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ABSTRACf 

I have used a molecular genetic approach to study early events in the 

gene network that precede apoptotic commitment in glucocorticoid-induced 

thymocyte apoptosis. A panel of recessive, apoptotic-deficient (Apt-) mutants 

were isolated that are cross resistant to several diverse apoptotic treatments. 

These results indicated that the signal pathways initiated by glucocorticoids, 

gamma radiation, and c-AMP analog treatment converge to a common 

apoptotic pathway. Complementation analysis of Apt- cell lines has defined 

five independent complementation groups that appear to represent mutations 

in genes that are required for apoptotic commitment. In addition, I have 

characterized induced gene expression patterns characteristic of 

dexamethasone (dex)-induced apoptosis and have found that glutathione-s

transferase (GST), Dag8 (a gene of unknown function) and calmodulin (Cam) 

transcript levels are elevated following dex treatment. Dex-treatment of Apt

cell lines does not change GST or Cam transcript levels which suggests that 

these cell lines are blocked in early steps of the apoptotic pathway. In 

contrast, the dominant oncogene, Bcl-2, blocks apoptosis and appears to affect 

a relatively late event in the apoptotic pathway since the pattern of dex

induced gene expression is normal in cells that express this protein. Since the 

Apt- cells contain wild type levels of functional glucocorticoid receptor (GR), 

GST and Cam do not appear to be primary GR target genes, but seem to 

respond to cellular events that occur prior to apoptotic commitment. In 

support of this conclusion, it was found that GST transcript levels increase in 

calcium ionophore-induced apoptotic cells. In contrast, Dag8, transcript 

levels increased in dex-treated Apt- cells indicating that Dag8 is most likely a 
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primary GR target gene. FUrthermore, Dag8 expression was found to be 

restricted to thymocyte containing tissues and its locus was mapped to the H2 

complex of chromosome 17, a region that is known to contain many 

immunologically important genes. Finally, a model is presented to describe a 

common apoptotic pathway in murine thymocytes and proposes that an 

increase in oxidative stress preceedes calcium mobilization in response to 

glucorticoid treatment. 
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CHAPTER I 

INTRODUCTION 

Apoptosis is an autonomous process in which a cell actively participates 

to cause its own death, often in response to a specific signal (Wyllie et aI., 

1980; Kyprianou and Isaacs, 1988; Kerr and Harmon, 1991; Cohen, 1993; Raff 

et al., 1993). In mammals, for example, apoptosis is responsible for 

elimination of supporting structures during embryogenesis (Kerr et al., 1972; 

Kerr and Harmon, 1991) and serves an important role in the proper 

development and maintenance of the hematopoietic (Koury, 1992), immune 

(Owen and Jenkinson, 1992; Cohen et al., 1992; Golstein et al., 1993), and 

neural systems (Oppenheim, 1991; Johnson and Deckwerth, 1993). Recent 

findings also implicate the failure to initiate, or the inappropriate induction of 

apoptosis, in several pathological conditions (Bursch et al., 1992; Fanidi et al., 

1992; Bansal et al., 1991). The widespread occurrence of apoptosis in 

multicellular organisms suggests that it is an important biological process. 

This idea has been strengthened by recent findings showing that some 

proteins involved in controlling apoptosis are functionally conserved in 

distantly related species such as humans and C. elegans (Yuan et al., 1993; 

Miura et al., 1993; Hengartner and Horvitz, 1994). However, to date, very 

little is known regarding the molecular mechanism that underlies apoptosis. 

The active nature of apoptosis is illustrated by the series of sequential 

events that characterize this type of cell death. Overall, an apoptotic signal 

initiates a genetic cell death program that shuts down cellular functions, 

fragments the genome, and packages condensed cellular contents into 
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discrete membrane bound particles. Neighboring cells usually remove these 

cell remnants by phagocytosis which may help to avoid an inflammatory 

response. Apoptotic cells undergo a series of dramatic morphological 

changes that start before loss of cell viability. These include chromatin 

aggregation, nuclear and cytoplasmic condensation, and finally, blebbing of 

the cell into membrane bound apoptotic bodies that can contain condensed 

cytoplasm, nuclear fragments and intact organelles (Wyllie et a1., 1980; 

Malorni and Donelli, 1992). In addition, multiple cellular responses can 

accompany morphological changes. These include the induction of select 

genes (Schwartz and Osborne, 1993; Flomerfelt et al., 1993; Dowd et al., 1991), 

changes in cytoplasmic Ca++ levels (McConkey et al., 1989; Nicotera and 

Orrenius, 1992), and degradation of genomic DNA into oligo-nucleosomal 

ladders(Wyllie, 1980; Arends et al., 1990). To date, there has been little 

information available to indicate which of these events are required for 

apoptosis. However, circumstantial evidence has indicated that the gross 

morphological changes, and DNA degradation are dispensable late events 

that occur after a cell is already committed to die (Cohen et al., 1992; Collins 

et al., 1992). 

Numerous physiological signals can trigger apoptosis and several of 

these may be active in any given cell type. For example, murine thymocytes 

undergo apoptosis in response to glucocorticoids (Screpanti et al., 1989) and 

thymocyte (T-cell) receptor (TCR) stimulation (Smith et al., 1989). 

Glucocorticoid-induced thymocyte apoptosis is developmentally regulated 

(Cohen, 1991; Cohen et al., 1992) and requires the glucocorticoid receptor 

(GR), a hormone dependent transcription regulator that is activated by 
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corticosteroid hormones (Miesfeld, 1989; Dieken and Miesfeld, 1992). It is 

thought that glucocorticoid-induced apoptosis of immature T-cells may be 

involved in the normal maturation and differentiation of thymocytes, 

especially in negative and positive selection (Ramsdell and Fowlkes, 1994; 

Owen and Jenkinson, 1992; Iwata et a1., 1991). Although mature thymocytes 

are generally not sensitive to physiological levels of steroids, it has been 

suggested that glucocorticoids also modulate mature thymocyte populations 

under certain conditions (Kyprianou et a1., 1990). 

More recently, it has become apparent that damaged or impaired cells 

can produce an apoptotic signal before potentially harmful results to an 

organism occur (Monti et al., 1992; Bursch et al., 1992; Kerr et al., 1994). For 

instance, damaging agents such as oxidative stress (Boobis et al., 1989; 

Hockenbery et a1., 1993), low dose gamma irradiation (Cohen et al., 1992), and 

some chemotheraputic drugs (Hickman, 1992; Walker et al., 1991) can cause 

thymocyte apoptosis. Less obvious types of damage, such as mutations that 

result in inappropriate gene expression, may also produce an apoptotic 

signa1. For example, enforced expression of c-myc in serum-starved 

fibroblasts causes cell death (Evan et al., 1992). Similarly, elevated expression 

of the tumor-suppresser gene, p53, in proliferating myeloid cells triggers 

apoptosis (Yonish-Rouach et al., 1991). 

Different apoptotic agents probably initiate unique signalling pathways. 

For example, recent studies carried out in p53-deficient transgenic mice have 

delimited the role of p53 in mediating an apoptotic signal in response to 

ionizing radiation and DNA damage, but not to glucocorticoids (Lowe et al., 

1993). Similarly, it has been shown that nur77 protein is required for TCR-
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mediated apoptosis but does not affect either gamma irradiation- nor 

glucocorticoid-induced death (Woronicz et a1., 1994; Liu et a1., 1994). 

Accordingly, loss of GR activity does not block the apoptotic response 

following gamma irradiation or treatment with c-AMP analogs (Flomerfelt, 

F.A., and Miesfeld, RL., 1994). Together, these findings show that 

independent signal pathways are activated by a variety of apoptosis-inducing 

treatments or conditions, but do not address how these stimuli cause 

apoptosis. Given the diversity of apoptotic signals and downstream signal 

transduction pathways, it is helpful to consider what they might have in 

common. 

In many cases, transcriptional induction of unknown gene products 

seems to be required for apoptosis (Williams and Smith, 1993; Collins and 

Rivas, 1993; Oppenheim et a1., 1990). The first indication that induction of 

gene expression was required in apoptosis was revealed by the finding that 

cycloheximide or actinomycin D treatment blocked apoptosis in primary 

thymocytes (Wyllie et al., 1980; Kerr and Harmon, 1991). This idea has been 

supported by studies of steroid-induced thymocyte apoptosis, perhaps the 

most well studied system to date. Glucocorticoids exert their biological 

effects through high affinity interaction with cytoplasmically localized 

receptor proteins that function as ligand-regulated transcription factors 

(Miesfeld,1989). For example, binding of the synthetic glucocorticoid 

dexCtmethasone (dex) to GR promotes a change in receptor conformation that 

results in nuclear translocation. Ligand-activated GR interacts with specific 

DNA elements (glucocorticoid response elements or GREs) in the regulatory 

regions of steroid hormone-responsive genes (Scheidereit et al., 1986) and 
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results in a net increased or decreased rate of transcriptional initiation 

(Yamamoto,1985). Previous studies have defined critical structure-function 

relationships necessary for GR function that include a central DNA binding 

domain that interacts with steroid response elements, a carboxyl terminal 

ligand binding domain, and the amino terminal transcriptional regulatory 

domain (Danielsen et al., 1987; Godowski et al., 1988; Hollenberg and Evans, 

1988; Miesfeld, 1989; Miesfeld et al., 1987). Both the DNA binding and the 

amino terminal domains are required for transcriptional up-regulation 

(Godowski et al., 1987). 

Several lines of evidence indicate that transcriptional induction of GR 

target genes is required to commit thymocytes to undergo apoptosis. Most 

convincingly, amino-terminal deletions that reduce GR trans-activation of 

hormone responsive reporter genes, also block dex-induced apoptosis 

(Dieken and Miesfeld, 1992). Furthermore, stable expression of GR chimeras 

containing viral transactivation domains (VP16 and E1A) in place of mutated 

GR trans-activation sequences restore dex sensitivity to GR-deficient (GR-) 

thymocyte cell lines (Chapman, M.S., et aI, submitted; Dieken and Miesfeld, 

1992). These results implied that GR induction of gene expression is critical 

for dex-induced apoptosis. Recent data have indicated that induction of gene 

expression is also required for apoptosis in response to gamma irradiation 

(Lowe et al., 1993; Prives and Manfredi, 1993), TCR engagement (Schwartz 

and Osborne, 1993), and overexpression of the oncogenes c-myc and p53 

(Martin et al., 1994; Shi et al., 1992; Prives and Manfredi, 1993). 

While multiple stimuli can trigger apoptosis, there are fewer known 

cellular antagonists of this process. An example is the transforming 
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oncogene, Bcl-2, identified by cloning the t[14:18} chromosome translocation 

in follicular lymphoma (Cleary et aI., 1986). Bcl-2 blocks apoptosis in several 

developing cellular systems (Hockenbery et a1., 1990; Kane et a1., 1993; 

Sentman et a1., 1991). In thymocytes, ectopic Bcl-2 expression also blocks 

apoptosis initiated by glucocorticoids, gamma irradiation, TCR stimulation 

(Sentman et a1., 1991; Strasser et a1., 1991), and H202 (Hockenbery et a1., 1993). 

These data suggest that Bcl-2 antagonizes an event that is a common response 

to a variety of apoptotic triggers. Recent data has implicated the generation 

of reactive oxygen species (Kane et al., 1993; Hockenbery et al., 1993) or 

calcium mobilization (Lam et al., 1994) as late events antagonized by Bcl-2. 

However, while early apoptotic signals, and late events antagonized by Bcl-2, 

have received intensive study, intervening steps in the apoptotic pathway 

that link the two have remained obscure. 

A partial explanation for the paucity of information regarding early 

apoptotic events in vertebrates is the lack of a good genetic system. Elegant 

genetic studies in the nematode, C. elegans, have shown that the induction of 

programmed cell death requires expression of two genes, ced3 and ced4. 

Eleven other non-essential genes have been identified that are required to 

carry out accessory functions (Le., cell fragmentation, engulfment, cell 

shrinkage, etc.) of the cell death program (Ellis and Horvitz, 1986; Ellis et al., 

1992). The ced9 gene product acts as a dominant repressor of programmed 

cell death and is functionally homologous to the mammalian Bcl-2 gene. A 

mammalian ced3 homologue, Il-1~ converting enzyme, (ICE), has been 

identified that has a 23% overall amino acid identity with ced3. ICE is a 

cysteine protease that is responsible for processing 11-1~, a potent modulator 
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of immune and inflammatory responses (Nett et al., 1992). Over-expression 

of both ced3 and ICE can cause apoptosis in rat fibroblasts (Miura et al., 1993). 

However, it is not known whether ICE is normally involved in apoptosis or 

whether its overexpression creates an apoptotic signal. Preliminary studies 

done with thymocyte cell lines indicate that ICE is not involved in dex

induced apoptosis (Flomerfelt, Chapman, and Miesfeld, unpublished data). 

A ced4 homologue has not yet been identified, and the difficulty in obtaining 

large amounts of synchronously dying cells from nematodes has prevented 

precise biochemical studies of dying cells to determine the functions of either 

ced3 or ced4. In addition, qualitative differences between mammalian and 

nematode cell death characteristics (reduced or absent DNA degradation and 

lad dering, no membrane blebbing, and nuclear pyknosis instead of 

margination (Schwartz et aI, 1993; Driscoll et al., 1992) suggest that studies in 

C. elegans may provide limited insight into vertebrate apoptosis. 

In this regard, a cell line model may be better suited for initial studies of 

vertebrate apoptosis. A number of neoplastic T-cell lines have been derived 

from human (Norman and Thompson, 1977) and murine (Horibata and 

Harris, 1970; Harris, 1970) lymphomas. The murine cell line, Wehi 7.2 (W7.2), 

was derived from a x-ray induced thymoma and appears to be arrested at an 

early developmental stage in the T-cell lineage (Harris et al., 1973; Cohen et 

al.,1992). Like immature T-cells, W7.2 cells express extremely low levels of 

Bc1-2 (Dowd and Miesfeld, 1992; Lam et al., 1994) and undergo apoptosis in 

response not only to the synthetic glucocorticoid agonist, dexamethasone 

(dex) (Danielsen et al., 1983), but also to c-AMP analogs, hydrogen peroxide 

(H202), calcium ionophore (Miyashita and Reed, 1992), and gamma 
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irradiation (Radford, 1991). Dex-induced apoptosis in W7.2 has some 

characteristics similar to cellular differentiation. For example, W7.2 cells 

require a minimum of 16-18 hours of dex treatment to induce apoptosis. 

W7.2 cells treated with dex for less than 16 hours undergo a variable period of 

slowed growth (the length of which is proportional to the treatment time) 

following hormone withdrawal, but retain viability and regain normal 

growth within 24 hours. These results indicate that dex-induced thymocyte 

apoptosis requires additional components in addition to GR transcriptional 

trans activation of primary target genes, which is maximal within 4 hours 

following hormone treatment (Miesfeld, 1990). This idea is consistent with 

the proposal that the basis of cell-specific responses to steroids are the result 

of the activation of a steroid-responsive gene network. A gene network is 

composed of primary and secondary targets genes that are coordinately 

regulated (Yamamoto, 1985). The size and complexity of gene networks can 

vary, but in dex-induced apoptosis, the critical events that re-program a cell 

to die occur prior to apoptotic commitment. However, with the exception of 

the step defined by Bcl-2, there is no information available that addresses 

events required for apoptotic commitment. 

The work described here has focused on the gene network that controls 

the induction of thymocyte apoptosis. A complete understanding of 

apoptosis-specific pre-commitment events would provide a detailed picture 

of how a cell programs itself to die. I chose to investigate glucocorticoid

induced apoptosis in the murine cell line W7.2 for several reasons. First, the 

dex signal pathway is well understood and directly regulates target gene 

expression through GR. Second, the low incidence of spontaneous dex 

20 



resistance « 1 x 10-10) in W7.2 cells (Dowd and Miesfeld, 1992) made it 

possible to clonally isolate dex-resistant (dexl) mutants following chemical 

mutagenesis. Thirdly, since the dex signal pathway is well understood and 

requires only GR, I were able to easily differentiate between defects in signal 

transduction and defects in a component of the apoptotic pathway. Lastly, 

W7.2 cells are particularly useful for somatic cell genetic studies since they 

have a nearly normal diploid karyotype with a stable mean chromosoIT.e 

number of 43. 
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CHAPTER II 

EXPE~ENTALPROCEOURES 

Animal Studies 

All procedures involving animals were conducted in accordance with 

NIH Guidelines for humane care. Three, four, and 12 week male mice 

were purchased from Harlan, Inc. (Indianapolis, IN). Animals were 

sacrificed by C02 asphyxiation; selected tissues were excised and 

immediately frozen in liquid nitrogen. 

Cell culture and reagents 

Cells were grown in DMEM (Irvine Scientific) containing 10% iron

supplemented, defined calf bovine serum (CBS, Hyclone), 100 U /ml 

penicillin, and 0.1 mg/ml streptomycin in an atmosphere of 90% humidity, 

8% C02 at 370 C. Isotonic phosphate (PO) buffer contained 136 mM NaCI, 

2.6 mM KCI, 1.5 mM KH2P04, and 8.1 mM Na2HP04. Isolation of clonal cell 

lines by soft agar cloning (Oieken and Miesfeld, 1992) included addition of 

the appropriate drugs where indicated. WG3 and WG5 were grown in 

steroid-free media containing 10% charcoal stripped CBS. For all treatments 

used to induce apoptosis, a dose response experiment was done using W7.2 

cells, and the lowest treatment level that caused cell death was used for all 

subsequent experiments. Growth curves were done by treating cells at a 

density of 1 x 105 to 3 x 105 cells/ml, and using an hemocytometer to count 

viable cells by trypan blue (Gibco) exclusion at various intervals (Bourgeois 
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and Newby, 1977). Dexamethasone (Sigma) was prepared as a 0.01 M stock 

dissolved in ethanol. 8-bromo-c-AMP (Alderidge) was dissolved in water at 

200 mM and used at a final concentration of 200 J.1M. Gamma irradiation was 

delivered from 60Co source from an Atomic Energy of Canada Theratron 60 

at variable dosage rates of 70 -80 rads/min. H202 and calcium ionophore 

A23187 (dissolved in DMSO at 4.0 mM), were obtained from Sigma and used 

at a final concentrations of 100 JlM and 1.5 J.1M, respectively. G418 (Gibco) 

was dissolved in O.lM hepes, pH 7.2 and active drug was used at a 

concentration of 1000 mg/ml. Wright-Giesma reagents were purchased from 

Sigma and were used as recommended. 5-Iodoacetamidofluorescen and 5-

and-6-Iodoacetamidotetra-methylrhodamine (Research Organics) were 

dissolved in DMSO as a 1 mg/ml stock. Gas chromatography grade PEG 

4000 was obtained from EM Science. 

Mutagenesis protocol 

Cell cultures were grown to a density of 2.5x 105 cells/ml and treated 

with 300 to 400 Jlg/ml EMS for 13 hours which killed 50% of treated cells. To 

isolate dex resistant cell lines, EMS-treated cells (in some experiments cells 

were treated concurrently with 1 JlM dex) were washed and allowed to 

recover in DMEM containing 10% CBS and antibiotics for 2 - 3 days. These 

cells were then plated in soft agar media containing 1 JlM dex (G418 was 

added for WG3 and WG5 mutagenesis). Colonies were picked and expanded 

in DMEM containing 10% CBS, 1 x 10-6 M dex, and antibiotics. The origin of 

the mutants was as follows: Apt4.8 and Apt4.19 were derived from W7.2 in 

separate experiments using 400 Jlg/ml EMS, Apt3.8 was also derived from 
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W7.2 but 300 J.lg/ml EMS was used in the presence of 1J.1M dex. All Atp4.N 

and Apt3.N mutant cell lines were derived from W7.2 cells. Apt5.N mutants 

were all derived from WG5 while Apt13.N mutants were derived from WG3. 

CAT assay 

Cells transfected with reporter plasm ids were harvested following 

incubation + hormone. Cell pellets were washed thoroughly with PO buffer, 

resusupended in 150 J.lI of 250 mM Tris·HCI (pH 7.2 @ RT.) and subject to 3-5 

freeze/thaw cycles. Following centrifugation at 4000 x g, the soluble protein 

fraction was collected. 30 J.lI of the protein extract was removed to a fresh 

tube on ice, while the remaining extract was treated at 650 C for 10 min. 

Precipitate in the heat-treated sample was removed by centrifugation at 

16,000 x g for 5 min. Protein concentration was determined in heat-treated 

and untreated samples by colorimetric assay (Pierce) using a bovine serum 

albumin standard. CAT activity in heat-treated extracts was determined as 

previously described (Miesfeld et aI., 1986). Acetylated products were 

separated from substrate by thin-layer chromatography. Percentage substrate 

conversion was quantitated using a Molecular Dynamics Phosphorimager. 

Values between 10 - 50% substrate converted were considered to be in the 

linear range of the reaction. The protein concentration in individual reactions 

was adjusted to obtain values in this range of substrate conversion. In some 

cases, a plasmid containing the B-galactosidase gene was mixed with 

pMMCAT to control for differences in transfection efficiency. B-gal activity 

(A41O nm/mg protein/min) was determined using non-heat-treated extracts 
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as previously described (Rosenthal, 1987) and was used to normalize CAT 

activity values. 

Dex binding assay 

Routinely, 5xl07 cells were harvested, washed once with PD buffer, 

frozen in liquid nitrogen, and stored at -80°C. Cell pellets were thawed on ice 

and 250 J,11 ice cold TEGN50 (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 10% v /v 

glycerol,l mM 2-mercaptoethanol, 50 mM NaCI, 10 mM Na2Mo04, 1 mM 

PMSF) was immediately added. Each sample was sonicated on an ice/H20 

slurry and cleared by centrifugation in a 4°C microfuge at maximum speed 

for 5 minutes. Triplicate binding reactions were assembled by adding [3H]

Dex (Amersham, 12.4 mM stock concentration) to each tube (final conc. = 10 

nM) which contained 65 J,11 of cell extract normalized for protein content. To 

measure non-specific binding, unlabeled dex (final conc. = 10 J.1M) was added 

to one tube. The labelling reactions were incubated on ice for 90 minutes. To 

remove unbound ligand, 100 J,11 of dextran-coated charcoal suspension (10 

mg/ml acid-activated charcoal and 1 mg/ml dextran in TEGN 50) was added 

to each tube and vortexed briefly. The entire binding reaction was transferred 

into the top portion of a 0.45 J,1m Micro-Spin Filter (Uda Manufacturing) and 

centrifuged at 50% maximum speed in an Eppendorf microfuge for 5 minutes 

at room temp. Bound [3H]-Dex in the charcoal-free filtrate was measured in a 

Beckman scintillation counter. Net specific binding was calculated by 

subtracting the non-specific binding from the average of the duplicate 

reaction tubes. 

25 



DNA transfections 

DNA to be transfected was linearized in the Jl-Iactamase gene with 

either Acd or XmnI restriction enzyme, phenol extracted, ethanol 

precipitated, and resuspended in water. Cells were grown to a density of 3-5 

x 105 cells/ml, harvested by centrifugation, washed once with PD buffer and 

resuspended at a density of 1 x 107 cells/ml in HBS buffer (21 mM hepes, 137 

mM NaCI, 5 mM KCI, 0.7 mM Na2HP04, 6 mM glucose). Equal amounts of 

linearized and super coiled plasmid (100 Ilg total) were added to 1 ml of cell 

suspension in an electroporation cuvette. A BRL Cell Porater was used at a 

setting of 1180 JlF and 250 V (stable transfections) or at 800 IlF 300 V (transient 

transfections) at room temperature. After a 10 minute recovery period, the 

transfected cells were plated in DMEM containing 10% CBS, and antibiotics. 

To isolate stable transfectants, the transfected cells were plated in G418-

containing media for 1-2 days before being plated in soft agar media 

containing G418. 

RNA purification and Northern Analyses 

Tissue culture cell pellets or frozen tissue samples were lysed in 

guanidinium-thiocyanate and total RNA isolated by CsCI gradients as 

described (Ausubel et al., 1989). Poly A+ RNA was prepared by oligo dT 

cellulose chromatography (Ausubel et al., 1989). Northern blots were 

prepared as previously described (Briehl and Miesfeld, 1991). RNA samples 

to be subjected to Northern analysis were separated by electrophoresis at 4-5 

V / em through 1 % agarose gels containing 6.5% formaldehyde. After rinsing 

and staining the gel, RNA was transferred overnight onto Duralon 
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membranes (Stratagene, La Jolla, CA). Following transfer, the membranes 

were irradiated with ultraviolet light using a Stratalinker (Stratagene). Probes 

were labeled with 32padCTP using a random primer labeling kit (Promega) 

and hybridization was done at 420 C in a 50% formamide buffer (Ausubel et 

aI.,1989). Blots were washed in buffer containing O.lx SSC and 0.1 % SDS at 

65oC. Washed filters were exposed to KODAK XAR film using intensifying 

screens at -80°C. The Cam probe was an EcoR! - PstI fragment from a chicken 

genomic clone (Putkey et a1., 1983), the GST Ybl probe was a full length 

cDNA cloned from rat (Briehl and Miesfeld, 1991), the Dag-8 probe was a 

partial cDNA cloned from W7.2 (Flomerfelt and Miesfeld, see Chapter V), and 

the histone H3.3 probe used was an internal PCR fragment isolated from 

W7.2 using H3.3-specific primers obtained from B. Futscher (Pieper et al., 

1990). Quantitation of transcript levels was done on a Molecular Dynamics 

Phosphorimager and included normalization to mouse histone H3.3 

expression levels. Where indicated, autoradiographs, which were exposed in 

the linear range, were analyzed with a BIORAD (Richmond, CA) Model 620 

Video Densitometer to quantitate changes in transcript levels. 

Preparation of cD N A 

Cloned MML V Reverse Transcriptase (BRL) was used for cDNA 

syntheses. Reactions (100~1) contained 60~g Poly A+ RNA, RTase buffer 

(BRL), 100~g/ml acetylated BSA, 4 units Inhibit-Ace, 1mM of each dNTP, 

5~g/ml Actinomycin D, 10 ~Ci a-32P-dCTP (sp. act. 3000 Ci/mmol), 4000 

units MML V RTase and 30~g of a synthetic oligo(dT) primer. After 

incubation at 370 C for 1hr, EDTA was added to 25 mM and RNA removed 
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by base hydrolysis. Unincorporated nucleotides were removed by one 

NH4Acetate precipitation, followed by two centrifugations through a 

Centricon-30 (Ami con, Inc.) filter. 

Subtraction Hybridization 

The subtraction hybridization protocol was based on methods 

described by Davis (Davis, 1986). Briefly, cDNA was synthesized, 

quantitated, and mixed with varying amounts of poly A + RNA. This mixture 

was precipitated in ethanol, cooled to -20oC, and pelleted in a 

micro centrifuge. The pellet was resuspended in RNAse-free double-distilled 

H20 and ethanol. This pellet was resuspended in a solution (RNAse-free) of 

1.3 mM EDTA and 0.25% 505. Two molar phosphate buffer (PB), pH 7.0, was 

added to give a final concentration of 3mg/ml mRNA and O.5M phosphate. 

Hybridizations were carried out under mineral oil at 680 C for 12-18 hours to 

obtain a Cot of >4500. 

Hydroxylapatite (HAP) columns were used to separate the single

stranded (55) and double-stranded (OS) nucleic acids. All of the PB solutions 

for the HAP were at pH 6.5 and 0.2 gm HAP was used per 100 Ilg RNA and 

DNA in the reaction. A water-jacketed column was used at 60°C and the 

HAP column was packed and equilibrated using 0.05M PB. The sample was 

diluted in one bed volume of 0.05 M PB (room temperature) and the sample 

was loaded directly onto the equilibrated bed. The column was washed with 

5 bed volumes of 0.05 M PB. The 55 and OS cONA fractions were 

sequentially eluted with 5 bed volumes of 60°C 0.12 M PB and O.4M PB 

respectfully. A scintillation counter was used to determine the elution profile. 
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The peak 0.12 M and 0.4 M fractions were pooled and the 55 cDNA 

enrichment was calculated as follows; 

Yield % ss = (cpm in 0.12 M PB fraction) 

(cpm in 0.12 + 0.4 M PB fractions) 

Construction and Screening of Subtracted cDNA Libraries 

Peak fractions from the 0.12M PB elution (55 cDNA) were pooled, 

subjected to base hydrolysis and concentrated with a Centricon-30 filter as 

recommended by the vendor (Amicon). This subtracted cDNA was re

hybridized to +dex mRNA and the double stranded material was 

collected. After RNA hydrolysis, the cDNA was purified by 

Hydroxylapatite chromatography and the 55 cDNA fractions were pooled 

and concentrated with a Centricon-30 filter. The 55 cDNA was made 

double-stranded using random primers and DNA Poll. Following a 

reaction with Klenow enzyme to fill recessed ends, XmnI-RI adapters 

(New England Biolabs, #1105 and #1139, annealed) were ligated onto the 

cDNA. Low-melting temperature gel electrophoresis was used to remove 

excess adapters. The resulting size-selected (2':,0.6kb) cDNA was recovered 

using a GENE CLEAN kit (Biolabs 101), phosphorylated with T4 kinase 

and cloned into the EcoRI site of Lambda ZAP II, using the Gigapack 

cloning kit (5tratagene). Standard procedures were used for transferring 

the recombinant phage DNA onto replica nitrocellulose filters. 

High specific activity cDNA probes were prepared using poly A + 

RNA isolated from dex-treated cells. cDNA was made as described 

above, except that the synthesis reaction (50J,ll) contained 5J,lg oligo{dT) 

primer, 5J,lg poly A+ RNA, 2 units Inhibit-Ace, 125J,lCi each 32p-dCTP and 
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32p-dATP (both 3000Ci/mmol), 0.5 ~ dGTP and dTfP, 15J,lM each dCTP 

and dATP, and 600 units MML V RTase. The initial specific activity of this 

material was calculated at 3 x lOB cpm/J,lg. Following subtraction 

hybridizaton to -dex W7.2 cell mRNA, cDNA which eluted from the HAP 

column with 0.12M PB and 0.4M PB was used as "unique" and "common" 

probes, respectively. Appropriate column fractions were base hydrolyzed, 

desalted with Centricon-30 filters, and used at 5 x 105 -1 x 106 cpm/m1. In 

most cases, unsubtracted cDNA synthesized from W7.41B cells was also 

used as a -hormone probe. Library filters were hybridized for 3 days at 

420 C in a hybridization buffer containing 50% formamide, 50mM KP04, 5 

X SSC, Ix Denhardts, 0.25 rng/ml yeast RNA, and 0.2% SDS. 

eDNA isolation and 5' cloning 

Recombinant cDNA's were amplified by PCR from small scale phage 

lysates (Ausubel et a1., 19B9) using T7 and T3 primers. The 5' cDNA's of 

DagB were cloned using a RACE (rapid amplification of cDNA ends) kit 

obtained from Clone tech Inc. Two rounds of RACE cloning were used to 

obtain the 5' end of DagB. The first fragment, DagB-Nl was synthesized 

using the DagB-l primer cloned using the DagB-N primer (see Figure 13). 

The second fragment, DagB-NIC was synthesized using the DagB-2 

primer, re amplified using the Dag-6 primer, and cloned using an 

endogenous Xhol site. In addition, three independent genomic clones that 

hybridized to DagB cDNA were isolated from a library (obtained from 

Clonetech Inc.) using standard procedures (Ausubel et a1., 19B9). 
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Sequence analysis 

Sequencing was done using either the Sequenase kit (USB) as 

recommended by the vendor, or by automated sequencing done on 

contract. DNA and amino acid sequence analysis were carried out using 

the University of Wisconsin Genetics Computer Group programs and the 

MacVector sequence analysis software package. Sequence analysis 

computations were performed at the National Center for Biotechnology 

Information, National Library of Medicine using the BLAST network 

service. 

Transient heterokaryon assay 

Cells were grown to a density of about 5x 105/ml, harvested by 

centrifugation, washed in isotonic PD buffer, and resuspended at 5 x 107 

cells/ml in DMEM containing 0.5% CBS. Cells were labeled by addition of 

either 5-Iodoacetamidofluorescen (final conc. = 0.075 Jlg/ml) or 5-and-6-

Iodoacetamidotetra-methylrhodamine (final conc. = 1.0 Jlg/ml) and 

incubated at 370 C for 30 minutes. Labeled cells were washed three times 

in 370 C serum-free DMEM to remove residual label and serum. At least 1 

xl09 cells of each fusion partner were mixed in 370 C serum-free DMEM in 

a 50 ml Falcon tube, pelleted at 400x g, and the supernatant was 

completely removed by aspiration. The pellet was tapped to loosen the 

cells and 1.0 ml of pre-warmed (420 C) fusagen (45% PEG 4000 MW, and 

5% DMSO in PD buffer) was added dropwise over a period of 1 minute 

while swirling the tube. The tube was quickly transferred to a 420 C water 

bath and swirled for thirty seconds, then placed in a tabletop centrifuge 
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(pre-warmed to 370 C ) and spun for 10 sec. at 400 x g ( 60 sec. total). Fused 

cells were then diluted dropwise with 420 C serum-free DMEM as follows: 

1.0 m1 in 30 seconds, 3.0 ml over 30 seconds and 20 m1 over 1 minute. Cells 

were allowed to settle for 5 minutes, then spun at 400 x g for 10 min. and 

gently resuspended in 370 C serum-free DMEM. This wash was repeated 

to remove residual PEG and the cells were resuspended at a density of 5 x 

106 cells/ml in DMEM with 10% serum, and allowed to recover for two to 

four hours at 370 C. The cell suspension was adjusted to 35 mls and 

layered over a 15 ml Ficoll-Paque gradient (Pharmacia) and centrifuged at 

500 x g for 30 minutes at 150 C. The live cells were removed from the 

interface, washed twice with 370 C PD buffer, and brought to a final 

density of 3 x 106 cells/ml prior to sorting on a Beckman FACStar 

instrument. Fused cells were sorted based on fluorescent emissions, 

forward, and side scatter in order to purify doubly-labeled, large, and 

viable cells. Sorted double positive cells were concentrated by 

centrifugation and suspended in DMEM containing 1.0% CBS + / - 1 ~M 

dex. These samples were then placed in an incubator and analyzed by 

microscopic examination at 1,3, and 5 day intervals. The difference in 

viability between the control and dex-treated samples was determined by 

comparing the number of light fractile cells using a phase contrast 

microscope as described (Danielsen et al., 1983). 
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Microscopy 

False color fluorescent images were produced with the assistance of Dr. 

Ron Lynch (University of Arizona, Dept. of Physiology) using a liquid cooled 

CCD camera (Photometrics) attached to an Olympus IMT-2 inverted 

microscope equipped with a 60x 1.4 NA Olympus objective. The digitized 

image was processed on a Silicon Graphics Personal Iris computer. Standard 

optics were used for visualization of rhodamine and fluorescein light 

emission. Transmitted light micrographs were obtained using standard 

techniques. Electron microscopy was carried out using established 

techniques (Payne and Cromey, 1991). 
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CHAPTER III 

ISOLATION AND CHARACTERIZATION OF APOPTOTIC DEFICIENT 

CELL LINES 

Introduction 

Steroid hormone responses are mediated by intracellular receptor 

proteins that function as ligand-activated transcription factors (Miesfeld, 

1989). Since glucocorticoids induce an apoptotic response in thymocytes 

that can be blocked by inhibitors of protein synthesis, it is thought that 

transcriptional induction of specific genes is required for apoptosis 

(Schwartz et al., 1990; Oppenheim et al., 1990). One way to study gene 

induction and biochemical requirements for steroid-induced apoptosis 

would be to examine the expression of specific genes in genetic variants 

that have defects in different steps of the apoptotic pathway. Such a 

genetic approach was used in Caenorhabditis elegans, to identify two 

essential cell death specific genes by mutagenesis; these results led to the 

cloning of both ced4 and ced3, as well as the identification of a ced3 

mammalian homologue (Yuan and Horvitz, 1990; Ellis et al., 1991; Yuan 

and Horvitz, 1992; Yuan et al., 1993; Miura et al., 1993). Although this 

genetic approach has been used successfully in nematodes, such 

manipulations are not feasible in mammalian systems. However, somatic 

cell line genetics can be used to identify genes that are important in a given 

process. For example, stable transfection of a GR cDNA expression vector 
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into GR-, dexr thymocyte mutant cell lines was used to prove that GR is 

required for dex-induced apoptosis (Dieken and Miesfeld, 1992; Chapman 

and Miesfeld, in prep). Unfortunately, further studies of the requirements 

for dex induced apoptosis have been hampered since the only dex

resistant (dexr)thymocyte cell lines reported to date contain receptor 

defects. Therefore, my initial goal was to isolate GR+, Apt-cell lines for 

use in genetic studies of the apoptotic pathway in mammalian thymocytes. 

Results 

Isolation and characterization of dexr cell lines 

Ethyl methanesulfonate (EMS) mutagenesis of dex-sensitive W7.2 cell 

lines, followed by selection for growth in 1 J.1M dex, resulted in the isolation of 

several hundred dexr cell lines. Figure 1 shows the effect of dex on the 

growth of W7.2 and representative dexr cell lines Apt3.8, Apt4.8, Apt4.19, and 

Apt5.8 that were clonally isolated from four separate cultures of mutagenized 

dex-sensitive cells (see methods for parental origins). As a population, the 

growth of W7.2 cells is slowed for 24 hours in response to dex treatment. 

Individual apoptotic cells, as judged by morphology, are evident within 12 

hours of treatment (Figures 7b and 8) and increase in number as culture 

viability is lost. In comparison, the dexr mutant Apt3.8 showed only a slight 

decrease in growth rate in the presence of dex, while the growth of Apt4.8, 

Apt4.19, and Apt5.8 was unaffected by hormone. In addition, cultures of 

these cells retained a high level of viability for three days in dex (Figure 1b) 

and could be maintained in media containing dex for several weeks (data not 

shown). 
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For comparison, the growth of a W7.2 cell line that expresses human Bc1-

2, Hb12 (Lam et aI., 1994), was examined under the same conditions. In 

agreement with previous results (Lam et al., 1994), Hb12 cells remained viable 

for three days in dex. However, Hb12 growth was slowed and some 

apoptotic cells were evident by the third day (Figure 1b). 
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Figure 1. Sensitivity ofW7.2, Hb12 Apt3.8, Apt4.8, Apt4.19, and AptS.8 cells 

to dex. Growth curves (A) were derived from triplicate cultures of cells 

grown in the absence (open circle) or presence (closed circle) of O.l~M dex 

(vertical bars show standard deviation). Cell viability was determined by 

trypan blue exclusion. (B) Representative fields of trypan blue stained cells, 

exposed to dex for three days, and photographed through a phase contrast 

microscope are shown. 
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Identification of dexr mutants that have a GR+, Apt-, phenotype 

Since previous attempts to obtain dexr thymocyte cell lines have often 

resulted in the isolation of GR-defective cells (Sibley and Tomkins, 1974; 

Bourgeois and Gasson, 1985), the dexr cell lines were screened for dex 

binding and transcriptional regulatory activities to identify apoptotic

defective mutants that expressed normal levels of functional GR. Table 1 

shows the results of 3H-dex binding assays that measured GR levels in 

selected dexr cell lines. The majority of the dexr cell lines derived from W7.2 

had reduced levels of 3H-dex binding (e.g., Apt3.2, Apt3.6, and Apt3.80). 

However, some cell lines (Apt4.8, Apt3.8, Apt4.19, and Apt5.8) retained at 

least wild type levels of 3H-dex binding activity. 

To measure the transcriptional regulatory activity of GR in Apt4.8 

cells, the dex-responsive reporter plasmid pMMCAT (Dieken et al., 1990) was 

transiently transfected into W7.2 and dexr cell lines which were then grown 

in the presence or absence of dex for 12 hours. With few exceptions, each of 

the mutants tested displayed equal or greater levels of dex-dependent 

induction of CAT activity than that observed with W7.2 (Table 1). Together, 

these results indicated that Apt3.8, Apt4.8, Apt4.19, and Apt5.8 have normal 

levels of functional GR, are not affected by limiting ligand availability, and do 

not express a dominant negative form of GR. 

To exclude the possibility that dex resistance was due to undetected 

loss-of-function GR mutations, selected dexr mutants were stably transfected 

with a GR cDNA expression plasmid that coexpresses the bacterial neomycin 

gene (pRGRNeo) (Dieken et al., 1990). G418 resistant subclones of each 
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mutant were isolated, screened for increased 3H-dex binding activity, and 

those with the highest levels of dex binding were tested for dex-induced cell 

Table 1. Relative dex binding and dex sensitivity of W7.2, W7.2 derivatives 

and Apt mutants. Dex binding and Cat activity values were determined by 

transient transfection with a GR-responsive reporter construct and are the 

means of at least three separate experiments. Relative values were obtained 

by the division of specific dex-binding values for each cell line by the value of 

W7.2. The average error of the dex binding values was calculated to be +/-

0.2 units. Dex sensitivity was evaluated by the ability of cell lines to grow in 

the presence of 1.0 JlM dex for a four day period. 

Cell line Relative dex Dex Relative 
binding sensitive Cat activity 

W7.2 1.0 yes ++ 

WG3 1.9 yes +++ 

WGS 2.5 yes +++ 

Apt3.2 0.72 no +++ 

Apt3.11 0.57 no +++ 

Apt3.6 0.49 no +++ 

Apt3.80 0.14 no -
Apt4.8 1.0 no +++ 

Apt3.8 1.0 no +++ 

Apt4.19 1.0 no +++ 

AptS.8 1.9 no +++ 
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Table 2 Relative dex binding and dex sensitivity of Apt- mutants that stably 

express GR eDNA. Values were determined as in Table 1. 

Relative Dex 
Cellline binding Dex sensitive 

Apt4.BGB 2.5 no 

Apt3.BG3 2.0 no 

Apt4.19G5 2.0 no 

Apt3.2G2 1.9 yes 

Table 3. Frequency of dex resistance following EMS mutagenesis of dex

sensitive cell lines. GR content was determined as described by either, or 

combinations of, dex binding, dex-dependent transcriptional regulation of 

pMMCAT reporter plasmid, or complementation of dex-dependent apoptosis 

when fused to Apt3.2 cells. 

Cell Line # Mutagenized # Dex Resistant #GR+ % Apt- GR+ 

W7.2 1 x 109 90 3/90 <5% 

WG3 3 x 109 22 14/22 =65% 

WG5 7.5 x 109 101 44/46 >95% 
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death (Table 2). Stable expression of GR cDNA restored dex sensitivity to the 

Apt3.2 subclone Apt3.2G2. This result suggested that the dex resistance of 

Apt3.2 was due to a GR deficiency. In contrast, subclones of Apt4.8, Apt3.8, 

and Apt4.19 (Apt4.8G8, Apt3.8G3, and Apt4.19G5, respectfully), each 

contained at least twice the parental level of GR and maintained a dexr 

phenotype (Table 2). Therefore, Apt4.8, Apt3.8, and Apt4.19 were designated 

as Apt- mutants to denote a dexr phenotype due to mutations in non-GR loci. 

Frequency of the Apt- phenotype increases with GR gene copy number 

Characterization of the 90 dexr mutants derived from W7.2 yielded only 

three cell lines that fit the criteria for the Apt- phenotype (Table 3). I reasoned 

that mutagenesis of W7.2 cells containing integrated copies of GR cDNA 

should decrease the isolation of GR-deficient mutants since GR gene copy 

number was elevated. WG3 and WG5 are two cell lines that were constructed 

by stable transfection of W7.2 with pRGRNeo. Both of these dex-sensitive cell 

lines contain increased levels of dex-binding activity relative to W7.2 cells 

(Table I), express GR cDNA specific transcripts, and have increased levels of 

GR transcriptional regulatory activity (Table 1). 

EMS mutagenesis of WG3 and WG5 resulted in the isolation of 22 and 

101 additional dexr mutants, respectively. A summary of the results from 

mutagenesis studies using W7.2, WG3 and WG5 is shown in Table 3. 

Although -10-fold fewer dexr cell lines were isolated from mutagenized WG3 

and WG5 cells as compared to W7.2, a large percentage of these mutants 

expressed wild type or greater levels of functional GR and was found to have 

the Apt- phenotype. For example, over 95% of tested WG5 mutants had an 
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Apt- phenotype as compared to <5% of W7.2 mutants. The use of WG3 and 

WG5 cells for mutagenesis enabled us to isolate and partially characterize 

over 60 additional dexr cel1lines that contained wild type levels of GR and 

were apoptosis defective (Apt-). 

Apt- mutants are cross resistant to diverse inducers of thymocyte apoptosis 

The ability of Bcl-2 to block cell death induced by many types of signals 

suggests that although independent signalling pathways can trigger 

apoptosis, at least some later event must be shared. In order to determine 

whether the Apt- mutations affected GR-specific or shared events, dexr Apt

cell lines were tested for cross resistance to other inducers of apoptosis. 

Our previous results have shown that although 8-bromo-cyclic AMP (8-

br-cAMP) is a more effective inducer of cell death in W7.2 cells than other 

cAMP analogs, its effect is delayed when compared to dex treatment (D. 

Dowd and RLM, unpublished data, and Figures 7 and 9). Since it was unclear 

whether 8-br-cAMP-treated cells produced a classic apoptotic response 

characteristic of dex or gamma radiation treated cells, a morphological study 

was done. Figure 2 compares the morphology of Wright-Giesma stained 

W7.2 cells exposed to dex or 8-br-cAMP. A small proportion of apoptotic 

W7.2 cells are evident within 12 hours of dex treatment (Figure 2a) as 

illustrated by nuclear condensation and margination (see arrow), The 

percentage of apoptotic cells increases exponentially over an additional 24 

hour period (Figure 1). Treatment of W7.2 cells with 8-br-cAMP resulted in a 

similar response that was delayed, relative to dex treated cells, by 24 hours. 

W7.2 cells treated with 8-br-cAMP also displayed a morphology similar to 
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A B 

c D 
% 

Treatn1ent Hours Apoptotic 

control 24 2.2 

control 48 3.0 

control 72 11.5 

dcx 24 1.8 

dcx 48 18.6 

dcx 72 88.0 

c-AMP 24 2.6 

c-AMP 48 8.5 

c-AMP 72 66.8 

Figure 2. Microscopic examination of dex- and 8-br-cAMP-treated W7.2 cells 

reveal an apoptotic morphology. Wright-Giesma staining was done on W7.2 

cells treated with dex for 12 hours (A) or 8-br-cAMP for 72 hours (B). A 

sample of the same cells used in panel B was exatnined by electron 

microscopy (C). Condensed chromatin (A, B, and C) and apoptotic bodies (B) 

characteristic of apoptosis are indicated by the arrows shown in each photo. 

Panel D shows the percentages of viable and apoptotic cells following either 

dex or 8-br-c-AMP treatment of W7.2 cells. 
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dex-treated cells; both condensed and marginated nuclei, as well as apoptotic 

bodies, were present (Figure 2b, see arrows). Moreover, nuclear condensation 

(see arrow), as revealed by electron microscopic examination, confirmed that 

8-br-cAMP-treated W7.2 cells underwent a characteristic apoptotic cell death 

(Figure 2c). 

Figure 3 compares the growth of W7.2 cells and mutants following 

treatment with 8-br-cAMP or gamma irradiation. Consistent with the 

morphological evidence, 8-br-cAMP treatment of W7.2 cells resulted in a 24 

hour period of normal growth followed by a complete loss of W7.2 viability. 

In contrast, all the Apt- mutants retained viability in the presence of 8-br

cAMP, while both Apt4.8 and Apt4.19 cells continued to grow normally. 

Although the growth of Apt3.8 and AptS.8 was slowed after 48 hours of 

treatment, culture viability of all the Apt- mutants shown in Figure 3 could be 

maintained for several passages in the presence 8-br-cAMP (data not shown). 

These data clearly illustrate that these Apt- cells were cross resistant to 8-br

cAMP and dex. As a positive control for a resistant phenotype, the response 

of Hb12 cells to 8-br-cAMP was tested and was similar to that of Apt4.8. 

Exposure to a low dose of gamma irradiation resulted in a rapid loss of 

viability in W7.2 cells. In comparison, Apt3.8, Apt4.8, Apt4.19, and AptS.8 

cells retained viability but were growth arrested following an identical 

irradiation treatment. The growth response and viability of gamma 

irradiated Hb12 resembled that of the Apt- mutants. The response of these 

cells illustrates a distinction between two biological responses to gamma 

irradiation, growth arrest, a pS3-mediated response (Kuerbitz et al., 1992), 

and the induction of apoptosis. In the Apt- mutants, gamma irradiation-
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Figure 3. Sensitivity of W7.2, Hb12, Apt3.8, Apt4.8, Apl4.19, and Apt5.8 cells 

to 8-br-cAMP or gamma irradiation. 

Cells were grown as described in Figure 1 except treated with 200 /lM 8-br

cAMP (solid lines) or 500 rads ionizing radiation (dashed lines). The open 

symbols are untreated cells and the closed symbols are treated cells. 
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induced growth arrest appears to be unimpaired, while the mechanism 

controlling apoptosis induction is defective. The lack of cell death in the 

mutants following gamma irradiation allowed resumption of normal growth 

rate within a week (data not shown), while similarly treated cultures of W7.2 

lost viability within 72 hours (Figure 3) Together, these data indicate that 

Apt4.8, Apt3.8, and Apt5.8 were cross-resistant to both 8-br-cAMP and 

gamma irradiation. 

Discussion 

Diverse apoptotic signals utilize a common pathway 

In vertebrates, many types of signals can trigger apoptosis to remove 

unwanted or potentially harmful cells. Various apoptotic signals (e.g., 

glucocorticoids and gamma irradiation) utilize specific, non-overlapping 

signal transduction pathways that can act synergistically (e.g .. 8-br-cAMP + 

dex, Flomerfelt, unpublished data) to hasten the onset of apoptosis. A simple 

interpretation of these data is that these diverse signal pathways converge on 

a set of common events that result in cell death. Events that comprise the 

common apoptotic pathway are functionally distinct from those that are 

required for transmission of a particular signal. For example, defects in the 

common apoptotic pathway should block apoptosis induced by many 

different signals, while mutations in signal pathways should only block 

apoptosis induced by a particular signal. What are the molecular 

characteristics of the pathway that coordinates diverse signals and initiates 

cell death when appropriate? It is possible that individual signal pathways 

converge at a common step that directly determines apoptotic commitment. 

possible that individual signal pathways converge at a common step that 
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directly determines apoptotic commitment. Alternatively, diverse signal 

pathways may converge upstream of the final commitment pOint. In this 

case, apoptotic signals would lead to a shared set of events that precede the 

commitment step. 

To date, the only genetic evidence for a common apoptotic pathway in 

vertebrates has been supplied by genes,like Bc1-2, that dominantly provide 

cross resistance to a number of apoptosis inducers (Sentman et al., 1991; 

Strasser et al., 1991; Hockenbery et al., 1993). These data suggest that 

Table 4. Summary of cross resistance of W7.2, Hb12 and Apt- cell lines to 

various inducers of apoptosis. Scoring was based on the growth curves 

shown in Figures 2B, 3, and 4 as follows: - denotes lack of resistance (fully 

sensitive), + denotes incomplete protection, ++ denotes resistant and slowed 

growth, +++ denotes fully resistant with near normal growth. 

Cell Line 

Apoptotic W7.2 Hb12 Apt3.8 Apt4.8 Apt5.8 
inducer (wild-type) (Bd-2+) (Group B) (Group C) (Group D) 

dex ++ ++ +++ +++ 

8-br-cAMP ++ ++ +++ ++ 

,,(-irradiation ++ ++ ++ ++ 

H202 ++ ++ + +++ 

A23187 +/- +/- +/- +/-
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although apoptosis can be induced by signal-specific pathways, Bc1-2 defines 

a later, shared event. However, information regarding additional common 

precommitment events in the apoptotic pathway has been lacking. I have 

isolated a number of apoptosis deficient mutants that are cross resistant to 

dex, 8-br-cAMP, and gamma irradiation (Table 4). These mutant phenotypes 

contrast with previously identified mutations that block only one signal- or 

tissue-specific pathway. For example, p53 appears to be essential for 

irradiation-induced thymocyte apoptosis (Lowe et al., 1993) while the 

transcription factor, nur77, seems to be required for TCR-mediated cell death 

(Woronicz et al., 1994; Liu et al., 1994). Functional disruption of either p53 or 

nur77 does not affect glucocorticoid-induced apoptosis in thymocytes, a 

pathway that absolutely requires GR (Dieken and Miesfeld, 1992). 

Conversely, the GR deficiency in Apt3.2 cells did not block apoptotic 

induction by gamma irradiation or 8-br-cAMP (data not shown). Therefore, 

the observed cross resistance of the Apt- mutants indicates that these cells 

contain mutations in specific gene products that are required after the point of 

signal convergence in the apoptotic pathway. 
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CHAPTER IV 

GENETIC ANALYSIS OF DEX INDUCED APOPfOSIS 

Introduction 

One of my goals in this study was to use Apt- mutants to study the 

genetic and biochemical aspects of the apoptotic pathway. A panel of 

independent Apt- cell lines would provide an ideal system to study the 

apoptotic pathway since mutations that affect early steps of the apoptotic 

pathway should alter normal biochemical changes and expression patterns of 

upregulated transcripts in dex-treated W7.2 cells. With these cell lines in 

hand, I have begun to dissect the apoptotic pathway into its component parts 

and to identify apoptosis-specific events. 

The experiments described in this chapter focus on three complementary 

studies regarding pre-commitment events in the apoptotic pathway. First, I 

have identified molecular markers to examine the gene expression pattern in 

dex-treated W7.2 cells. I also analyzed dex-induced gene expression patterns 

of individual Apt- cells with a cell line, Hb12, that ectopically expresses 

human Bcl-2, to determine whether it was possible to order the Apt- blocks 

relative to each other and to the block provided by Bcl-2. Secondly, I have 

used the Apt- mutants to test whether increased oxidative stress or 

cytoplasmic calcium localization are sufficient to induce apoptosis. Thirdly, I 

have developed a transient heterokaryon assay to determine whether any of 

the Apt- mutants define separate, non-GR complementation groups 
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Results 

Gene expression patterns of Apt-, Wl.2, and Hb12 cells follawing apoptotic 

treatments 

Glutathione 5-transferase Yb1 (GST) is an antioxidant defense enzyme 

which had previously been shown to be elevated at the protein level in 

regressing prostate tissue of androgen-ablated rats (Saltzman et al., 1987; 

Briehl and Miesfeld, 1991). Based on this finding, I carried out a Northern 

analysis of GST transcript levels in dex treated W7.2 cells shown in Figure 4. 

Within 6 hours of dex treatment, the steady state level of GST RNA is 

elevated and continues to increase for at least 24 hours. Quantitation of GST 

RNA by densitometry (using the levels of histone H3.3 RNA as an internal 

control), revealed that GST transcripts are induced 3, 20 and 50 fold at 6, 12 

and 24 hours, respectively. This finding has also recently been extended to 

the protein level (Margaret Briehl, personal communication). Re

hybridization with radiolabeled mouse mammary tumor virus (MMTV) 

sequences showed that transcriptional induction of MMTV hormone 

responsive proviral genes preceded that of GST and was maximal by 8 hours 

(Flomerfelt et al., 1993). 

Since GST Yb1 subunits are able to bind corticosteroids directly in rat 

liver (Homma et al., 1986), it was important to determine if the observed up

regulation of GST RNA in dex-treated W7.2 was dependent on functional GR. 

This was done by analyzing viability and GST expression in the GR+ cell line 

W7.2 compared to a GR- cell line treated with differing dex concentrations 

(Flomerfelt et al., 1993). The results of these experiments revealed that GST 
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Figure 4. GST transcript levels increase in dex-treated lymphocytes. 

Autoradiograph of a Northern blot containing RNA (20 ~g/lane) isolated 

from W7.2 grown for the indicated times in l!J.M dex. The membrane was 

sequentially probed with 32 P-labeled GST and H3.3 DNA sequences. 
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expression and apoptosis in W7.2 cells were dependent on GR and correlated 

with the concentration of dex in a dose-dependent manner (Flomerfelt 

et aI., 1993). Similar experiments suggested that Dag8 (Chapter ill) and 

calmodulin (CAM) (Dowd et aI., 1991) were candidates for a GR target gene 

involved in apoptosis. However, none of these experiments addressed 

whether GR directly affected GST, Cam, or Dag8 transcript levels. Therefore, 

transcript levels of these genes were examined in several GR+, dexr cell lines. 

Figure 5 shows a time course Northern analysis of W7.2, Apt4.8, Apt3.8, 

a.nd Hb12 cells exposed to dex for 0, 12, and 24 hours. Mouse histone H3.3 

RNA levels were measured as an internal control. GST expression increased 

rapidly in both W7.2 and Hb12 cells, but no changes in basal GST transcript 

levels were observed in Apt4.8 or Apt3.8 cells. Identical results were found in 

each complementation group using 10 additional Apt- cell lines (data not 

shown). Since Apt4.8 and Apt3.8 cells are dex-resistant (Chapter III) and 

contain normal levels of functional GR (Table 1), this result suggests that GST 

induction in dex-treated W7.2 and cells was not the result of direct GR

mediated transcriptional regulation. In contrast, Dag-8 RNA levels increased 

uniformly in W7.2, Hb12, Apt4.8, and Apt3.8 cells (and in 10 additional Apt

cell lines (data not shown» following dex treatment. This finding is 

consistent with Dag-8 being a GR target gene (either primary or secondary) 

rather than a gene that responds to cellular changes associated with 

apoptosis. Cam message was induced in dex-treated W7.2 as expected 

(Dowd et al., 1991; Baughman et al., 1991). A similar induction of Cam 

transcripts was also seen in response to dex in both Apt3.8 and Hb12 cells. In 

contrast, no change was observed in Cam RNA levels of most Apt- cell lines 
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Figure 5. Analysis of gene expression in response to dex treatment of W7.2, 

Hb12, Apt3.8, and Apt4.8 cells. 

Northern analysis of 15 ~g total RNA probed with glutathione S-transferase 

(GST), Dag-8, calmodulin (Cam), or histone (H3.3) probes. Identical RNA 

samples were separated on formaldehyde gels and transferred to Duralon 

membranes (Stratagene). The resulting blots were hybridized with the 

indicated probes, quantitated, stripped, andre-probed with histone H3 to 

control for loading differences. Quantitation of transcript levels (normalized 

to H3.3) was done and induction values are shown relative to the signal at 

the zero time point. 
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(complementation groups C, D, E, F) including Apt4.8 and Apt5.8 (data not 

shown). 

To determine whether Dag8 and GST up-regulation were characteristic 

of apoptosis induced by other stimuli, I examined their expression in W7.2, 

Apt4.8, and W7.418 cells treated with a lethal dose (2IlM) of the calcium 

ionophore A23187. Figure 6 shows a substantial increase in GST transcripts 

using a Northern blot analysis of RNA isolated from these three cell lines at 

various times of A23187 treatment. Histone H3.3 was used as a control for 

loading differences. Relative GST RNA induction levels in each cell line were 

similar as shown by densitometry scanning of autoradiographs from both the 

GST - and H3.3-probed filters. In contrast to GST, Dag8 transcript levels 

decreased in these cells when induced to die by A23187 treatment. 

Involvement of oxidative stress and calcium mobilization in apoptosis 

Free radical production has been implicated as a causal agent of 

apoptosis in response to gamma irradiation, and direct production of free 

radicals by H202 treatment causes apoptosis (Hockenbery et al., 1993; Buttke 

and Sandstrom, 1994). In order to test whether oxidative stress was sufficient 

to cause apoptosis, the effect of H202 treatment was examined in several Apt

cell lines. Figure 7 shows that 100 IlM H202 caused W7.2 cells to die within 

24 hours of exposure. Similar treatment of the Apt- cell lines revealed that 

while Apt4.8 cells were H202-sensitive, as evidenced by increased cell death 

and a steady decrease in cell viability, Apt3.8 and Apt5.8 cells were resistant 

and continued to proliferate. Although Bcl-2 protected Hb12 cells against 

H202-induced cell death, the growth of these cells was slowed relative to 
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Figure 6. Effect of calcium ionophore A23187 on GST and Dag8 expression. 

(Top) Results from a Northern blot sequentially probed with GST and Dag8. 

The RNA (20 mg/lane) was obtained from W7.2, Apt4.8, and W7.418 cells 

which had been treated with 2mM A23187 (Bottom) Histogram showing the 

relative band intensity of GST as determined by densitiometric scanning of 

autoradiographs from different exposure times after normalization to H3.3 

transcript levels (data not shown). 
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Apt3.8 and Apt5.8. Together, these results indicate that oxidative stress, 

produced by H202 treatment, may mimic intracellular changes that occur 

before apoptotic commitment, but is not sufficient to induce apoptosis. 

Intracellular calcium mobilization has been proposed to be an important 

step in thymocyte apoptosis (Nicotera and Orrenius, 1992; McConkey et a1., 

1989) and some studies suggest that oxidative damage may be a factor that 

modulates the magnitude of calcium fluxes (Orrenius et a1., 1985; Richter, 

1993). Treatment of W7.2 with the calcium ionophore A23187 (A23187) has 

been shown to induce cell death similar to that produced by dex (Miyashita 

and Reed, 1992). As shown in Figure 7b, 1.5 J.lM A23187 rapidly induced cell 

death in W7.2. The same treatment also killed Apt4.8, Apt3.8, Apt5.8, and 

Hb12 cells. Although Hb12 and Apt- cells were less sensitive to A23187 than 

W7.2, there was a prolonged, steady decline of viable cells, followed by a 

complete loss of viability within 7 days (data not shown). These data show 

that the lethal effects of A23187 bypass the blocks imposed by Apt- mutations 

and Bcl-2. 

Heterokaryon fusions reveal multiple Apt- complementation groups 

Although it is not possible to perform standard genetic crosses with 

somatic cells, it is feasible to test for phenotypic complementation using cell 

fusion studies. Since stable synkaryon fusion cell lines may contain 

incomplete sets of genomic material due to chromosome loss (Blau, 1989), a 

rapid transient heterokaryon complementation assay was developed (see 

Figure 8) that is similar to that previously used by others (Blau et a1., 1985; 

Baron and Maniatis, 1986; Spear and Tilghman, 1990). This procedure 
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Figure 7. Sensitivity of W7.2, Hb12, Apt3.8, Apt4.8 and Apt5.8 to H202 and 

calcium ionophore A23187. 

Cells were grown as described in Figure 1 except in the presence of either 100 

JlM H202 (A) or 1.5 JlM A23187 (B). 
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Mutant 1 
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Figure 8. Schematic representation of complementation assay. This 

procedure was used to isolate homogenous populations of differentially 

labeled heterokaryons and homokaryons which were then tested for dex 

sensi ti vity. 

60 



Figure 9. Production and purification of double-labeled heterokaryons. 

(A) FACS analysis of fusion procedure plotted as log fluorescence rhodamine 

(FL2) versus log fluorescence fluorescein (FL1) for non-fused, fused, and 

fused, sorted cell populations. The percentage of double-labeled cells was 

determined by the proportion of cells found wi thin the box as shown. 

(B) Microscopic examination of fused cell populations using false color 

imaging. Cells shown by arrow represent the minority of double-positive 

heterokaryons in an unsorted fused population. Following FACS 

purification, most sorted cells are double labeled as seen in the two panels 

labeled fluorescein and rhodamine that show a single field of cells. 
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entailed the production of doubly labeled, fluorescent heterokaryons by 

polyethylene glycol (PEG) fusion, purification of heterokaryons using 

fluorescent activated cell sorting (FACS), and determining the effects of dex 

on non-dividing heterokaryon populations. 

Figure 9a shows the FACS analysis of a typical heterokaryon 

purification in which the sorted cell population was 96.4% double positive for 

fluorescein and rhodamine labels. Forward- and side-scatter analysis showed 

that the purified, double-labeled heterokaryons were viable and larger than 

non-fused cells (data not shown). Figure 9b shows micrographs of 

fluorescent unsorted and sorted fused cells. Fused cells contained only 0.2% 

double-labeled cells (see arrow in the left panel of Figure 9b), but after FACS 

purification, most cells were double labeled and greater than 95% of the 

heterokaryons contained just two nuclei. 

Sorted heterokaryons were divided into two equal populations in media 

containing 1 % calf serum to retard cell division. Dex was added to one of 

these 

samples, and after five days, dex sensitivity was assayed by determining cell 

viability. A heterokaryon population was considered to be dex sensitive if the 

number of viable, dex-treated cells was less than 10% the number of 

untreated viable cells after five days. Photomicrographs, shown in Figure 

lOa, demonstrate that control homokaryon fusions of Apt3.2 and Apt4.8 are 

dexr and retain viability, whereas Apt3.2 x Apt4.8 heterokaryons are dex 

sensitive (Figure lOb). These results led to the following conclusions: 1) that 

Apt4.8 contains sufficient levels of functional GR to induce apoptosis when 

fused to a GR-deficient cell line (Le., Apt3.2), 2) that the mutation in Apt4.8 is 
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recessive, and 3) that this assay provided a method to functionally test GR in 

recessive Apt- mutants. 

In order to determine whether the fusion assay could be used to detect 

dominant mutations, Hb12 and several Apt- cell lines were fused to W7.2. As 

shown in Table 5, the mutations in Apt3.2, Apt3.8, Apt4.8, and Apt4.19 were 

recessive when fused to W7.2. Fusions with additional Apt- cell lines (data 

Table 5. Fusion of Apt and Hb12 cells to W7.2 to determine if dexr phenotype 

is dominant or recessive. Criterion for dex sensitivity is described in Figure 1. 

Fusion Cell line Dex sensitive 

1 Apt3.2 x W7.2 yes 

2 Apt4.8 x W7.2 yes 

3 Apt3.8 x W7.2 yes 

4 Apt4.19 x W7.2 yes 

5 Hb12xW7.2 no 

6 W7.2x Daudi yes 
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Figure 10. Transient heterokaryon assays detect complementation between 

Apt4.8 (GR+) and GR-defective Apt3.2 cells. 

Differentially labeled cells were fused and homokaryons (panel A) or 

heterokaryons (panel B) were purified and analyzed by phase microscopy. 

Dex-treated homokaryons of either Apt4.8 or Apt 3.2 retained viability in the 

presence or absence of dex for five days (panel A). Heterokaryons produced 

by fusion between Apt3.2 and Apt4.8 underwent dex-dependent cell death 

within five days (panel B). 
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Figure 11, Summary of heterokaryon fusion assays. 

D 
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Each grid represents the results of at least three separate fusion experiments. 

Positive complementation was scored when the number of cells in the dex

treated sample was less than 10% that of the untreated sample at the end of a 

five day period. Uppercase letters represent the tentative assignment of 

complementation groups (n.d. = not done). 
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not shown) failed to identify any dominant mutants. Furthermore, it was 

shown that both Apt4.8 and W7.2 produced dex-sensitive heterokaryons 

when fused with the human B-cellline, Daudi. Importantly, the dexr 

phenotype of Hb12 cells was dominant in the heterokaryon fusion assay, as 

expected based on the dominant activity of Bc1-2. 

Figure 11 summarizes the results of complementation assays of eight 

different Apt- mutants. The grid scores (dex sensitive; yes or no) are the 

result of at least three separate experiments using more than 5xl04 viable 

heterokaryons that were greater than 85% double-labeled. Each of the mutant 

cell lines was first fused with Apt3.2 (group A, GR defective) to functionally 

test for GR mutations. Mutants that complemented Apt3.2 were then tested 

in paired combinations. As shown in Figure 11, heterokaryons produced by 

fusing Apt4.8 and Apt3.8 were dex sensitive. These data functionally 

demonstrated that these cell lines define different, non-GR complementation 

groups (groups B and C). Likewise, fusions of Apt5.8 to either Apt3.8 or 

Apt4.8 defined a third non-GR complementation group (group D). Two 

additional non-GR complementation groups, represented by the WG5-

derived Apt- mutants Apt5.45 (group E) and Apt5.60 (group F) were also 

identified with this assay. Importantly, none of the cell lines tested belong to 

more than one complementation group suggesting that multiple apoptotic 

mutations in the panel of Apt- cell lines may be rare. Group C, which 

contains the most members includes Apt4.8, Apt4.19, and two WG5-derived 

cell lines, Apt5.100, and Apt5.26. These group C Apt- mutants cannot be 

siblings since each was clonally isolated from independent mutagenesis 

experiments. 
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Discussion 

Identification of apoptotic markers in dex-treated Wl.2 cells 

One of the hallmarks of steroid-induced apoptosis is the requirement for 

ongoing protein synthesis (Kerr and Harmon, 1991). While differentially 

expressed genes have been identified in apoptotic cells (Briehl and Miesfeld, 

1991; Baughman et al., 1991; Owens et al., 1991), it is not yet clear how the 

encoded proteins relate to the mechanism of apoptosis, or which, if any, of 

these genes are steroid-regulated. Presumably, during the course of 

apoptosis most transcripts with short half-lives would decrease in relative 

abundance due to degradation of genomic DNA and the inhibition of ATP 

production (Nordeen and Young, 1976). In contrast, the expression of genes 

encoding proteins which are directly or indirectly involved in the cell death 

process, would be expected to be maintained or even increased. I have used 

Apt- cell lines to investigate whether transcripts, which are up-regulated in 

dex-treated W7.2 cells are directly regulated by GR. Since apoptosis is 

blocked in these cell lines, a dex induced increase in transcript levels in these 

mutants would likely correspond to primary steroid-target genes that mayor 

may not be involved in apoptosis. However, transcripts that are not 

differentially transcribed in Apt- cells in response to steroids could be 

considered to be "death-associated". The cellular signals that control the 

expression of these death-associated genes are of importance since they may 

be indicative of early apoptotic events. 
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GST isozymes are dimeric proteins that quench potentially harmful 

electrophilic compounds via their conjugation to glutathione (Mannervik and 

Danielson, 1988). Known cellular substrates of GST are proteins and lipids 

that have been oxidized by reactive species generated during the normal 

metabolism of oxygen or as a result of tissue damage (Pickett and Lu, 1989). 

It has been shown that GST expression is regulated at the transcriptional level 

by several xenobiotic compounds (Vandenberghe et a1., 1991; Paulson, 1992). 

Recently, mapping studies have led to identification of both xenobiotic 

response elements (XREs) (Friling et a1., 1990; Rushmore et a1., 1990) and 

antioxidant response elements (Rushmore and Pickett, 1990; Rushmore et al., 

1991) in the 5' regulatory region of the GST Ya gene. Based on these latter 

studies it was proposed that GST expression may be regulated by reactive 

oxygen species as part of a signal transduction pathway that allows cells to 

respond to oxidative stress (Rushmore et al., 1991). This redox signaling 

pathway could be similar to the OxyR-mediated transcriptional response to 

oxidative stress that has been found in bacteria (for review see Demple and 

Amabile-Cuevas, 1991). 

GST transcript levels increase dramatically in dex-treated W7.2 cells. 

This response has been shown to require functional GR and to follow a dose

response curve (Flomerfelt et al., 1993). In contrast to W7.2 cells, GST 

expression was not induced in several dex-treated apoptosis-defective 

variants that contain normal levels of functional GR. However, GST RNA 

levels increased in both steroid-sensitive and steroid-resistant cell lines 

during A23187-induced death. Taken together, these data indicate that GST is 

not a primary GR target gene but may be regulated by apoptosis-specific 
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events since it is also induced by A23187 treatment. Furthermore, these data 

indicate that GST RNA levels remain unchanged in Apt4.8 cells following dex 

treatment due to a mutation that blocks the apoptotic pathway rather than an 

alteration that affects GST regulation. However, GST expression in itself does 

not signify apoptosis since its expression is increased in dex-treated Hb12 

cells. 

Based on the known function of GST as an antioxidant defense enzyme, 

(Pickett et a1., 1984; Morton et a1., 1990) and its transcriptional regulation by 

reactive oxygen intermediates (Pickett and Lu, 1989; Vorachek et a1., 1991; 

Rushmore and Pickett, 1990), I propose that one result of dex-induced GR 

target gene(s) expression in W7.2 cells is the accumulation of reactive oxygen 

intermediates. Thus, activation of GST gene expression in dex treated W7.2 

cells is likely an indicator of oxidative stress related damage, rather than a 

mediator of apoptosis. This conclusion is consistent with recent reports that 

implicate an increase in hydroxyl radical generation prior to loss of viability 

in a T-cell hybridoma (Hockenbery et a1., 1993). In addition, there is now 

evidence that increased levels in intracellular reactive oxygen intermediates 

activate several known transcription factors including members of the Rel/J(~ 

family (Schreck et a1., 1991; Kumar et a1., 1992), AP-1 (Abate et a1., 1990; 

Xanthoudakis et a1., 1992) and the BPV E2 proteins (McBride et a1., 1992). It is 

tempting to speculate that one of the many events that occur during steroid

mediated apoptosis may include changes in redox potentia1. 

In contrast to the results that I obtained with GST and Cam, Dag8 

expression increased rapidly « 2 hours) in GR+, Apt-mutants when exposed 

to dex. This result is consistent with the idea that Dag8 is a T-cel1 specific GR 
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target gene. Further differences with GST were observed when I tested Dag8 

expression in A23187-treated cells. Under this condition, Dag8 expression 

decreased as cell viability was lost. These data showed that, in contrast to 

GST, Dag8 transcript levels do not increase in response to apoptosis-related 

events. In fact, this response is consistent with my proposal that calcium 

mobilization is a relatively late precommitrnent event and that A23187 

treatment would bypass most of the early events of the apoptotic pathway. 

CAM is a multifunctional calcium binding regulatory protein that has 

been suggested as a candidate cell death gene since calmidazolium, a specific 

inhibitor for Cam, (McConkey et al., 1989), partially inhibits apoptotic death 

in W7.2 cells (Baughman et al., 1991; Dowd et al., 1991). Although Cam 

transcripts increase within 2 hours of dex treatment in W7.2 cells (Dowd et al., 

1991), its expression is unaffected in some GR+, Apt- cell lines. Therefore, it is 

not likely that Cam is a primary GR target gene. In addition, increased Cam 

expression does not induce apoptosis since it is expressed in the dexr cell 

lines Hb12 and Apt3.8 following dex treatment. However, these results do 

not exclude the possibility that Cam is involved in some aspects of the pre

commitment period (Dowd et al., 1991). 

One somewhat surprising observation from this gene expression 

analysis was that the induction of GST and Cam is similar in both W7.2 and 

Hb12 cells, even though Hb12 cells are not dex sensitive. In contrast, the 

mutants differ from W7.2 and Hb12 since GST transcripts do not increase in 

response to dex. In addition, there are phenotypic differences between these 

mutants as shown by the increase in Cam in Apt3.8 but not Apt4.8. Since the 

dex-induced gene expression pattern of the Apt- mutants differed from Hb12 
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cells, these data indicate that these cell lines contain different mutations that 

block the apoptotic pathway at different steps. Furthermore, it seems that 

Bcl-2 acts at a later step than those blocked in these mutants since Northern 

analysis showed that Cam induction precedes GST induction following dex 

treatment (Dowd et al., 1991; Flomerfelt et al., 1993). 

Role of oxidative stress and calcium mobilization in apoptosis 

Pierce et al. (Pierce et al., 1991) first presented evidence suggesting that 

H202 production in the blastocyst may be involved in programmed cell 

death. More recently, it was shown that oxidative damage, resulting from 

increased hydroxyl radical production, occurs in T-cell hybridomas induced 

to undergo apoptosis by 11-3 withdrawal (Hockenbery et al., 1993). Since Bcl-

2 blocked apoptosis and reduced oxidative damage in these cells, it was 

proposed that hydroxyl radical accumulation might define apoptotic 

commitment and that Bc1-2 was active as an antioxidant (Hockenbery et al., 

1993). However, since GST is expressed in Hb12 cells following dex 

treatment, it was unclear whether the reduction of oxidative damage was 

blocked by Bcl-2 antioxidant activity or reversed by a normal repair 

mechanism. In order to address this question, the effect of oxidative stress, 

induced by H202 treatment, was examined in the Apt- mutants. I found that 

H202 effectively induced W7.2 cells to die and that Bcl-2 blocks the lethal 

effect of this treatment. Several mutants, represented by the Apt5.8 and 

Apt3.8 cell lines, were resistant to H202 treatment. This result indicates that 

additional components, presumably proteins affected by mutagenesis, are 

required for H202 induced apoptosis. Note that some mutants, represented 
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by Apt4.8, were H202 sensitive, although these cells died more slowly than 

W7.2. 

I also tested whether increased cytoplasmic calcium mobilization was 

sufficient to induce apoptosis. Although some protection was afforded to 

both the Apt- mutants and Hb12, overall, this treatment was lethal to a 

relatively large percentage of cells over a 3 day period. Although A23187 

may have pleiotropic effects, these results suggested that cytoplasmic calcium 

mobilization may be a later event in the apoptotic pathway that takes place 

nearer to the commitment point. 

The common apoptotic pathway contains separable events 

Currently, the only step that has been identified as part of a common 

apoptotic pathway is defined by Bcl-2. Characterization of the Apt- mutants 

and Hb12 identified several phenotypic groups, based on differences in gene 

expression (Figure 5) and cross resistance (Table 4), that were suggestive of 

additional common apoptotic pathway steps. In particular, the differential 

sensitivity to H202 of Apt4.8 and Apt3.8 cells, coupled with the finding that 

dex-dependent Cam gene expression was upregulated in Apt3.8, but not 

Apt4.8, indicated that Apt3.8 and Apt4.8 have mutations in separate genetic 

loci. Furthermore, although Apt- and Hb12 cell lines shared common features 

of cross resistance, only Hb12 cells responded to dex treatment by an increase 

in GST transcript levels. To functionally test whether Apt3.8 and Apt4.8 

represent separate complementation groups, and to determine whether the 

chemically induced Apt- mutations were dominant or recessive, a rapid 

transient heterokaryon complementation assay was used. 
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Results from the heterokaryon assay provided three insights into the 

Apt- phenotype: 1) Apt- cells contain sufficient GR to produce dex-sensitive 

heterokaryons when fused with Apt3.2; 2) the Apt- mutations were recessive 

in fusions with W7.2 cells; and 3) the recessive mutations that block apoptosis 

in the Apt- cells tested define five non GR complementation groups. 

Phenotypic differences in Apt4.8, Apt3.8 and AptS.8 (see Table 4) supported 

the assignation of these three cell lines to three different complementation 

groups. These data suggest that the mutations in Apt4.8, Apt3.8 and AptS.8 

define separate components of the common apoptotic pathway in W7.2 cells 

that depend on active gene expression. Furthermore, these data exclude the 

possibility that apoptosis is blocked in these Apt- cell lines by dominant 

negative mutations or by dominantly acting proteins like Bcl-2. 

Complementation group C contained SO% (4/8) of the Apt- mutants analyzed 

by the fusion assay and each of these cell lines was derived from independent 

mutagenesis experiments. One interpretation of the high recovery of group C 

mutant alleles is that few genes are involved in the precommitment pathway. 

Alternatively, it is possible that the group C determinant is highly sensitive 

to mutagenesis or that group C mutants may be heterozygous for a defect in a 

rate-limiting gene required to induce apoptosis, similar to the preponderance 

of GR-defective dexr mutants in W7.2 and 549 cells (Danielsen et al., 1983; 

Gehring, 1980, and Table 1). However, since backcrossing and cis-trans tests 

are not possible with this system, the genetic interpretations of these data are 

somewhat limited. 
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CHAYfERV 

SUBTRACTIVE HYBRIDIZATION CLONING OF DEX-INDUCED GENES 

FROM W7.2 CELLS 

Introduction 

One of the distinctive characteristics of apoptosis is the requirement 

for protein synthesis to initiate the cell death program (Wyllie et al., 1980). 

In dex-induced apoptosis, GR regulates the expression of genes that 

initiate a genetic pathway that can result in cell death. Several lines of 

evidence indicate that the critical GR function in the induction of apoptosis 

is up-regulation of gene expression (see Introduction). Presumably, GR 

interaction with a limited number of DNA regulatory elements initiates a 

genetic program that results in apoptotic commitment. However, there is 

very little information available regarding early transcriptional events that 

occur in thymocytes in response to dex treatment. 

Two dimensional gel electrophoresis of thymocyte cell extracts 

showed that the number of proteins induced within 8 hours of dex 

treatment is small (Voris and Young, 1981). However, further study of 

these dex-induced proteins has not been done, and their identity is 

unknown. In order to obtain molecular markers to more carefully study 

the apoptotic pathway, I have been involved in identifying genes that are 

up-regulated during apoptosis. The W7.2 cell system seemed to be ideally 

suited for cloning strategies that depended on differential screening since I 

believed that dex-dependent GR transcriptional induction of a small 
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number of target genes initiated the apoptotic pathway. In addition, an 

isogenic Wehi 7.2-derived cell line, that lacks measurable dex-binding 

activity, Wehi7.418 (W7.418) was available and provided a reliable minus 

hormone probe (Bourgeois and Newby, 1977). These features encouraged 

us to use subtractive hybridization as a method to clone induced 

transcripts from W7.2 cells treated with dex for either 4 or 8 hours. This 

chapter describes the use of subtractive hybridization to analyze steroid 

hormone effects on transcription, the cloning of induced transcripts, and 

details the preliminary characterization of one of the cDNAs I isolated 

using this procedure. 

Results 

Subtractive hybridization analysis of dex effects in Wl.2 cells 

I first used subtractive hybridization to examine the effect of short 

term dex treatment on transcriptional induction in W7.2 cells. In this 

procedure, radiolabeled single-stranded (55) cDNA derived from dex

treated W7.2 cells was mixed with mRNA (driver mRNA) isolated from an 

untreated control cell line. Complementarity between cDNA and driver 

mRNA results in a double-stranded hybrid, leaving single-strandedcDNAs 

that should coorespond to unique transcripts. In order to isolate cDNAs 

cooresponding to transcripts that increase with dex treatment, driver 

mRNA was purified from the isogenic, GR-defective cell line, WEHI7.418, 

grown in media without dex, and cDNA was derived from W7.2 cells 

cultured in dex for 4 or 8 hours. 
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Table 6 Subtraction Hybridizations with W7.2 Transcripts. 

The mass excess of mRNA to cDNA is given in the driver ratio column, length 

of dex-treatments are shown in parentheses, and the percent of single and 

double-stranded cDNA eluting in the 0.12M and 0.4 M PB HAP column 

fractions, respectively, are indicated by percent cpm. The hybridization 

shown in expo 6 used the cDNA recovered from the 0.12M PB fraction of 

exp.3 (ss) and +dex W7.2 driver mRNA. 

Percentcpm 
Exp. mRNA Driver 32p-cDNA ratio 0.12M 0.4M 

1 -dex +dex (4 hr) 3:1 20% 80% 

2 -dex +dex (4 hr) 6:1 11% 89% 

3 -dex +dex (4 hr) 10:1 2% 98% 

4 -dex +dex (4 hr) 12:1 2% 98% 

5 -dex +dex (4 hr) 30:1 2% 98% 

6 +dex ss from 3 100:1 20% 80% 

7 -dex +dex (8 hr) 12:1 5% 95% 
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As shown in Table 6, a 3-fold mass excess of minus (-) dex driver 

mRNA to plus (+) dex cDNA resulted in 20% of the cDNA eluting as 

single-stranded material (exp. 1). As the driver mRNA to cDNA ratio was 

increased, a maximum of 98% of the cDNA could be eluted in the double

stranded fraction (exps. 2-5). The single-strand cDNA from these 

experiments was unchanged at 2%, indicating that it represents either 

background noise and/or truly dex-induced sequences. In order to 

differentiate between these alternatives, I performed additional 

hybridization reactions with +dex mRNA (exp. 6). These experiments 

showed that 80% of the single-strand cDNA from expo 3 hybridized with 

+dex mRNA. Therefore, it seems likely that most of the single-stranded 

cDNAs correspond to transcripts that are specifically increased as an early 

response to dex treatment. 

To analyze +dex mRNA from a later time point, an additional 

hybridization was done using cDNA made from W7.2 cells grown in dex 

for 8 hr. In this experiment, 5% of the cDNA eluted in the single-strand 

fraction (exp. 7) suggesting that longer hormone treatments lead to an 

increase in the sequence differences between dex-treated and untreated 

W7.2 cells. This result was expected, since steady-state levels of induced 

roRN As and secondary target gene expression should increase over time. 

Taken together, I conclude that the glucocorticoid gene network in W7.2 

cells is relatively small. 
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Figure 12: Northern analysis of differentially hybridizing cDNAs. 

Autoradiographs of a Northern blots done to test dex induction of 

plaque purified recombinant cDNAs that were selected based on 

differential hybridization to +dex subtracted probes. Probes were gel

isolated following PCR amplification. Each lane contains 10 J.lg total RNA 

isolated from W7.2 cells treated with dex for the indicated times. 

Hybridization with histone H3.3 probes showed minor loading differences 

in these blots (data not shown). 
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Identification of dex-induced transcripts 

Subtracted cDNA libraries were prepared from W7.2 cells, treated with 

dex for either 4 or 8 hours, in order to isolate genes up-regulated early in the 

apoptotic pathway. A low mRNA:cDNA ratio (1:10) was used to prevent the 

loss of dex-induced transcripts that are basally expressed. Plaques were 

screened using either a subtracted +dex cDNA probe and a - dex cDNA probe 

derived from W7.418 cells. Three cDNAs were isolated that hybridized to 

transcripts that increased following dex treatment as shown in Figure 12. 

The Dag8 cDNA (1.1 kb) hybridized to a single transcript of about 2.2 kb 

(+/-10%) that increased approximately 5 fold upon dex treatment. Since 

this cDNA produced the simplest pattern on the northern blot, I 

concentrated my efforts on it. Initial sequencing revealed that the oligo dT 

primer was intact, indicating that the 5' end of the cDNA was missing. To 

clone the missing portion, a polymerase chain reaction (PCR) based 

method was used. A nested set of Dag8-specific primers were synthesized 

and used with a rapid amplification of cDNA ends kit (RACE, Clonetech) 

as described by the vendor. After two rounds of RACE cloning, two 

additional 5' cDNAs (Dag8-Nl and Dag8-NIC) were obtained that 

hybridized to Dag8-specific primers. Each additional fragment that I 

obtained was used to probe a Northern blot. These RACE clones 

hybridized to the same single transcript, which increased in expression 

levels in response to dex treatment, as the original cDNA clone (data not 

shown). 
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Sequence Analysis of DagB 

Each one of the three Dag8 cDN A clones were sequenced from both 

strands multiple times and were found to contain an overlapping nucleotide 

sequence. Figure 13 shows the consensus sequence of 1731 base pairs 

(excludes approximately 250 5' base pairs) generated using 21 individual 

sequencing reactions. A putative translation start site is shown in bold, and is 

flanked by sequences that match the core requirements of Kozak (Kozak, 

1989). The DNA sequence surrounding the bolded ATG was confirmed and 

extended using DNA data obtained from a Dag8 genomic clone. In addition, 

a putative poly-adenylation site is bolded and underlined although the length 

of the natural poly-A tail is not known. The sequence shown was derived 

from three independently isolated peR products and may contain some 

artifactual nucleotide changes due to replicative errors made by Taq 

polymerase. I also isolated three independent genomic Dag8 clones using 

standard procedures and future plans include sequencing these for 

comparison to the cDNA sequence. 

The putative Dag8 cDNA sequence contains several open reading 

frames shown in Figure 14. However, neither the Dag8 cDNA sequence, nor 

its deduced translation products (forward translation of all three reading 

frames) correspond significantly to any entries in the GenBank release 84 

(8/94 includes non-redundant EMBL), PIR-Protein release 40 (3/94), 

SwissProt release 29.0 (8/94), partial cDNA sequences in the Database of 

Expressed Sequence Tags (dbest), or the non-redundant 

PDB+SwissProt+PIR+SPUpdate+GenPept+GPUpdate (31 October 1994) 

databases using the BlastN, BlastP, or BlastX algorithms with the "Filter" 
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option to eliminate analysis of highly repetitive sequence regions (Altschul et 

al. 1990). In addition, since it was uncertain that the Dag8 sequence was 

completely correct, a search was done for weak similarities to the non

redundant database entries. These results, shown in Figure 15, indicated that 

Dag8 does have some limited homology to genes known to be involved in 

control of the immune system. For example, the putative amino terminus is 

proline-rich, a feature that was also found in a number of cytokines, cytokine 

receptors, and many other proteins. The best matches that were found were 

with major histocompatibility complex-binding protein 2 and heparan sulfate 

proteoglycan. However, based on the calculated probability of random 

matches, it was apparent that these matches were not significant (Figure 15). 
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* 60* 
CATTTCAGTTTGTCACCTTT CAGTGTCCAGAACAAGCAAT CCCTGTGAACCTAGGGCCCA 

* 120* 
GCTTCTGTGGGTTCCTACAT CGGCACTAGGGTCACACTGC AGAAACCGTTGATAAAACAA 

* 180* 
ACTCAGTGATGCTCTGCTTC TATGGGTGTGGCAGGGGCGG GTGATGAGATTTGCTTAGCA 

* 240* 
CTGACTGACTGGCCTGCTAA GAACACAAGCCCACAGCCAG GGGCTCCCTGGTCCACAGCT 

* 300* 
GGGTCTCAGGCCCCTTACCT GCCTTCCAAGTCCTTTCGCA GACTCTTGAGTGTGGCTTTC 

* 360* 
TGTCCTAGCCAGCATGTCCC ACAGACTCTGTTGTTCCTCC AACGCCCGTCATTAGTGACA 

* 420* 
GCTTTCTCTCTGAGTTTCTG TGGTGTGGAGAGTGGGTAGA AGTAGGTTTATCTTTCCCGC 

* 480* 
TGTCTGCCCC8CICAAGG8C G8IGIIAGCGCTCAGCCATC CCTGCCCAGC8C8GCIGCIC 

Dag8-9 DagS-S 
* 540* 

8GCCIC8IGCTCCCACCCGC ACCCTTGCTGTGCAGAACCT AAGGCTTGCTCCCGTCCCAG 

* 600* 
ACTCGAGTGGACGGACATCC ATGTCCACCCAGGATTGACG AAGG8AGG88CIIC8C8CIC 

DagS-6 
* 660* 

~CTATCATGCAAAAATAGT TTTCAATTTTTACTTTTTAG CTTGGGTTTTGAAAGGCAAA 

* 720* 
CTCTAGGAGGCTCAAAACGG GCAGTTACTCTTAAGGCGAG GTAGATACCTCATCCTGCAC 

* 780* 
CGCAGCCTCTGTATTCTGGT GGGAGCTGTAAGGGTTGCGG GCTTCCGGIGICC8IGC8IC 

DagS-2 

* 840* 
8AGCCAA8GTCTCCA8AACI TGGGC8IIG88118GGGCAA ATCTTAAATAGTTTTGGGGT 

DagS-S 

* 900* 
TGGATTTTAGTCCTACAGGT GATGATTGAACGTGGCTGGC IICICC8C8GCCI8AGG8AC 

DagS-N * 
* 960* 

CCCCC8IGG8C8C8CCC8CC 8CCCAATGACCCATGCACCT CTGCCTGGACAGCTCACTTC 
DagS-l 

* 1020* 
CAGCCCTAAGGACCACTGTG CTCAAGATGTGTGGCTGTAG TAAGACAGTCTCATGTCAGG 



* 1080* 
CATTAAGTCAAGGCCTTTCC CTTTCCACACCTGCGGGACA GCGCTTCTGAGGCTCCAGTT 

* 1140* 
CTGTTCTGCTCGAAGCAGGA GGGATGGGTTGTGAAGGAGT CTGGGATGTGACTGGGACCC 

* 1200* 
TCGCATCTCACACTCGGCAC TCTGCCTCTTTCCATCCATG TTTGAGAGCCCTGGTCTCAC 

* 1260* 
CAGGAAGTGCAGAGCAGGAG CCGACTGTGTGTGTAATGCT CTAGTGTTTGTAGTTCTCTT 

* 1320* 
CACTAGCCTTGCAGCGCCAG GGAGGCCGGGCTGGAATTTG GAGCCTAACATGTTAGGTTT 

* 1380* 
TTACGGGAAAGCTCTTTTTC CAGCTGTCTCCCCAAGTGCG TATTGTGGCCCAGGAAGACT 

* 1440* 
TGGTATGGGAAGGGGGGGAT GGTCAAGGTTCCCAAGCCAA GAAATGGAAGGTGCCCAAGC 

* 1500* 
ACCCCCTGGATTTTACATGT TCTTGTATTCAGTAATCTCA GACGATTTACACGGAAATCA 

* 1560* 
GAAGATGTCTTCAAATACCC TTAGACTGGATAGAGTGATG GGGAAGCAGATGATGCATTG 

* 1620* 
AAATTTTGGTTTTTAAAAAA TCACTTAGATGCTGGGAGTA ATGGTGACACACACCCTTGG 

* 1680* 
TCCCGTGACCTGGGAGGCCC TGTCTCAAAACAAAACAAAA AATCATTTAGATGCATTTTG 

* 
TGTTCCTTAMTMATTTTT TAAAAAGCGAAAAAAAAAAA AAAAAAAAA 

Figure 13. Sequence of Dag8 transcript 

The sequence of the Dag8 transcript is shown. The putative start site is 

bolded. Complementary DNA to the primers used for sequencing and RACE 

cloning are underlined (except for Dag8-8 which is complementary to the 

non-coding strand). Primer Dag8-N also contains a Not! site. The bolded C 

residues between the Dag8-1 and Dag8-N primers are shared by both 

primers. A potential poly-adenylation site is bolded and underlined. 
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Figure 14. The Dag8 cDNA contains several open reading frames. 

1600 

Open reading frames were identified using the start/ stop and Fickett's 

method in the MacVector sequence analysis program. The leftmost potential 

polypeptide in reading frame 1 corresponds to the ATG bolded in Figure 13. 
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Blast output using forward translation of all three reading frames as 
input. 

Major histocompatibility complex-binding protein 2 - human 
IX65644ISSMBPROT2_1 MBP-2 (MHC Binding Protein-2) [Homo sapiens] 

Score = 46 (21.2 bits), Expect = 0.31, Sum P(5) = 0.26 
Identities = 8/15 (53%), positives = 11/15 (73%), Frame +3 

Query: 1125 THAPLPGQLTSSPKD 1169 
+ APLPGQ +S P + 

Sbjct: 1601 SRAPLPGQKSSGPSE 1615 

Score = 40 (18.4 bits), Expect = 0.31, Sum P(5) = 0.26 
Identities 12/38 (31%), positives = 17/38 (44%), Frame +1 

Query: 651 PSLPSTAAQAHAPTRTLAVQNLRLAPVPDSSGRTSMST 764 
P T +Q A + LRLA + SSG +S + 

Sbjct: 975 PQRSETLSQLPAEKLPPKKKRLRLADMEHSSGESSFES 1012 

Heparan sulfate proteoglycan (BPG 7) - mouse (fragment) 
IJ04055IMUSPGCBMA_1 Mouse basement membrane proteglycan mRNA, [Mus 
musculus] 

Score = 52 (25.8 bits), Expect = 0.50, Sum P(4) = 0.40 
Identities 9/15 (60%), positives = 11/15 (73%) frame +1 

Query: 

Sbjct: 

463 LVSPGSAEQEPTVCV 477 
+V+PG A EPT CV 

531 IVAPGPATMEPTACV 545 

Score = 50 (24.8 bits), Expect = 0.50, Sum P(4) = 0.40 
Identities = 14/42 (33%), positives = 20/42 (47%) frame +1 

Query: 113 MGVAGAGDEICLALTDWPAKNTSPQPGAPWSTAGSQAPYLPS 154 
M VA +G+ +C A + A+ TS ST AP P+ 

Sbjct: 142 MSVADSGEYVCRANNNIDAQETSIMISVSPSTNSPPAPASPA 183 

Figure 15. Database search results using the Blast algorithms. The entire 

Dag8 sequence (Figure 13) and the forward translation products in all three 

reading frames were used as input. The results of this analysis show that 

Dag8 does not significantly match any database entries. Dag8 does contain 

short regions of similarity several known proteins and the two best matches 

are shown. 
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At the DNA level, the best database matches were with portions of a human 

transmembrane cytokine receptor (58% identity in 112 bp), with a non-coding 

portion of the human and murine TNF-a receptor transcript (55.3% identity in 

123 bp), and with a human T-cell germline T-cell receptor beta chain (65.6% 

identity in 90 bp) (data not shown). Less significant matches were also found 

withalpha-1-microglobulin exonic sequence and the C2 complement gene. 

Using the Shuffle command, which randomizes the query sequence, I found 

that these limited similarities were lost, indicating that the matches were not 

due to random matches based on the base composition of the Dag8 cDNA. In 

conclusion, it appears that Dag8 encodes an as yet unknown gene product. 

Tissue distribution of DagB 

In order to determine the tissue distribution of Dag8 basal expression, 

RNA isolated from a variety of tissues was subjected to a Northern analysis. 

As shown in Figure 16, basal Dag8 expression was detected in thymus tissue 

(3 week old mice) and W7.2 cells but not in spleen, brain, heart, kidney, liver, 

lung, skeletal muscle, or testes. In order to determine whether the RNA 

samples were intact, a histone probe was hybridized to this blot and histone 

H3.3 expression was detected in all samples. Apparent differences in H3.3 

hybridization may be due to tissue-specific histone expression (Dr. Bernard 

Futscher, personal communication) since ethidium staining of ribosomal 

RNA was equal throughout the samples (data not shown). Based on the 

relative band intensity of Dag8 and histone H3.3 in W7.2 and thymus tissue, it 

is apparent that Dag8 is preferentially expressed in thymocytes. In order to 

test whether Dag8 was dex-inducible in thymus tissue, a slot blot analysis 
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Figure 16. Dag8 tissue distribution and dex induction in primary thymocytes. 

A Northern analysis of Dag8 tissue expression using 15 Jlg of total RNA 

from a variety of tissues (A) or from a slot blot analysis of 10 Jlg RNA derived 

from primary thymocyte and splenocyte cultures grown for 24 hours in the 

presence or absence of dex(B) is shown. In part A, the source of RNA for each 

lane is as follows: 1) Untreated W7.2 cells, 2) 12 hour dex-treated W7.2 cells, 3) 

whole thymus, 4) whole spleen, 5) brain, 6) heart, 7) kidney, 8) liver, 9) lung, 

10) skeletal muscle, and 11) testes. These tissues were obtained from either 3 

or 4 week old mice. Histone H3.3 was used to check the quality of the RNA 

samples. In B, a slot blot analysis of Dag8 transcript induction was done 

using primary thymocyte cultures obtained from either 3, 4, or 12 week old 

mice. These values were normalized for loading differences by quantitation 

of histone H3.3 levels. 
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BamHI EcoRl Hindiii Mspl Taql 

Figure 17. Detection of inter-species Dag8 polymorphisms 

A Southern analysis was done using 3 J.lg DNA from either M. 

musculus or M. spretus digested with the indicated restriction enzymes to 

detect species-specific polymorphisms. In each pair of digests, theM. 

musculus sample is on the left. 
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Figure 18. Chromosomal location of Dag8 gene. 

A Southern analysis of Dag8 polymorphisms in M. musculus, M spretus, 

and 23 backcross animals from the cross (C57BL6/Ei x SPRET /Ei) xSPRET /Ei 

is shown in part A. The parental samples are marked by either the • symbol 

(M. musculus) or by the t symbol (M. Spretus) . Part b shows the location of 

Dag8 on chromosome 17 (marked by an arrow). This location was mapped 

with a 97% confidence level and is approximately 14.5 eM from the 

centromere. The numbers on the left denote the distance (in centimorgans) 

between adjacent tic marks. 
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was done using RNA isolated from W7.2 cells, primary cultures of 

thymocytes (3 and 12 week), or splenocytes (3 week) grown for 12 hours in 

the presence or absence of 1J.1M dex. As shown in Figure 16b, a dex

dependent increase in Dag8 expression was only seen in W7.2 cells and the 

cells obtained from 3 week old mouse thymus. In addition, a low basal 

level of expression was found in the splenocyte cultures, but no dex 

induction was seen (data not shown). This response could be due to 

contaminating T-cells (up to 30%) that are co-isolated with splenocytes. 

Chromosomallocali:z.ation of DagB gene 

Southern analysis of W7.2 DNA indicated that Dag8 eDNA 

hybridized to a single copy gene (data not shown). I used the Dag8 eDNA 

as a RFLP on a mouse backcross panel (obtained from Jackson Laboratory, 

Bar Harbor, ME) to assign a chromosomal location for the Dag8locus. This 

panel is composed of DNA derived from 96 mice produced by crossing an 

interspecies F1 heterozygote (M. musculus (C57BL/6J) X M. spretus ), with 

the parental M. spretus. In order to use this panel to map the Dag8 gene, it 

was first necessary to identify interspecies polymorphisms using the 

parental DNA. Figure 17 shows a Southern blot analysis of M. musculus 

and M. spretus DNA digested with a battery of restriction enzymes. 

Several polymorphisms were detected using a fragment of the Dag8 cDNA 

(Dag8-N1 = nucleotides 561 to 902 in Figure 13). Digestion with Msp1 

produced a M. musculus band of about 5 kb and a M. spretus band of 

about 2.5 kb. Based on the simplicity of the Msp1 pattern, and database 
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considerations (a majority of entries were generated with Mspl), I chose to 

use this enzyme to analyze the backcross panel. 

Figure 18 shows a Southern analysis of 24 representative members of 

the backcross panel using the Dag8-Nl probe. As expected, the DNA 

samples segregated into either musculus/spretus heterozygotes or spretus 

homozygotes. The complete results of the southern analysis of all 96 

samples were tabulated and submitted to Jackson Laboratory (Bar Harbor, 

ME) for comparison to their genomic mapping database that contains the 

chromosomal location of a large number of known markers (Rowe et al., 

1994). Based on recombination frequencies between these known markers 

and Dag8, the Dag8locus was mapped to a position about 14.5 cM from 

the centromere of chromosome 17 with a 95% confidence level (see Figure 

18). This chromosomal location corresponds to the murine major 

histocompatibility locus H2, and is highly homologous to human 

chromosome 6p21.3 (Copeland et al., 1993). 

Discussion 

Subtractive hybridization analysis of GR-dependent gene network 

Populations of mRNA from hormone-treated and untreated W7.2 

cells were compared using the technique of subtraction hybridization. A 

high degree of sequence similarity (between 95% to 98%) between 

transcripts present in -/ + dex treated W7.2 cells was seen (Table 6). These 

data extend earlier protein studies (Nordeen and Young, 1976) and 

strongly supports the notion that steroid receptor complexes modulate the 
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expression of relatively few target genes, even though the number of 

nuclear binding sites per cell is potentially very high (Yamamoto, 1985). 

The data from the subtractive hybridizations are consistent with 

previous protein studies. However there is an important distinction 

between these two approaches. Subtraction hybridization has the 

important advantage of allowing direct cDNA cloning of steroid-regulated 

sequences. Isolation and characterization of these differentially expressed 

transcripts can lead to the identification of the primary structure of 

encoded proteins. In addition, in vivo expression studies can be used to 

functionally determine the biochemical role of these proteins in the cellular 

response. 

Subtractive hybridization has been successfully used to identify 

many differentially expressed gene products (Davis, 1986; Fornace et al., 

1988; Duguid et al., 1988; Davis et aI., 1987; Yancopoulos et aI., 1990). 

However, there are a number of technical difficulties involved with this 

procedure. First, it is important to obtain a highly isogenic source for 

driver mRNA in order to efficiently enrich the desired transcripts. In 

addition, to clone basally expressed hormone-induced transcripts, a 

titration experiment should be done to determine the elution profiles of 

various cDNA:mRNA ratios. These data should indicate the lowest ratio 

that will efficiently remove common transcripts but leave induced 

transcripts unhybridized. Further hybridizations designed to positively 

select for induced transcripts remove small double-stranded DNAs and 

unhybridizable material. I also found that my subtracted libraries 

contained mostly small inserts (700 - 1000 bp.) that were biased for the 3' 
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end of the transcript that did not appear to be the result of multiple 

ligation events by restriction enzyme analysis. Since the murine genome is 

replete with repeated elements, this may have contributed the complex 

banding seen with many different cDNAs that I isolated. In retrospect, I 

would advise that one should produce a high quality cDNA library using 

standard procedures, and screen it with highly enriched subtracted probes. 

DagB characterization 

The effects of steroid treatment on the immune system have been 

well documented and range from a severe cellular depletion of 

lymphocytes (by induction of apoptosis) to a transient reduction of 

inflammation. However, to date, there has been almost no information 

available regarding genes that are regulated by GR in thymocytes. Dag8 

was cloned from a mixture of W7.2 cells treated with dex for either 4 or 8 

hours. Although the function and identity of Dag8 are not yet known, it 

seems likely that it is a primary GR target gene (see also Chapter V). The 

sequence shown in Figure 13 was derived from three independently 

isolated PCR products and may contain some artifactual base 

substitutions, insertions, or deletions due to replicative errors made by Taq 

polymerase. However, since the independently isolated cDNAs each 

hybridized to the same single transcript in a Northern analysis, and 

contained overlapping DNA sequence, it is unlikely that the Dag8 cDNA 

shown in Figure 13 contains sequence errors due to in vitro splicing 

artifacts. I also isolated three genomic Dag8 clones using standard 

procedures and future plans include sequencing these for comparison to 
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the cDNA sequence and to use these to characterize the Dag8 control 

region. 

In spite of the uncertainty regarding the exact Dag8 sequence, a 

potential role for Dag8 in thymocyte function is indicated since its basal 

expression is confined to tissues that contain T-cells, and its transcript 

levels increase in response to dex treatment in primary thymocyte cultures. 

In addition, expression of the 3' 1100 bases of the Dag8 cDNA in the 

antisense orientation in W7.2 cells resulted in an increase in cell growth 

rate, cell size, and culture density and dex-induced apoptosis was slowed 

but not completely blocked in several independently isolated antisense 

Dag8 W7.2 transfectants (data not shown}. However, given that a 3' 

antisense construct may not effectively block Dag8 expression, and further, 

that culture density is limited by apoptotic cell death at high culture 

density (data not shown), these preliminary results do not exclude the 

possibility that Dag8 may be involved in dex-induced apoptosis. In order 

to address this more directly, antisense blocking experiments using the 5'

most portion of Dag8 as well as oligonucleotides that span the translation 

start site should be done. Such an approach was used successfully to 

demonstrate the requirement for nur77 in TCR-mediated apoptosis (Liu et 

al.,1994). 

Another provocative indication regarding Dag8 protein function is 

that the Dag8 locus maps to the H2 complex region of chromosome 17. 

This region contains a number of genes that are involved in the 

development and control of the immune system. Although the Dag8 

sequence did not significantly match that of any known genes, it does 

96 



contain short regions of weak homology with known T-cell regulatory 

molecules. The amino terminus of the putative Dag8 translation product 

(reading frame 1 in Figure 14) is proline rich and contains several potential 

glycosylation sites; these characteristics are also found in the cytoplasmic 

portion of the CD27 receptor which contains a short region of homology 

with Dag8 (data not shown). Interestingly, a majority of the genes that are 

most similar to Dag8 (see results) also map to the same relative position of 

chromosome 17. This finding might indicate that Dag8 has "evolved" a 

specific role in T-cell function in response to steroids by exon shuffling of 

nearby gene segments. In support of this speculative premise, it is 

noteworthy that the H2 region is one of the most recombinogenic 

chromosomal regions yet discovered (Copeland et al., 1993). 

Another interesting aspect of the Dag8-containing region of 

chromosome 17 is that certain strains of mice containing a duplication of 

this region are predisposed to the formation of dex-induced cleft palate 

(Dr. Robert Erikson, personal communication). Intriguingly, this response 

seems to include a defect in the ability to regulate cellular redox potential. 

Based on my findings that implicate an early increase in oxidative stress in 

the apoptotic pathway, it is tempting to speculate that Dag8 might encode 

a dex-inducible product that is involved in redox potential control. 
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CHAPTER VI 

CONCLUSIONS 

A model for apoptotic pathway transit 

Our investigation of the apoptotic pathway in murine thymocytes has 

led to the functional identification of multiple events, defined by recessive 

mutations, that are required for apoptosis induction and are distinct from a 

later event that can be antagonized by Bcl-2. Figure 18 shows a schematic 

model in which signal pathways initiated by dex, 8-br-cAMP and gamma 

irradiation converge upstream of the Apt- mutations to initiate a common 

apoptotic pathway. In addition, some pathway steps can be bypassed by 

either H202 or calcium ionophore A23187 treatment. The differences in gene 

expression patterns between dex-treated W7.2, Apt3.8, Apt4.8, and Hb12 

indicate that apoptotic pathway transit may trigger an interdependent 

cascade of gene expression. The recessive mutation in Apt4.8 cells, which 

provides cross resistance to dex, 8-br-cAMP, and gamma irradiation, is 

bypassed by H202 treatment (see Table 3). These data indicate that the gene 

mutated in Apt4.8 must be expressed in W7.2 cells to undergo apoptosis in 

response to dex, 8-br-cAMP, and gamma irradiation but not to H202. This 

idea is consistent with previous studies that have shown a requirement for 

intact transcriptional regulatory domains of GR (Dieken and Miesfeld, 1992), 

p53 (Yonish-Rouach et al., 1991; Lowe et al., 1993), c-myc (Evan et al., 1992), 

and nur77 (Woronicz et al., 1994) to induce apoptosis. 
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Figure 19. A model for dex-induced apoptosis in W7.2 cells. 

This model proposes that dex-induced apoptosis results from transit through 

a defined genetic pathway that requires regulated gene expression. The 

temporal sequence of events is: 1) reception and transmission of the apoptotic 

signal; 2) transcriptional regulation and threshold expression of specific 

genes; 3) changes in cellular homeostasis and specific gene product levels that 

meet conditions required for transit through a precommitment period that 

may be positively or negatively affected by additional factors; and 4) 

commitment to undergo apoptosis followed by activation of effectors that 

bring about apoptotic cell death. In this model, accumulation of reactive 

oxygen species and calcium mobilization are involved at different steps. Apt

mutations block passage through early steps of the pathway, illustrated by 

crosses, while Bc1-2 blocks apoptosis by antagonizing a later step. 
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Since Apt4.8 (group C) is H202-sensitive, and anti-oxidants block 

apoptosis (Hockenbery et al., 1993), H202 treatment appears to mimic 

intracellular changes that occur in a precommitment step to promote 

apoptosis. However, oxidativeslress, produced by H202 treatment, is not 

sufficient to induce apoptosis in Apt3.8 and Apt5.8 cells (Figure 7). One 

interpretation of these data is that gene products, missing or reduced in 

Apt3.8 and Apt5.8 cells, respond to increased oxidative stress, and promote 

induction of apoptosis under this condition. Finally, since A23187 treatment 

was lethal to all the Apt- mutants and Hb12, changes in calcium localization 

appear to be a later step that may occur at the commitment point. 

Alternatively, it is possible that calcium ionophore-induced cell death utilizes 

an independent pathway that may bypass many of the events induced by dex 

treatment. A minimum threshold signal strength to overcome pathway 

barriers (represented by dashed lines in Figure 19) is indicated since lower 

concentrations of H202 and A23187 (data not shown), as well as reduced GR 

content (Table 1 and 2), are insufficient to induce apoptosis. 

This model proposes that commitment to undergo apoptotic cell death 

occurs when all the conditions required to induce apoptosis have been met 

(Figure 19a). My results suggest that the recessive, Apt- mutations block 

transit through the precommitment phase (Figure 19b). I predict that the Apt

mutations affect genes that are specifically required for apoptosis. More 

specifically, based on the H202 sensitivity of Apt4.8 compared to that of 

Apt5.8 and Apt3.8, I propose that the mutation in Apt4.8 affects an early 

pathway step. Furthermore, my data suggest that the Apt3.8 mutation, which 

confers cross resistance to dex, gamma irradiation, 8-br-cAMP, and H202, 
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affects a later event, prior to the step affected by Bcl-2. Based on the dex

dependent GST and Cam gene expression patterns of Hb12 cells, I suggest 

that Bcl-2 antagonizes a relatively late step that may define an irreversible 

commitment point (Figure 19c). These data contrast with recent reports that 

imply that Bcl-2 may block apoptosis by preventing oxidative damage 

(Hockenbery et al., 1993; Kane et al., 1993). My data is more consistent with 

the report that Bcl-2 prevents apoptosis by blocking calcium mobilization to 

the cytoplasm (Lam et al., 1994). However, it is not clear whether these are 

primary effects of Bcl-2 expression (Hockenbery et al., 1993), or whether these 

effects are due to normal repair and homeostatic mechanisms that remain 

active in non-apoptotic cells. 

The striking observation that Bcl-2 protects against such a wide variety 

of apoptotic inducers also supports the notion that the dominant activity of 

Bcl-2 functions downstream of putative effector molecules (Jacobson and 

Evan,1994). Since all of the Apt- cell lines I tested were cross resistant to dex, 

8-br-cAMP, and gamma irradiation, I suggest that multiple common 

precommitment steps, which may provide a mechanism to coordinate 

regulatory inputs (i.e., cell death checkpoints), are utilized by diverse 

apoptotic signals. This idea could be extended to propose that the Apt

mutations define shared steps in a common pathway, rather than identifying 

individual components of multiple parallel pathways. However, 

distinguishing between shared and parallel pathways will require more 

information of the genes defined by the Apt- mutations. 
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A genetic model of vertebrate apoptosis 

One of the major goals of this work was to provide a cell culture model 

to further investigate the induction of apoptosis in a vertebrate system. 

Although C. elegans provided a good invertebrate genetic system, differences 

in its cell death program when compared to vertebrate apoptosis, and the 

inability to carry out detailed biochemical studies, limit its usefulness. To 

address this problem, W7.2 cells were used to generate a panel of apoptosis

defective mutants that provided a genetic system to study thymocyte 

apoptosis. 

Phenotypic characterization of the Apt- cell lines indicates that they 

contain mutations that block apoptosis in response to a variety of signals. 

Although the identity and function of the mutated genes are unknown, these 

studies indicate that they define a previously unknown group of cell death 

genes with novel characteristics. The Apt- cells provide the first example of 

recessive mutations in vertebrates that result in cross resistance to multiple 

apoptotic inducers. This finding functionally distinguishes the recessive W7.2 

Apt- mutants from cell lines that express genes like Bcl-2 that dominantly 

suppress cell death (see Table 2, and (Raff, 1992». Furthermore, it is unlikely 

that any Apt- mutants contain loss of function mutations in Bax, a protein that 

binds to and inactivates Bc1-2 (Oltvai et al., 1993), since W7.2 cells contain 

negligible levels of Bc1-2 protein and none of the Apt- mutants exhibited a 

dex-dependent increase in GST transcripts characteristic of Bc1-2 protected 

Hb12 cells (Figure 5). 

Some putative vertebrate cell death genes can induce apoptosis through 

overexpression. Two such examples are the multi-functional c-myc protein, 

103 



that under special conditions can promote cell death (Martin et a1., 1994), and 

the recently described protease, ICE, which has a 23% amino acid sequence 

homology to ced3 (Yuan et a1., 1993; Miura et a1., 1993). At this point, 

however, it has been difficult to discern cause from effect since ectopic 

expression of these proteins may result in aberrant cellular conditions that 

create apoptotic signals by default. For example, overexpression of the 

murine ced3 homologue, ICE, can induce apoptosis in RAT-1 cells (Miura et 

a1.,1993). However, no ICE transcripts were detected by Northern analysis of 

W7.2 cells treated with dex for 0,6, 12, or 24 hours using a full-length ICE 

eDNA probe (F.A.F. and RL.M. unpublished data). This finding underscores 

the problem in differentiating between gene products that can produce an 

apoptotic signal in certain cases, from those that are required to promote 

apoptosis. The Apt- mutants provide a system that should resolve some of 

these problems. 

The isolation of cell-specific steroid gene network components 

would allow examination of the mechanism that controls gene network 

circuitry. In particular, one could ask what factors dictate the magnitude 

and timing of each response. For example, molecular studies of 

glucocorticoid-regulated target genes have shown that the number of 

GREs and their proximity to the promoter correlate to the transcriptional 

response (Miesfeld, 1989). In addition, the time course of target gene 

expression is also affected by the GRE quantity and "quality" (specific 

DNA sequence in and around ~he GRE). By isolating the relevant genomic 

sequences of steroid target genes involved in apoptosis, I hope to 

understand the mechanism that underlies their coordinate regulation. 
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A cell line system, such as W7.2, permits detailed biochemical analysis 

and facilitates the use molecular techniques to further study apoptosis. For 

example, biochemical characterization of W7.2 and Apt- mutants can be done 

to quantify the role of changes in reactive oxygen levels and calcium 

mobilization in apoptosis. Additionally, the Apt- cells may also provide a 

useful format to test drug-induced therapeutic induction of apoptosis. 

Strategies to functionally clone genomic DNA by complementation of 

individual Apt- mutant cell lines may be possible since W7.2 cells require 18 -

24 hours of dex treatment to commita population to undergo apoptosis 

(Dowd and Miesfeld, 1992). For instance, FACS purification, or Ara C 

selection, could be used within this period to isolate transfected cells that 

undergo dex-dependent growth arrest. The goal of this approach, and other 

strategies under consideration, would be to rescue transfected mutants that 

regain hormone dependent induction of apoptosis. Finally, the Apt- mutants 

offer a method to systematically evaluate the role of genes in apoptosis that 

have been cloned by virtue of their differential expression in apoptotic cells 

(Harrigan et a1., 1989; Owens et a1., 1991; Goldstone and Lavin, 1991; 

Baughman et a1., 1991). 
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