct role for 

GSTMl expression during GR-dependent apoptosis was tested. 

Confirmation that GSTMl is the GSTmu class gene induced by Dex 

As observed previously, rapid induction of GSTMl expression was 

observed by northem analysis of RNA collected from W7.2 cells collected at 6 

hour intervals after the addition of Dex (Figure 12A) (Briehl et al., 1994; 

Flomerfelt et al., 1993). Although delayed, this induction does occur in the Dex-
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Figure 11. Northern analysis of Dex-induced GSTMl 
expression in W7.2cells. 

GSTMl mRNA expression at 6hr intervals following 1 
|LIM Dex treatment in W7.2 cells was detected by 
northern analysis. GSTMl probes were generated 
using the full-length GSTMl cDNA sequence. Histone 
H3.3 mRNA was used to normalize for differences in 
RNA per lane. 
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resistant Wbd-2, suggesting that induction of apoptosis not the simple 

explanation for this observed GSTMl expression. The original transcripts 

isolated in studies of steroid regulated GST transcription both belonged to the |i 

class GST gene GSTMl. It is possible, however, that the increase in mRNA levels 

observed by northern analysis, and detected by GSTMl cDNA-generated probes, 

could result from transcription of multiple GST mu class genes. 

The contribution of distinct GST^i class genes to the total pool of Dex-induced 

transcripts was determined using a reverse transcription-coupled polymerase 

chain reaction assay (RT-PCR). Total RNA from untreated cells and freated cells 

was reverse-transcribed to generate a template for specific amplification of GST|i 

products by PGR. Using oligo nucleotide primers designed to amplify GST^i 

class sequences within the highly conserved exons 3,4 and 5, and a limited 

number of polymerization cycles, GSTp. products were amplified in a semi

quantitative manner (Figure 13A). GSTMl and M2 products were amplified 

using primers GST7 and GST8, and GSTM3 products were amplified using 

primers GST7 and GST9. The proportion of specific GSTji class sequences within 

the amplified product was determined by endonuclease restriction analysis, 

taking advantage of distinct restriction fragment length polymorphisms within the 

amplified region (Figure ISA). In initial experiments, Dex-regulated transcripts were 

amplified with GST7 and GST8 primers, but not using GST7 and GST9 (data not 

shown). Therefore only expression of GSTMl and GSTM2 was analyzed further. 

Amplification of GST|i and GR (control) products was determined to be 

linear tmder the experimental conditioits between 17 and 32 PGR cycles 
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Figure 12. RT-PCR analysis of GSTmu-
dass glucocorticoid regulated genes 

(A) Diagram of RT-PCR amplification of 
GSTMl, M2, and M3 using primers GST7, 
GST8, and GSr9, and specific restriction 
sites. (B) Determination of the linear range 
of amplification of GSTmu and GR-spedfic 
products from RNA collected from 
untreated and Dex-treated W7J. cells using 
RT-PCR. (C) Comparison of GSTmu 
induction by RT-PCR (23 cycles) in W72 
and Wbcl2 cells treated with 1 nM Dex for 6 
hours. (D) Confirmation that CT-PCR 
products amplified by GSTmu primers are 
GSTMl by endonudease digestion with 
BamHI, No RT = No Reverse Transcriptase 
was induded in the cDNA reaction. 
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(Figure 13B). As shown in Rgure 13C, the Dex-induced level of GSTp. 

gene transcripts is evident by RT-PCR amplification using 23 cycles in total RNA 

collected from W7.2 and Wbcl2 cells after only 6 hours of Dex treatment. The 

GSTji class product amplified by RT-PCR from total RNA of untreated cells, and 

cells treated with Dex, was subsequentiy subjected to restriction enzyme 

analysis. The GSTMl product contains a BamHI restriction enzyme site not 

foimd in GSTM2. As shown in Figure 43D, RT-PCR amplification gave rise to a 

modest amount of product with RNA from untreated cells. The majority of this 

product was GSTMl, as it was cleaved by BamHI (compare lanes 1 and 2, Figure 

13D). Digestion of the GSTmu product from Dex treated cells by BamHI 

confirms that the majority of this product also corresponds to GSTMl. The 

residual full length GSTmu product after BamHI digestion is equal in unfreated 

and Dex-treated cells, suggesting that the induced GSTmu product is made up 

entirely of GSTMl-specific sequences (compare lanes 2,4, and 6, Figure 13D). 

GSTMl transcription is Apoptosis-independent in W7.2 immature thymocyte 

cell line 

The cellular role of GST in detoxification of ROS-damaged proteins and 

lipids justifies a hypothesis in which Dex-induced GSTMl expression is a result 

of apoptosis-dependent oxidative stress. To test this idea, GSTMl mRNA 

expression was compared between Dex-treated W7.2 and the Dex-resistant cell 

line Wbcl2. Wbcl2 is a W7.2 derivative, which was stabely transfixed with a 

human Bd-Z-expressing transgene. After treatment with Dex for 12 hours, 

northern analysis of GSTMl mRNA showed that GSTMl levels are slightly 
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Figure 14. Northern analysis of Dex-induced 
GSTMl expression in W7.2, Wbcl2, and Apt- cell 
lines. 

GSTMl mRNA expression in W7.2, Wbcl-2, Apt3.8, 
Apt4.8, and Apt5.8 in untreated and Dex-treated 
(12 hours) ceils. Histone H3.3 mRNA was used to 
normalize for differences in RNA per lane. 
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lower in the Wbd2 cell line (Figure 14). This result suggests that the observed 

activation of GSTMl transcription does not require apoptosis induction, or 

apoptosis-dependent cellular events, including oxidative stress. However, 

GSTMl expression may be sensitive to mitochondria-dependent function 

associated Bcl-2 gene function. 

The connection between GR-dependent signals regulating apoptosis, and 

the signals responsible for activation of GSTMl expression, was examined 

further by testing the ability of Dex to induce GSTMl in the Dex-resistcint Apt-

cell lines. Northern analysis of Dex-induced transcription showed that GSTMl is 

not induced in the Dex-resistant cell lines Apt3.8, Apt4.8, and Apt5.8 (Figure 14). 

This result is quite interesting since previous work demonstrated that the Apt-

cell lines have functional levels of GR, both by hormone binding assays and by 

quantitation of GR-dependent transcription directed by a mouse mammary 

timior virus promoter (Homerfelt and Miesfeld, 1994). These data suggest that 

GSTMl transcription is not simply a response to cell death. Dex-induced GSTMl 

transcription in W7.2 cells must be a response to signals associated with GR 

activation which occur prior to the step blocked by Bcl-2 during apoptosis 

induction. Loss of GSTMl regulation in the Apt- cell lines suggests that GSTMl 

transcription is responsive to a GR-dependent activity that is also required for 

signaling apoptosis induction. 

GSTMl expression is not induced by other activators of apoptosis 

To test the connection between cellular signals that activate apoptosis, and 

signals responsible for GSTMl induction, GSTMl expression was examined in 
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W7.2 cells in response to other apoptosis-indudng reagents. Since GSTMl 

functions to counteract oxidative stress, we predicted that treatment of W7.2 cells 

with H2O2 would activate GSTMl transcription. Suprisingly, no induction of 

GSTMl expression was observed in W7.2 or Wbcl2 cells treated with 75 nM 

H2O2, a level that results in >50% apoptosis after 24 hours (Figure 15A). 

Similarly, no effect on GSTMl expression was observed in W7.2 cells treated 

with apoptosis-indudng doses of the caldtim ionophore A23187, the ceranude 

acetyl-N-sphingomyolin (C2), eind the protein kinase inhibitor staurosporine 

(STS) (Rgure 15B). Using the RT-PCR method described above, GSTMl 

expression in response to Ca** ionophore A23187, H2O2, or y-irradiation 

was also exanxined by the RT-PCR method. A modest response to Ca**-

dependent signals was observed here, while no induction of GSTMl expression 

was observed in response to the H2O2 or y-radiation (Figure 15C). This result 

supports the idea that GR-spedfic apoptosis signals are responsible for the 

characterized induction of GSTMl transcription during Dex-induced apoptosis 

in W7.2 cells. 

Effects of ectopic expression and down regulation of GSTMl expression on 

GR-dependent Apoptosis 

A role for GSTMl expression in GR-dependent apoptosis is predicted by 

the finding that GSTMl transcription is not induced in the Apt- cell lines. To test 

this prediction, the effect of ectopic GSTMl expression on the induction of 

apoptosis by Dex in the W7.2 system was quantitated. The W7.2 cell line 

derivative WLT is a stable transfectant expressing the large T antigen (TAg) from 
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Figure 15. Northern analysis o f  GSTMl mRNA induction by 
multiple apoptosis-inducing reagents 

(A) Comparison of GSTMl mRNA expression by Northern analysis in 
untreated W7.2 and Wbcl2 cells, or cells treated with 1 (iM Dex or 75 
fiM H202. for 24 hours. (B) Northern analysis of GSTMl expression 
following 12 hour treatments with Dex, the Ca++ ionophore A23187, 
Ceramide-C2, or Staurosporine (STS) in W7.2 cells. Histone H3.3 
mRNA was used to normalize for differences in RNA per lane. (C) 
Analysis of GSTMl expression in response to Ca++ ionophore A23187 
(12 hours), H202 (24 hours), and y-irradiation (24 hours) by RT-PCR 
(23 cycles) (See Figure "4.2 for details). 



87 

Polyoma virus (Kuscuoglu and Miesfeld) was used in combination with 

expression vectors containing a Polyoma replication origin (pcDNAAMPl.l, 

Invitrogen) to increase cellular vector content and expression levels in this 

traiisient assay. To modulate GSTMl protein function in this system, cells were 

transientiy transfected with GSTMl-sense or antisense expression constructs. To 

follow the effect on transfected cells, a green fluorescent protein (GFP) 

expression construct was cotransfected. Plasmid constructs expressing Fas or 

Caspase 3, both of which are potent inducers of apoptosis in this system, were 

used as positive controls. The modulation of GSTMl levels (GST-sense, GST-

a/s) had no significant effect on cell survival or apoptosis induction, either by 

Dex or Fas stimulation in this transient expression assay (Figure 16). As 

expected, transient expression of either Fas (hFAS) or the apoptosis effector 

molecule Caspase 3 resulted in increased levels of apoptosis, as defined by a 

decrease in GFP*, PI" cells following cotransfection (Figure 16). This result 

suggests that, unlike Fas and Caspase 3, GSTMl function is not a potent 

regulator or effector of apoptosis. It is still possible that GSTMl does have an 

important function in the regulation of GR mediated apoptosis. For example, 

Dex induced apoptosis could be similar to a model proposed for p53-induced 

apoptosis; GSTMl may be one of several Dex-regulated, redox-modulating genes 

that function together to activate apoptosis (Briehl et al., 1994; Polyak et al., 

1997). 
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Figure 16. Transient Expression Assay of effects on Apoptosis by 
GSTMl 

Effects on apoptosis by modulation of GSTMl was measured by 
quatitation of non-apoptotic, propidium iodide-negative (PI-) cells 
expressing green fluorescent protein (GFP) 44 hours after co-transfection 
with pGl^emd and pcDNA.GSTMl-sense or pcDNA.GSTMl-anti-sense 
expression vectors in a 3:1 molar ratio. Control transfections included 
pGFPemd + pcDNA.CD19 (negative control), or pcDNA.hFAS or 
pcDNA.CaspaseS (positive control). 
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DISCUSSION 

GSTMl expression expression is GR-specific and requires signals associafed 

with Apoptosis induction 

The GSTMl gene, of the GSTp. class of isoenzymes, was shown to be 

specifically regulated by Dex in the immature thymocyte cell line W7.2. Dex-

induced GSTMl expression was not dependent on apoptosis induction, as it was 

strongly induced in the Dex-resistant cell line Wbcl2. However, GSTMl 

expression in Wbcl2 cells was slightly delayed, and did not reach the full levels 

observed with Dex treatment in W7.2 cells. This finding suggests that, while 

apoptosis is not required for Dex-induced GSTMl expression, signals generated 

at the mitochondria, where Bcl-2 functions, may be involved in its regulation. 

These signals could include ROS or specific metabolites that GSTMl normally 

acts upon. 

While Bcl-2 over expression had a modest effect on GSTMl expression, 

defects in the Apt" cell lines completely disrupted Dex-induced tramscription. 

Interestingly, as shown in Chapter 3, the Apt' cell lines are also resistant to Fas, 

ceramide, and STS. This observation is strong evidence suggesting that GSTMl 

induction requires activities or signals also required to induce apoptosis by GR 

and other stimuli. 

GSTMl expression was found to be specific for GR-dependent signaling. 

GSTMl transcription was not induced by the apoptotic stimuli H2O2, C2-

ceramide, or Staurosporine. Northern analysis of GSTMl expression did not 

show induced levels in response to caldimi ionophore, while RT-PCR did show 
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a moderate level of GST induction. Flomerfelt et al, also found GSTMl to be 

partially responsive to calcium dependent signals (Flomerfelt et al., 1993). As 

previously suggested, Dex-dependent induction of GSTMl expression may be 

regulated in part by calcium dependent signals, since GR-activation has been 

shown to mobilize cellular calcium (Distelhorst and Dubyak, 1998). 

The loss of GSTMl regulation in the Apt" cell lines, and the delay in Wbd2 

cells, combined with the failure of other apoptosis-indudng reagents to strongly 

induce GSTMl transcription suggests that a combination of GR-dependent and 

apoptosis-signaling activities regulate GSTMl expression in thymocytes. Based 

upon observations of GSTMl regulation in other tissues, one model suggested is 

potentiation or attenuation of GSTMl expression by activated GR. This model 

predicts that treatment of W7.2 cell with Dex and another apoptosis-indudng 

reagent should result in a level of GSTMl expression greater than with Dex 

treatment alone. This was not observed in preliminary experiments examining 

the effect of calcium ionophore and Dex co-treatments on GSTMl expression. 

A direct role for GSTMl expression during GR-dependent apoptosis was 

tested. Using a transient cotransfection assay, ectopic expression of GSTMl 

protein or anti-sense transcript had no effect on apoptosis activation by Dex in 

W7.2 cells. While this assay works well to measure the proapoptotic activity of 

Fas and the Caspases, it is possible that it is not sensitive enough to detect effects 

on cell survival and death by changes in GSTMl expression. 
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CHAPTERV 

APT- cell lines contain defects affecting Transcriptional Regulation: 

Survey of GR-dependent repression of NFkB transactivation 

and Niir77 gene expression 

INTRODUCTION 

The Apt- lines were originally isolated for their Dex-resistant phenotype. 

Since GR-mediated apoptosis is dependent on activation and repression of 

transcription, it was proposed that the Apt- mutations may directly effect GR-

dependent and independent transcription. The observation that Dex induced 

GSTMl expression is lost in AFI3.8, APT4.8, and APT5.8 (Figure 4.3) supports 

this model. To further test this idea, GRrmediated transactivation and 

repression was compared between W7.2 and the Apt- cell lines. The Bcl-2 over-

expressing W7.2 derived cell line, Wbcl2, was included in these studies as a Dex-

resistant control. Two GR-regulated activities, which have significant roles in 

thymocyte apoptosis, were examined: inhibition of transactivation by NTkB, and 

repression of nur77 gene expression. 

Activation of the transcription factor NFkB is associated with many 

survival signals, eind inhibition of NFkB protein function sensitizes cells to 

apoptotic stimuli including GR, Fas, and TNFR activation (Beg and Baltimore, 

1996; Van Antwerp et al., 1996; Wang et al., 1996; Wu et al., 1996). A defect in 

the ability to inactivate NFkB, therfore, could account for the phenot3qjes of the 

Apt- cells. 
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Nur77 gene expression is a target of cross talk between the GR and TCR 

activated signals (Drouin et al., 1998; Phillips et al., 1997; Woronicz et al., 1995). 

During positive selection, Nur77 expression is induced by TCR-mediated 

signals, including activation of the transcription factors AP-1 and NFAT. It is 

likely that Nur77 promotes cell survival by antagonizing GR-mediated 

transactivation and GR-dependent apoptosis, a model which parallels the 

function of these two genes in the Hypothalamus-Pituitary-Adrenal axis 

(Phillips et al., 1997). Since Nur77 expression is required for survival during 

negative selelection, changes in the Apt- cell lines responsible for increased 

survival might also give rise to defective regulation of Nur77 expression. 

RESULTS 

NFkB transactivation is deregulated in Apoptosis-resistant cell lines 

To quatitate transcriptional transactivation by NFkB, the luciferase 

reporter construct pNFkBluc was used in a transient transfection assay. 

Treatment of W7.2 cells with lOng/ml TNFa resulted in a rapid 10 to 12-fold 

increase in NFkB transactivation that is maintained for at least 6 hours (Figure 

17). An efficient 70% repression of NFkB-dependent activity was observed in 

W7.2 cells following treatment with Dex, that increased slightly over 6 hours or 

was constant when Dex was added one hour before the addition of TNFa 

(Figure 17). 

In the Apt- cell lines, basal levels of NFkB transactivation activity were 

foimd to be 2 to 3-fold higher than in W7.2 and Wbcl2 (Figure 17B). Apt3.8 

exhibited no TNFa-dependent transactivation potential, while Apt4.8 exhibited 
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Figuie 17. Activation and repression of NFkB transactivation. 

(A) Time dependent activation of NFkBluc transcription with 10 
ng/ml TNFa and repression with 1 |iM Dex in W7.2 cells. (B) 
Activation and Repression of NFkBluc transcription in W7.2, Wbcl2, 
and Apt- cells in imtreated cells (control), or cells treated with TNFa 
(5ng/ml) or TNFa and Dex (1 ̂ M). The control vector pRL, 
encoding a second ludferase gene, was co-transfected with the 
reporter construc to normalize for transfection efficiency. Data are 
presented as the ratio of NFkB/pRL Relative Ludferase Units (RLU). 
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normal levels of NFkB transactivation and Apt5.8 exhibited reduced levels 

(Hgure 17B). Repression of NFkB transactivation in response to Dex treatment 

was observed in all of the Apt- lines, resulting in NFkB transactivation levels 

equal to or less than that of untreated cells (Figure 17B). 

GR-dependent transactivation is reduced in Apt4, Apt5.8 

Differences observed in basal levels and induced NFkB transactivation 

from that in W7.2 cells prompted the examination of GR function in the Apt- cell 

lines. Using the Dex-responsive reporter construct MMfluc, which contains a 

portion of the mouse mammary tumor virus long terminal repeat, a dose 

dependent induction of GR-transactivation was observed in all of the cell lines 

tested (Figure 18). Treatment of W7.2 and Wbcl2 cells with lOnM Dex resulted in 

an approximately 50-fold increase in MMfluc reporter expression. In Apt3.8 

cells, a slightly higher level of basal MMfluc expression was observed than in 

W7.2 cells, while Dex-dependent activation was about the same. Activation of 

MMfluc expression was found to be lower in Apt4.8 and Apt5.8, compared to 

Apt3.8, W7.2 and Wbd2 (Figure 18). Previous studies, using a chloramphenical 

acetyltransferase reporter construct (MMCAT), foimd that GR-dependent 

tranasctivation levels were approximately equal between W7.2 and the Apt" cell 

lines (Flomerfelt and Miesfeld, 1994). The differences observed here could be 

due to difference in stability between the very stable CAT enzyme and the less 

stable ludferase enzymes. While CAT product can build up over time, turnover 

of ludferase is rapid and the activity present in ceU extracts reflects the amoimt 

being expressed at the time of cell harvest. 
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Figure 18. Dex-dependent activation of the 
Glucocorticoid Receptore 

W7.2, Wbcl2, Apt3.8, Apt4.8, and Apt5.8 were 
cotransfected with the GR-activated reporter construct 
pMMfluc (fire fly ludferase) and control plasmid pRL 
(Renilla ludferase). GR-dependent transactivation was 
quantitated using the ratio of ludferase activities in 
untreated cells or cells treated with Dex (10,1000 nM) 6 
hours. 
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Transcription of Nur77 is repressed by Dex in W7^ cells, but not in Apt4.8 

Transcription of nur77 is activated in vivo by TCR-dependent signals. Treatment 

with TPA and the calciiun ionophore A23187 can be used to mimic TCR 

stimulation. Figure 5.3 shows the activation and repression profile of nur77 

transcription in response to combinations of TPA, A23187, and Dex treatments in 

VV7.2 cells, as determined by northern analysis. Cells were grown imder low 

serum conditions 12-16 hours before treatment with TPA or A23187 for 1.5 hours, 

and Dex for 2.5 hours. As observed in other T-cell lines, transcription of Nur77 

responded to TPA treatment in a dose dependent manner in the range of 3-10 

ng/ml, and co-stimulation with A23187 resulted in a more robust induction of 

Nur77. (Figure 19). This is expected due to the involvement of NFAT, a 

Caldneurin-regulated transcription factor, in Nur77 gene transcription, as 

previously demonstrated (Woronicz et al., 1995). Treatment of W7.2 cells with 

Dex results in the repression of Nur77 gene transcription, with a greater 

efficiency observed in the absence of calcium dependent signals activated with 

A23187 (Figure 19). 

To screen for possible differences in GR-dependent and independent 

regulation of transcription associated with apoptosis-defident phenot)^s, 

Nur77 gene transcription was compared between W7.2, Wbd2, and the Apt" cell 

lines. A similar pattern of Nur77 expression was observed between W7.2 and 

Wbcl2 cells (Figure 20). Nur77 was induced by lOnM TPA in the presence, or 

absence of 200nM A23187, and expression was repressed with pretreatment with 

1 (iM Dex. Activation of Nur77 gene transcription by TPA, and TPA with 
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Figure 19. Profile of Nur77 gene transcription in W7.2 cells. 

Histogram of data acquired by northern analysis of total RNA probed with 
Nur77 and Histone3.3 (loading control)-specific probes. RNA was isolated 
from cells treated with TPA (3, 10 ng/ml, 1.5 hours), A23187 (200 nM, 1.5 
hours), or Dex (ImM, 2.5 hours) according to the legend. 



W7^ wbcia Apt3.8 Apt4.8 Apt5.8 
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200nM A23187 
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Figure 20. Nur77 gene transcription and repression in W7.2, VVbci2, 
and Apt- cells. 

A representative Northern blot probed with a Nur77-specific probe. 
Ethidium bromide stained gel, containing 10_g/lane total RNA, is 
shown before transfer to show actual RNA loaded per lane. 
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A23187, was found to be lower in the Apt' lines compared to W7.2, particularly 

in Apt3.8 and Apt5.8 (Hgure 20). Interestingly, Dex-mediated repression was 

observed in Apt3.8 and Apt5-8, but not in Apt4.8 (Hgure 20). This pattern was 

observed in the Apt' lines in three independent experiments, of which one 

representative Northern is shown (figure 20). These data confirm that there are 

differences in the transcriptional regulation of gene expression between W72. 

and the Apt" cell lines. Specifically, Dex-mediated repression of TPA-activated 

Nur77 expression is defective in Apt4.8. 

DISCUSSION 

The Apt' cell lines contain defects that give rise to resistance to many 

stimuli of apoptosis. To identify the nature of these defects, the Apt" cell lines 

were screened for differences in GR-dependent and independent activities 

regulating NFkB transactivation, and expression of Nur77. GR-dependent 

repression of NFkB activity and Nur77 expression were both normal in Apt3.8 

and Apt5.8. Apt3.8 and Apt5.8 also both exhibited a loss of NFkB 

transactivation in response to TNFa, as well as a decrease in Nur77 expression 

induced by TP A and A23187. Apt5.8 exhibited a decrease in Dex-induced 

MMluc activation, compared to W7.2, suggesting that it is less responsive to 

transcriptional cues in general. In Apt3.8, however, normal transactivation was 

seen in response to Dex, suggesting that the observed differences may be due to 

a specific, identifiable change in this cell line. A loss of Dex-dependent 

repression of Nur77 expression was very evident in Apt4.8. Like Apt3.8 and 
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Apt5.8, a high level of basal NFkB activity, as well as functional, Dex-dependent 

repression of NFkB transactivation, were also observed in Apt4.8. 

These results did not enable the identification of a specific gene or cellular 

signaling process that is defective in the Apt* cell lines. However, this 

transcriptional regulation-based survey did identify specific differences present 

in the Apt" cell lines. One proposed mechanism for cell survival and generation 

of the Apt" phenotype, was constitutive NFkB tranasactivation. While this was 

not observed in the Apt" lines tested here, Apt3.8 did present the phenotype of 

unindudble NFkB function by TNFa. This desensitized phenotype could be 

caused by a down regulation of components needed for the induction of NFkB 

by TNFa. As observed in other signal transduction systems, desensitization 

often is the result of over-stimulation. The loss of NFkB activity in Apt3.8, 

therefore, may actually represent the result of constitutive NFkB activity in this 

cell line. 

The loss of GR-dependent repression of Nur77 expression, but not NF-kB 

transactivation, observed in Apt4.8 suggests that a defect spedfically affecting 

transcriptional control of gene expression is present in Apt4.8. While it is not 

dear how the specific loss of repression of Nur77 by GR could lead to resistance 

to Fas and ceramide, this observation should prove to be useful as more is 

leamed about the Apt' cell lines. 

Based upon these results, new experiments can be designed to further 

define the Apf defects, based upon these results. For example, the elements that 

regulate expression of Nur^ are quite well defined. It may be possible to 
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identify a single factor that is responsible for the loss of Nur77 repression in 

Apt4.8. The role of this factor in regulating apoptosis could then be directly 

tested. 
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CHAPTER VI 

DISCUSSION 

Targets of GR-dependent Apoptosis: 6d-2 related proteins 

In this genetic approach aimed at identifying components of the GR-

dependent pathway, a panel of Apt" cell lines was shown to be cross-resistant to 

ceramide, Staurosporine, and Fas activation. Genetically, the cross-resistant 

phenotype of the Apt" cell lines implies that the GR-dependent pathway overlaps 

with the apoptosis induction pathways of these other stimuli. From our current 

knowledge of apoptosis regulation, the most likely site for the convergence of 

these signals is at the mitochondria. The current model also predicts that the 

overlapping components, defined by Apt' mutations, are Bcl-2 related proteins or 

activities that modulate them. This idea is supported by the similar phenotypes 

of Wbcl2 and the Apt- cell lines, particularly Apt3.8. 

Examination of expression of members of Bcl-2 related gene family by 

RNAse protection suggests that Apt' defects effect transcription of Bcl-2 and 

related genes. While no changes in RNA levels were detected for the caspases or 

Fas associated genes tested, changes in two members of the Bcl-2 related genes, 

in response to dex treatment, were observed. Bcl-2 RNA levels decreased in 

response to Dex treatment in all of the cell lines assayed. Bcl-w RNA was 

actually shown to be induced by Dex treatment, and furthermore, this regulation 

of Bcl-w was absent in the Apt* cell lines, suggesting that the Apt" defects do 

effect Bcl-w expression. Bcl-w function is thought to be anti-apoptotic, which 
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does not support a role for it in Dex-induced apoptosis (Gibson et al., 1996). 

However, a smaller than expected fragment produced in the RNAse protection 

assay may represent an alternately spliced form of Bcl-w (Bcl-w^ previously 

unobserved. Like the abbreviated form of BCI-XL, BclXg, Bcl-Ws may be pro-

apoptotic, and thus provide a model for dex-induced apoptosis involving 

transcriptional induction of a pro-apoptotic Bcl-2 related gene (Dibbert et al., 

1998). The existence and expression of dex-induced Bcl-w and related transcripts 

is currently under investigation. 

Bcl-2, genetic lesions in Apt- cells block Fas type II pathway 

The ability of Bcl-2 over expression to interfere with Fas-induced apoptosis 

suggests that in the WEHI7.2 system. Fas induces apoptosis via the type H, mitochondria 

dependent pathway (see Figure 21). In this pathway, caspase 8 proteolyticly activates the 

pro-apoptotic, Bcl-2 —related protein Bid. Bid is believed to function at the mitochondria 

where it mediates release of cytochrome c. It is very interesting that the Apt' cell lines 

also block Fas-dependent apoptosis induction. According to the current model, 

describing the type n Fas signaling pathway, these data suggest that the defects in the 

Apt" cell lines must specifically interfere with signal transduction associated with Bcl-2 

related protein function and cytochrome c release from the mitochondria. The different 

cross-resistant phenotypes observed in AptS.S (STS-resistant) and Apt4.8 and Apt5.8 

(STS-sensitive) can also be incorporated into this model. As shown in Rguie 21, Apt3.8 

is predicted to block a later event, or more general component with in the mitochondri-

dependent signaling mechanism than Apt4.8 or AptS.S. Observations made here with 

these Apt' cell lines support the proposed type n, mitochondria dependent model of 
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Figure 21 Mapping Apt- defects within Current Model of 
Mitochondiia-dependent and -independent Apoptosis 
Induction Pathways 

In W7.2 cells. Fas induces apoptosis via the type n, 
mitochondria-dependent pathway. Defects in Apt4.8 and 
Apt5.8 block Fas, GR, and Ceramide induced apoptosis but 
not apoptosis induced by staurosporine. AptS.S is resistant 
to staurosporine, as well as Fas, GR, and ceramide induced 
signaling pathways. 
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apoptosis induction. These cell lines should be useful in identifying and testing specific 

aspects of this, and other models. 

Apt- phenotypes are associated with defects in transcriptional regulation 

Experiments directed at determining the integrity of the GR-dependent 

and independent regulation of transcription in the Apt- cell lines identified loss 

of normal transcription in all three Apt- cell lines. This result does not mean that 

there are defects directly in GR function or activity. Previous work showed that: 

1) transactivation by GR was normal in the Apt- cell lines, 2) hormone binding 

levels in the Apt- cell lines was normal, and 3) introduction of wild tjqje GR 

transgenes into Apt- cell lines did not complement their Apt- phenotype 

(Flomerfelt and Miesfeld, 1994). The defects identified in the Apt- cell lines here, 

Dex-dependent repression of Nur77 expression and decreased levels in induced 

NFkB transactivation, is in agreement with the idea that the Apt- phenotypes 

may be due to the loss of transcriptional control of one or more apoptosis 

regulatory components. 

GR-dependent induction of GSTMl during thymocj^e apoptosis 

Activation of GSTMl transcription in W7.2 cells was shown to be specific 

to GR-dependent activity, but not dependent on activation of the caspases or 

even release of cytochrome c, as suggested by the only slightly decreased 

induction of GSTMl observed in Wbcl2 cells (Hgure 4.1). The loss of GSTMl 

expression in the Apt- cell lines supports the idea that there exist transcritpional 

defects in the Apt- cell lines. Although H2O2, or other apoptosis-indudng stimuli 

do not induce GSTMl expression in the absence of Dex, it is possible that events 
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that occur at the mitochondria lead to GSTMl expression with Dex treatment. 

As shown in the liver, the expression of GSTMl and other GST enzymes is 

primed by the GR activation. According to this model, HjOz treatment and Dex 

might lead to enhanced GSTMl expression. 

While the transient transfection assay performed here did not suggest any 

role for GSTMl, positive or negative, in the regulation of apoptosis, it is possible 

that GSTMl might be important in apoptosis induction. As discussed in the 

introduction of chapter 4, there are many instances in biology where the 

expression of GSTMl, or other GST enzyme, is directly associated with apoptosis 

induction. GSTMl may act in concert with other redox-regulating genes to 

change the redox state of the cell and, indirectly, to effect the function of the 

mitochondria. In this model, GSTMl function indirectly modulates the 

sensitivity of a cell to mitochondria-dependent apoptosis signaling pathways by 

acting to change mitochondrial metabolism or activity in response to oxidative 

stress. In support of this model is the observation that a battery of redox 

regulated genes, including microsomal GST, a proline cxidoreductase 

homologue, a gene related to plant NADPH-quinone cxidoreductase, and others 

are induced during p53-induced apoptosis (Polyak et al., 1997). 

Identification of the mechanism involved in GR-dependent activation of 

GSTMl and other genes in W7.2 cells and immature thymocytes should be a high 

priority towards understanding the mechanism of GR-dependent apoptosis and 

coordinate regulation of transcription by the nuclear hormone receptors. The 

Apt- cell lines provide a useful reagent for this task. Once specific regulatory 
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elements involved in GSTMl expression are identified in the wild type W7.2 

cells, they can be examined in the Apt- backgroimd. Specific elememts or 

GSTMl regulatory functions affected in the Apt- lines may also be required for 

GR-dependent apoptosis, and this role can be directed tested. 

Somatic cell genetic approach is useful in testing apoptosis models 

Somatic cell genetics is an appropriate approach to examine complex 

biological systems, such as regulation of apoptosis in thymocytes. Since there is 

no way to physically identify the genetic lesions generated by EMS mutagenesis, 

it will be very difficult to isolate the specific defects responsible for the Apt-

phenotypes of these cell lines. The panel of Apt- cells, however, should prove to 

be a useful reagent to continue testing specific questions concerning current 

models, as was begim here. It is important to note that further use of these cell 

lines for somatic cell genetics would benefit from incorporation of the entire 

panel of nearly 100 Apt- cell lines into the analysis. This would allow for a 

greater range of phenotypes, and importantly, an increase in statistical 

signifcance associated with consistently observed phenotypes. 

One prediction discussed here that could be tested in the Apt- cell lines is 

that the Apt- defects are caused by a loss of transcriptioned regulation of one or 

more members of the Bcl-2 related genes. Since Bd-2 related proteins interact 

very efficiently with each other, a biochemical approach designed to compare the 

total populations of Bcl-2-interacting proteins expressed in W7.2, Wbcl2, and the 

Apt- cells, and the effect of Dex on their expression, could be taken. 
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