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ABSTRACT 

Glucocorticoid induction of cell death (apoptosis) in mouse lymphoma 

549 cells has long been studied as a molecular genetic model of steroid 

hormone action. The research described in this dissertation focuses on 

understanding the transcriptional control of apoptosis in two steroid resistant 

nti 549 mutant cell lines (549.55r and 549.143r). These studies extend earlier 

biochemical analysis of the mutant nti glucocorticoid receptor (nti GR) to the 

molecular level by isolating and characterizing GR cDNA from the two nti 

549 cell lines, 549.55r and 549.143r, and the wild type (wt) parental line, 

549.A2. This analysis revealed that nti GR transcripts encode intact steroid 

and DNA binding domains but lack 404 amino-terminal (N-terminal) 

residues as a result of aberrant RNA splicing between exons 1 and 3. Results 

from transient co-transfection experiments into CV1 cells using nti receptor 

expression plasmids and a glucpcorticoid responsive reporter gene 

demonstrate that the truncated nti receptor is capable of inducing 

transcription to only 10% the level of wt GR. Gene fusions containing 

portions of both the wt and nti GR coding sequences were constructed and 

used to functionally map the nti receptor mutation. It was found that the loss 

of the N-terminal domain alone is sufficient to cause the observed defect in 

nti transcriptional trans activation. In addition, a complementation assay 

utilizing stable transfection of wt and mutant GR cDNA constructs into a GR

deficient cell line (7r) was developed. By measuring steroid-sensitivity of 

various 7r derivatives, it was determined that GR is rate-limiting for 549 



apoptosis and moreover, that the GR N-terminus is absolutely required for 

complementation in this system. These data also indicate that at 

physiological levels of receptor, the GR N-terminus plays a crucial role in 

controlling lymphocyte apoptosis, even though this portion of the receptor 

seems to be dispensable for low-level induction of mouse mammary tumor 

virus (MMTV) transcription. The smallest functionally defined 

13 

trans activation region in the GR N-terminus has a net negative charge and 

has been named enh2, taul or acidic activation domain (AAD). Results from 

experiments designed to test whether similar activating sequences from the 

herpes simplex virus-l (H5V-l) VP16 protein can substitute for the GR N

terminus demonstra~e that 7r cells expressing VP-GR fusions are indeed 

steroid-sensitive, suggesting that 549 apoptosis requires transcriptional 

induction of specific genes. 
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CHAPTER I 

INTRODUCTION 

Apoptosis, or programmed cell death, has been described as cell suicide 

or "death from within" and is utilized by nature as a means of eliminating 

unwanted cells. Cell death in general, is classified based on morphological or 

biochemical criteria, and in: some instances, on the circumstances of its 

occurrence. Necrosis, which is distinct from apoptosis, involves swelling and 

eventual rupture of plasma and organelle membranes and dissolution of 

organized cell structure. This form of cell death results from injury by agents 

such as toxins and its occurrence appears to be determined, not by factors 

intrinsic to the cell itself, but by environmental perturbation (Wyllie et aI. 

1980). Apoptosis, on the other hand, occurs under physiological conditions 

and is an active process, since RNA and protein synthesis are required to carry 

out this program (Galili et aI. 1982; Schwartz et al. 1990; Oppenheim et aI. 

1990; Martin et aI. 1988). Apoptosis affects scattered single cells rather than 

clusters of contiguous cells. An apoptotic cell progresses through several 

discrete morphological changes: membrane blebbing, cytoplasmic and 

nuclear condensation, fragmentation of DNA into oligonucleosome-sized 

pieces, and margination of chromatin into discrete masses that are aligned on 

the inner side of the nuclear membrane (Wyllie et aI. 1980). In the final stages 

of apoptosis, the cell breaks up into membrane-bound apoptotic bodies which 

are disper,sed in the intercellular tissue spaces and are most commonly 

phagocytosed by surrounding tissue·cells. Apoptotic bodies that escape 
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phagocytosis (like those formed in suspension cultures) will in time, 

spontaneously undergo swelling and eventual rupture (Kerr et al. 1987). This 

apoptotic pathway is responsible for the death of many cells during embryonic 

and post-embryonic development and serves a variety of functions in 

different systems (Wyllie et al. 1980). The exact triggers or mechanisms that 

mediate this process have not been ~lucidated. 

It has been known for many years that during the early stages of 

differentiation, immature T-Iymphocytes undergo apoptosis when exposed to 

physiological levels of glucocorticoids (Iwata et al. 1991). This is also true for 

a number of neoplastic T-cell lInes derived from human (Norman and 

Thompson, 1977) and mouse (Horibata and Harris, 1970; Harris, 1970) 

lymphomas. This cellul~ response is a dramatic one; after addition of 

glucocorticoids to the culture medium, mouse lymphoma cells die within 72 

hours (Bourgeois and Newby, 1977). It is thought that the role of 

glucocorticoid-induced cell death may be htvolved in the normal maturation 

and differentiation of immature thymocytes. In particular, glucocorticoid

sensitivity has been implicated in the mechanism of self tolerance whereby 

autospecific lymphocytes are deleted (Kisielow et al. 1988; Fowlkes et al. 1988). 

The key mechanism through which glucocorticoids exert their 

biological effects involves an interaction with specific high affinity 

intracellular receptor proteins which function as ligand-regulated 

transcription factors (Miesfeld, 1989). Hormone binds to a cytoplasmically 

located inactive receptor complex (a 310 kDa heteromer consisting of one 

hormone binding receptor protein, two molecules of heat shock protein (hsp) 

90 and one unknown 59 kDa protein) (Vedeckis, 1983; Joab et al. 1984; Sanchez 
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et al. 1985), resulting in the release of the "active" 97 kDa form of the 

glucocorticoid receptor (GR) from the heteromeric complex. This ligand

activated form of the receptor is targeted to the nucleus where it has been 

shown to interact with specific DNA elements (glucocorticoid response 

elements or GREs) near glucocorticoid-responsive promoters (Payvar et al. 

1983; Scheidereit and Beato, 1984) resulting in a net increased or decreased rate 

of transcriptional initiation (Yamamoto, 1985). 

Molecular analyses of steroid receptors have revealed at least three 

independent functional domains (Miesfeld, 1989). These include the highly 

conserved DNA binding domain critical for specific DNA interactions with 

steroid response elements, the ligand binding domain and a third domain, 

localized to the amino terminus (N-terminus), which has been found to be 

important for maximal transcriptional regulatory activity (Danielsen et al. 

1987; Godowski et al. 1988; Hollenberg and Evans, 1988; Miesfeld et al. 1987). 

The DNA binding domain is highly conserved among steroid receptors and 

lies within the central region of the molecule. Characteristic of this domain 

are nine conserved cysteines, eight of which are thought to form two zinc 

fingers, each coordinating one molecule of zinc with a tetrahedral geometry 

(Evans, 1988; Beato, 1989; Green and Chambon, 1987). This has been 

confirmed in a report describing structural nuclear magnetic resonance data 

(Hard et al. 1990) and more recently, the crystal structure using the GR DNA 

binding domain (Luisi et al. 1991). Both analyses were able to demonstrate 

that the region contacting the DNA specifically was an a-helical structure 

located on the carboxy-terminal side of the first finger; the second finger 

appears to contact DNA in a non-specific manner. 
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The N-terminus of the steroid receptors is poorly conserved in both 

length and. amino acid composition~ Functional studies using GR (Danielsen 

et aI. 1987; Godowski et al. 1988; Miesfeld et aI. 1987; Schena et aI. 1989) and 

estrogen receptor (ER) (Kumar et aI. 1987) seemed to indicate that this domain 

is dispensable for the regulation of mouse mammary tumor virus (MMTV) 

and vitellogenin transcription, respectively. Since there is little similarity in 

the N-terminal domain between these two closely related proteins, it is 

thought that its function . may be either degenerative or so subtle that it is 

difficult to test directly. One model suggests that the highly variable N

terminus of steroid receptors may be involved in discriminating between 

steroid target genes through protein-protein interactions with various 

transcription factors (Miesfeld, 1990; Strahle et aI. 1988; Tora et al. 1988; Tora et 

aI.1989). This is a reasonable hypothesis based on the finding that many 

steroid-regulated gene networks display complex patterns of multi-hormonal 

regulation (Briehl et al. 1990) and that cell-specific promoters have been 

found to require multiple transcription factors for full regulatory activity 

(Johnson and McKnight, 1989). 

In addition to regulating transcription through cytoplasmic receptor 

proteins, there is increasing evidence that indicate steroids mediate rapid 

effects at the cell membrane, where they presumably attach to membrane

bound receptors. In most instances, receptors functioning at the membrane 

are probably distinct from the cytosolic form of the receptor. A good example 

comes from studies demonstrating that progesterone binds to sperm 

membranes, followed by a very rapid influx of calcium, which is believed to 

set off the acrosome reaction (Blackmore et aI. 1990). This biochemical 
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reaction is required for the fertilization of an egg. In addition, certain steroids 

have dramatic effects on brain chemistry. In light of the observation that 

steroids have hypnotic and anesthetic properties, it has now been reported 

that a metabolite of progesterone binds to the A form of the GABA receptor in 

the brain to enhance its inhibitory effect on neural transmission (Lambert and 

Peters, 1989). There is immunological evidence however, that GR or an 

antigenically related protein is located in the plasma membrane in 549 cells 

and furthermore, that this plasma membrane protein may be involved in 

steroid-mediated apoptosis (Gametchu et al. 1987). These studies serve to 

remind us that steroids may exert their effects through multiple mechanisms 

(and perhaps multiple receptors) resulting in a variety of cell-specific 

responses. 

The fact that steroid-resistant derivatives of certain lymphocyte cell 

lines can be easily isolated has been instrumental in the elucidation of the 

mechanism of steroid action as well as a means of understanding the ~iology 

of apoptosis. 549 cells are a glucocorticoid-sensitive lymphoid cell line which 

has been extensively characterized and used for the genetic selection of such 

steroid resistant derivatives (Sibley and Tomkins, 1974). Molecular lesions in 

the receptor are thought to be responsible for the steroid-resistant phenotype 

in most mutant 549 cell lines. ~everal classes of mutations have been 

identified, the most abundant type are those which do not bind hormone (r-) 

due to a loss of the receptor or mutations in the ligand-binding domain 

(Gehring and Tomkins, 1974; Danielsen et al. 1986). Two other classes of GR 

mutants have been described; those which do not bind DNA 
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. 
(nt") (Bourgeois and Gasson, 1985; Danielsen ~t al.1986), and a particularly 

interesting class of mutants, termed nti. The nti GR was found to bind 

hormone, efficiently translocate to the nucleus, and bind DNA (Yamamoto et 

al. 1976), however, biochemical analysis revealed that the 549 nti GR is a 

truncated form of the receptor. This receptor has an appax:~~t molecular mass 

of 45-48 kDa on SDS gels (Distelhorst et al. 1987) in contrast to the 549 wt 

receptor which has an apparent molecular mass of 94-97 kDa (Rehmus et al. 

1987; Northrop et al. 1985). The missing portion of the receptor in this 

mutant has been characterized at the protein level by partial proteolysis 

studies and found to be physically separable from the DNA and ligand 

binding domains (Payvar and Wrange, 1983; Reichman et al. 1984). 

Chymotryptic digestions of the 97 kDa wt receptor produces a 39 kDa 

polypeptide which retains hormone and DNA binding activities and has 

physical properties very similar to the nti GR (Payv~ and Wrange, 1983; 

Reichman et al. 1984). Recently, transcript mapping studies using GR cDNA 

probes have revealed that sequences encompassing all or part of the GR N

terminus are absent from processed nti mRNA (Miesfeld et al. 1986; Miesfeld 

et al. 1988; Northrop et al. 1986). 

Deletion analyses and gene fusion studies using GR cDNA expression 

vectors in transient co-transfection assays have demonstrated that the N

terminal domain is required for maximal transcriptional regulatory activity 

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

Miesfeld et al. 1987; Giguere et al. 1986). The smallest functionally defined 

trans activation re&on in the GR N-terminus has a net negative charge and 

has been named enh2 (Godowski et al. 1988) or tau1 (Giguere et al. 1986). 
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Similar acidic activation domains (AADs) are also found in several other 

transcription factors such as GAL4 (Ma and Ptashne, 1987) and VP16 

(Sadowski et al. 1988). VP16 is a virally encoded transcriptional activator 

protein responsible for activating transcription from the immediate early 

genes during the lytic infection by the herpes simplex virus type 1 (HSV-1). 

The carboxy-terminal 78 amino acids of VP16 have been shown to be highly 

acidic and responsible for the trans activation functions of this protein 

(Triezenberg et al. 1988). This unusually strong activating sequence has been 

fused to heterologous DNA binding domains of known transcription factors 

to create "super" activators (Sadowski et al. ·1988)~ It is believed that the high 

concentration of negative charges found within this type of trans activation 

domain and a potential a-helix are critical to the structure of this domain. 

Interestingly, Cress and Triezenberg· (1991) have recently demonstrated a 

single amino acid substitution at Phe442 completely inactivated VP16. They 

conclude that residue 442 is probably involved in maintaining the overall 

structure of VP16 (since the predicted a-helical structure does not appear to be 

important) through hydrophobic interactions or perhaps in protein:protein 

contacts with other parts of the transcriptional apparatus. 

GR and other steroid receptors are known to be phosphorylated in 

vivo. It appears that addition of hormone increases the extent of 

phosphorylation by 50-70% (Orti et al. 1989). In addition, a truncated form of 

GR, lacking the hormone binding domain, is constitutively 

hyperphosphorlyated. Therefore, it appears that the phosphorylation state of 

GR is hormone dependent and it has been suggested that this modification is 

somehow involved in regulating the function of GR. Bodwell et al. (1991) 
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have recently identified seven phosphorylation sites in the mouse GR, all 

localized to the N-terminus. Three out of the seven sites are serines and are 

specifically confined to the AAD (residues 196-293) and are located in 

consensus sequences for proline-directed kinase and/or p34cdc2 kinase. The 

location of the phosphorylation site~ in the AAD suggests a role for 

phosphorylation in modulating these functions. Evidence for such a 

mechanism comes from observations that a mutant of the yeast 

transcriptional activator protein derivative, GAL4 (1-238), which contains the 

first of two activating regions of GAL4 attached to the DNA-binding domain, 

displays increased activation which is not associated with an increase in the 

acidity of the primary sequence (Gill and Ptashne, 1987). Preliminary 

experiments suggest that this mutant (in which De is replaced by Thr) is 

phosphorylated (Gill et al. 1990). This phosphorylation may increase the 

potency of activation by contributing to the negative charge, and could 

thereby provide a possible means of controlling activators in response to 

environmental signals (Ptashne, 19~8). 

GR has been shown to repress the transcription of several genes, 

including the proopiomelanocortin gene (Drouin et al. 1989), the prolactin 

gene (Sakai et aI. 1988), and the chorionic gonadotropin a subunit gene 

(Akerblom et aI. 1988; Oro et aI. '1988). It has been proposed that repression of 

these genes is carried out by GR binding to negative GREs, and in the process, 

displacing transcriptional activators. The collagenase gene is also negatively 

regulated by glucocorticoids (Brinckerhoff et aI. 1986; Weiner et aI. 1987) and 

recent reports indicate that this repression occurs by interfering with AP-1, the 

major enhancer factor of the collagenase promoter (Schule et aI. 1990; Jonat et 
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aI. 1990; Yang-Yen et aI. 1990). It is proposed that this interference does not 

require receptor DNA binding and involves direct interactions between AP-1 

and GR. In addition, Diamond et aI. (1990) have described a "composite" GRE 

upstream of the mouse proliferin gene, where selective binding by both GR 

and fos and jun is observed. AP-1 binding to the "composite" GRE confers 

positive regulation by tumor promoting agent (TP A) and glucocorticoids 

confer both positive arid negative regulation by int~racting with both DNA 

and with either a bound jun-jun homodimer or jun-fos heterodimer, 

respectively. 

Since the nti GR is missing the N-terminal domain of the receptor and 

nti cells are totally resistant to the effects of glucocorticoids, it has been 

suggested that the transcriptional trans activation function of the receptor is 

critical in inducing steroid-mediated apoptosis in 549 cells (Miesfeld, 1990). 

This is in contrast to recent reports describing the effect that transient 

expression of several human GR deletion mutants in a GR-deficient CEM-7 

derivative cell line has on the dex-resistant phenotype which these cells 

normally display. Since only the DNA binding domain appears to be reqUired 

to complement the dex-resistant phenotype, the au~hors propose that 

transcriptional repression by GR may be necessary for glucocorticoid

dependent killing of the human T-Iymphocyte CEM-7 cell line (Harbour et al. 

1990; Nazareth et aI. 1991). Similar proposals have been made for the P1798 

mouse lymphosarcoma cell line (Ip et aI. 1991). In light of these conflicting 

studies, my dissertation research has focused on directly testing the question 

of GR-dependent transcriptional induction of apoptosis in 549 cells in hopes 

of gaining a better understanding of the molecular mechanism responsible 
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for steroid-induced apoptosis in 549.cells. The work described in the pages 

that follow includes the isolation and characterization of cDNAs coding for 

the nti GR These studies revealed that this mutant receptor arises from an 

aberrant spicing event which results in the loss of the entire N-terminal 

domain of the receptor. Surprisingly, the nti GR is capable of inducing 

transcription from the MMTV promoter, albeit at low levels. To gain a better 

understanding of why nti cells are totally steroid-resistant even though the 

nti GR is capable of activating transcription, cell lines were isolated which 

stably express the nti GR at high levels. This overexpression appears to 

overcome the reduced transcril?tional induction from the MMTV promoter, 

however, these cells remain totally resistant to steroids. Deletion mapping 

experiments aimed at identifying sp'ecific sequences in the GR N-terminus 

indicate that the previously defined AAD is, at least in part, responsible for 

bringing about this biological event. These results provide strong evidence 

that the mechanism through which apoptosis is carried out in 549 cells is 

transcriptionally based and moreover, requires induction, rather than 

repression, of specific GR target genes. 
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EXPERIMENTAL PROCEDURES 

Materials and Methods 

Cell lines 

The cell lines 549.A2~ 549.SSr, 549.143r and 549.7r were obtained from 

K. Yamamoto and are derivatives of the cell line 549.1T.B4 (Sibley and 

Tomkins, 1974). 549 cells were grown in Dulbecco Modified Eagle (DME) 

medium containing 10% defined/supplemented calf bovine serum (CBS) 

(Hyclone) at 3J70 C in an 8% CO2 humidity-controlled incubator. CV1 cells 

were obtained from Robert Tjian and were maintained in DME medium 

supplemented with 5% fetal bovine ·serum (FBS) as previously described 

(Miesfeld et al., 1987). 

Isolation of glucocorticoid receptor cDNA 

24 

Poly A+ RNA isolated from wt (549.A2), nti1 (549.SSr) and nti2 

(549.143r) cell lines was size fractionated on sucrose gradients to obtain 

mRNA >4 kb as described (Ausubel et al., 1989). cDNA was synthesized using 

random hexanucleotides and cloned with EcoRl linkers into the 

EeoRl site of "-gtlO (Ausubel et al. 1989). These three unamplified cDNA 

libraries were individually screened with a mixture of 32P-end-Iabeled 

oligonucleotides corresponding to sequences in exons 2 (RMOS, nucleotides 

1285-1303 of rGR: S'-GCITGAGTACCCATTAGAAAACACTGACC-3'), 3 
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(MOl, nucleotides 1285-1303 of mGR: 5'-AGGCAGAGTITGGGAGGTGG-3'), 

and 4 (RM03, nucleotides 1541-1567 of rGR: 

5'-CATITCCGATAGCGGCATGCTGGGCAG-3') of GR. Primary isolates from 

the nti libraries were dIfferentially screened with oligos specific for exons 2 

(M03, nucleotides 1183-1203 of mGR, 5'-ATGAACTTCGCAGGCCGCTCA-3') 

and 3 (MOl) in order to eliminate cDNAs corresponding to the r- allele 

(Danielsen et aI. 1986). Primary isolates from the A2 library were screened 

with an oligo specific to the 5' end of exon 2 (M04, nucleotides 23-43 of mGR: 

5'-GAGCTAAGGATTCTITGGAGT-3') in order to identify fully extended 

clones. A diagnostic Haem site was used to identify r- sequences in GR 

cDNAs isolated from the A2library (Danielsen et aI. 1986). 

DNA sequencing analysis 

Phage DNA was isolated as described (Meese et al. 1990) and the EcoRI 

inserts were subcloned into the'KS+ cloning vector (Stratagene). Rapid mini

plasmid prep DNA was prepared (Sambrook et al. 1989) for each GR subc10ne 

and sequenced as described in the sequenase enzyme kit (U.S. Biochemical 

Co.). DNA and amino acid sequence analysis was carried out using the 

University of Wisconsin Genetics Computer group sequence analysis 

software package. 

Pulse-field gel electrophoresis (PFGE) 

Preparation of high molecular weight DNA, restriction enzyme 

digestions with ClaI, SfiI, SaclI, Narl and SaU, and use of a contour-clamped 

homogenous electric field (CHEF) apparatus were performed as described 
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(Meese et aI. 1990). In brief, cells were harvested, washed once in PD buffer 

(137 mM NaCI, 2.7mM KCli 4.3mM Na2HP04, 1.4mM KH2P04), and 

resuspended in SO°C prewarmed lysis buffer (10 mM Tris-HCI, Ph 7.S, 100 mM 

EDTA, and SO mM NaCl). The cell suspension was mixed with prewarmed 

1 % low melting point agarose to a final concentration of S X 1()6 cells/ml. 

CHEF gels were run in O.S% TBE buffer (45 mM Tris-borate, ImM EDTA) for 

40 hours at 14°C using 120V with a switching time ranging from SS to 90 

seconds. The procedure for Southem transfer and hybridization were as 

described previously (Meese et aI. 1989). 

Construction of receptor expre~sion plasm ids 

The nti cDNA clones used for the construction of the expression 

plasmids p6RmGR, p6Rnti and p6Rdnti, were 1139 (wt), A70 (nti) and A23 

(dnti) respectively, all of which contain EcoRI linker sequences as a result of 

cloning. These inserts were first ligated into the EcoRI site of KS+ and then 

into the eukaryotic expression vector p6R (Godowski et al. 1988) using XbaI 

(the 3' Xbal site is located in the KS+ polylinker and the S' XbaI site is in the 

GR leader sequence 290 nucleotides upstream of the exon 1 border). The GR 

fusion protein, wt-nti, was constructed by ligating the KpnI-SphI (S' GR) 

fragment of p6RGR (Godowski et al. 1988) and the SphI-XbaI (3'GR) fragment 

of p6Rnti into the KpnI-XbaI sites of p6R (p6Rwt-nti). Similarly, the ntLwt 

GR fusion protein was made br ligating the KpnI-SphI (S'GR) fragment of 

p6Rnti (containing only the short nti N-terminus) and the SphI-XbaI (3'GR) 

fragment of p6RGR into the KpnI-XbaI sites of p6R (p6Rnti-wt). 
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The pRX-neo expression plasmid was made by first removing the CAT 

gene from pMAMCATneo (CLONETECH) using Sall and then adding Xbal 

linkers to the blunted ends to make pMX-neo. The 2.0 kilobase (kb) NdeI-XbaI 

fragment, which contains the mouse mammary tumor virus long terminal 

repeat (MMTV LTR) from pMX-neo, was removed and the 0.37 kb NdeI-PvuI 

fragment (Rous Sarcoma virus LTR) from pRSVGR (Miesfeld et aI. 1987), and 

the 0.150 kb PvuI-Xbal fragment (multiple cloning site) from p6R (Godowski 

et aI. 1988) were ligated together to give pRX-neo. pK5-hyg was made by 

removing the 1.9 kb NruI-BamHI fragment containing the hygromycin

resistant gene from a derivative of pLG89 (Gritz and Davies, 1983) and cloning 

it into I<S+ (pKS-hyg). The 2.0 kb HindIII fragment from pKS-hyg (containing 

the hygromycin-resistance gene) was modified using BamIll linkers and then 

ligated into pRX-neo at the BamHI sites to make pRX-hyg. The 2.8 kb Xbal 

fragment of p6RmGR containing the wt mouse GR (mGR) cDNA was cloned 

into the XbaI site of pRX-neo to form pRmGR-neo. Similarly, the 1.5 kb Xbal 

fragment of p6Rnti containing the nti GR cDNA was cloned into the Xbal site 

of pRX-neo to give pRntLneo. pRntLhyg was constructed by cloning the 1.5 

kb nti GR cDNA-containing fragment from pRntLneo into the KpnI-XhoI 

sites of pRX-hyg. The pRN+GR-neo expression plasmid contains two new 

restriction sites introduced by site-specific mutagenesis using the method of 

Kunkel (1985) which flank the GR N-terminal domain, Bgi II at nucleotide 

position 121 using the oligo MBg2 (corresponding to nucleotides 111-137 of 

mGR: 5'-TAAAACCCTGAGATCTGGAGCTACAGT-3') and NcoI at 

nucleotide position 1228 using the oligo MNco (corresponding to nucleotides 

1218-1244 of mGR: 5'-ATATTCAAGCCCATGGATGAGACCAGA-3'). The 
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introduction of these two new restriction sites left the coding sequence intact 

except for a Gly ~ Ser substitution at position 36 and a Gly ~ Trp substitution 

at position 405. pRN-GR-neo was constructed with the help of Mark 

Chapman, by removing the 1.1 kb Bgi II-Ncol fragment from pRN+GR-neo 

and replacing it with a 21 bp Bgi II-Ncol adaptor. This adaptor was made by 

annealing the two oligos, M-BgNco-l (5'-GATCTGGAGCGGCCGCGTIAG-3') 

and M-BgNco-II (5'-CATGCTAACGCGGCCGCTCCA-3'), followed by 

digestion with BglII and Ncol. This adaptor inserts six new amino acids 

between residues 36 and 405 of N+GR (Gly, Ala, Ala, Ala, Leu, Ala). 

Transient co-transfection assays 

Transfections into CV1 cells were performed by electroporation using a 

BRL Cell Porator at 275 m V and 330 J.LF as described by the manufacturer 

(Bethesda Research Labs). Logarithmically growing cells were washed twice 

with HBS buffer (5mM KCI, 127mM NaCI, 6mM glucose, 21 mM Hepes, pH 

7.05, 0.7mM Na2HP04) and resuspended in HBS buffer at a concentration of 

6 x 1()6 cells/ml including 50 Jlg each of expression plasmid (p6R vector), 

reporter plasmid (pMM-CA T) and a B-galactosidase internal control plasmid 

(pVALO). The reporter plasmid pMM-CAT includes 1.4 kb of the MMTV

LTR linked to the chloramphenicol acetyl transferase (CAT) gene (Rundlett et 

al. 1990). pVALO contains the B-galactosidase gene fused to an SV40 

enhancer / globin promoter transcription unit (Picard and Yamamoto, 1987). 

Following electroporation and a 10-minute recovery period, cells from a 

single cuvette were split into two equal portions and plated in DME 

containing 5% FBS with or without 1 x 10-6 M dexamethasone (dex). After 48 
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hours in culture, the cells were harvested, protein extracts were prepared and 

CAT assays performed using 60 J.lg of protein extract in a final volume of 180 

J.Ll as described (Picard and Yamamoto, 1987). The reaction mixture was 

incubated at 37° C for 3-16 hours and acetylated forms of chloramphenicol 

were separated by thin layer chromatography (TLC) on silica plates in 95:5 

chloroform:methanol. Percent conversion of 14C-chloramphenicol into 

mono- and diacetylated forms was determined by liquid scintillation counting 

of all radioactive spots from the TLC plate (Rundlett et al. 1990). 

Transient transfections into 549 cells were performed by 

electroporation as described above with slight modifications. Briefly, 

electroporations were carried out at 225 m V and 800 J.1F using two cuvettes, 

each of which contained 5 x 106 cells resuspended in one ml of HB5 buffer 

plus 50 J.lg of the pMM-CAT reporter plasmid. 10 J.lg of the plasmid pEQ176, a 

derivative of pON1 (5paete and Mocarski, 1985), containing the bacterial 

B-galactosidase gene transcribed from the cytomegalovirus 

enhancer/promoter, was used as an internal control. Following 

electroporation, cells from the duplicate cuvettes were mixed and then split 

into two equal portions and plated in DME containing 10% 

defined/supplemented CBS with or without 1 x 10-6 M dex. After 24 hours in 

culture, the cells were harvested and protein extracts were prepared and 

normalized to the same protein concentration using the BCA protein assay 

(Pierce). One portion was used for B-galactosidase assays (Rosenthal, 1987) 

and another for CAT assays (Picard and Yamamoto, 1987). The CAT reaction 

mixture was incubated at 37° C for 16 hours and acetylated forms of 

chloramphenicol were separated by TLC as described above. Percent 



conversion of 14C-chloramphenicol into mono- and diacetylated forms was 

determined by beta-scope (Betagen) scanning of the TLC plate. 

Stable transfections and soft agar cloning 

Logarithmically growing cells were harvested and washed twice and 

then resuspended in HBS buffer at a final concentration of 5 x 106 cells/ml. 
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To each cuvette, 100 Ilg of GR expression plasmid (50 Ilg supercoiled, 50 Ilg 

linear) was added to one ml of the cell suspension. Electroporation was 

carried out at 225 m V and 800 IlF using a cell porator (Bethesda Research Labs, 

MD). Cells from each cuvette were allowed to recover in 20 mls of 

conditioned media for 24 hours, after which G418 (Gibco, Geneticin) was 

added at 1 mg/ml (active), or Hygromycin B (Calbiochem) at 1.5 mg/ml final 

concentration. After 48 hours of selection in liquid culture, the cells were 

then plated in soft agar (Puck et al. 1955). This was done by making a fresh 

stock of filter-sterilized plating media containing 50% preconditioned growth 

media, 30% fresh DME media, 10% fresh defined/supplemental CBS, G418 or 

Hygromycin B (at the same concentrations as above), and antibiotics to which 

autoclaved FMC Sea Plaque agarose (6% stock) was added to a final 

concentration of 0.5%; this was kept at 37° C until ready for use. A bottom 

layer of plating media was poured (24 mls per 150 cm2 tissue culture dish) and 

allowed to solidify at 4° C for 11 minutes, followed by 10 minutes at room 

temperature. Cells were centrifuged at 1500 rpm for 10 minutes, resuspended 

in 12 mls of plating media and then carefully layered over the bottom agar. 

This top-agar was allowed to solidify as described above, and the plates were 

then incubated at 37° C. Drug-resistant colonies were visible 7 to 10 days later 



and picked into 6-well dishes with 3 mls of cond.itioned media containing 

G418 or Hygromycin B at the same concentrations stated above. 

Growth curve analysis 
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Logarithmically growing cells were seeded at 1 X lOS cells/ml in OME 

media containing 10% CBS either in the presence or absence of 1 X 10-6 M dex 

(using a 1 X 10-4 dilution of a 1 X 10-2 M stock, dissolved in 100 % ethanol). 

The number of viable cells was determined every 24 hours for the next three 

days by removing duplicate one ml aliquots of each culture, adding trypan 

blue (0.4% solution, Gibco), and counting only live cells (i.e. those which 

exclude the dye and appear as large transparent spheres with even edges) 

using a hemacytometer. Growth curve assays were repeated at least three 

times. 

Whole cell hormone binding assay 

Glucocorticoid receptor levels were assayed in whole cells as described 

(Northrop et al. 1985) with slight modifications. Briefly, logarithmically 

growing cells were harvested and resuspended in duplicate reactions 

containing 1 x 107 cells in 0.5 ml PO buffer. [3Hldexamethasone (Amersham, 

94 Ci/mmol) was added to a final concentration of 2 x 10-8 M. Non-specific 

binding was assayed by adding 2 x 10-5 M unlabeled dex to a third suspension. 

Cells were incubated at 37° C for one hour then washed three times by 

resuspension and centrifugation in PO buffer. Radioactivity in whole cell 

pellets was assayed by liquid scintillation counting. The cpms obtained were 

normalized to total cellular protein content measured by the BCA protein 



assay (Pierce). The dex-binding values are an average of duplicate samples 

derived from three separate experiments. 

Receptor affinity labeling 
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Covalent labeling of glucocorticoid receptors with [3Hldexamethasone 

21-mesylate (NEN, 44 Ci/mmol) was performed as described by Rehmus et al. 

(1987). Cells were washed twice with PD buffer and then resuspended in PD 

buffer at a concentration of 5 x 107 cells/ 0.45 mI. Duplicate cell suspensions 

were incubated with 50 mM [3Hldexamethasone 21-mesylate in the presence 

or absence of 100-fold excess unlabeled dex for 4-6 hours at 4° C. The cells 

were then pelleted and the supematent discarded. Cytosolic extracts were 

prepared by freezing the cell pellets at -800 C for 15 minutes and thawing each 

pellet in 20 J.1l of hypotonic buffer (25mM Tris, pH 8.2, 1mM EDTA, 10% 

glycerol, 20mM Na2Mo04) at 4° C. The supematent was recovered by 

centrifugation in an Eppendorf microfuge at 40 C for 15 minutes. The protein 

content of each cytosolic extract was determined using the BCA protein assay 

(Pierce) and equal amounts of protein were run on a 10% polyacrylamide gel 

under reducing and denaturing conditions (50S-PAGE) (Laemmli, 1970). 

Gels were fixed in a solution of glacial acetic acid:methanol:H20 at a ratio of 

1:3:6 for 1-3 hours followed by the impregnation with EN3HANCE (NEN) 

acc~rding to the manufacturers protocol. Gels were dried and then exposed to 

Kodak XAR-5 film at -800 C for 7-14 days. 
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Immunoadsorption 

Cells were first labeled with [3H]dexamethasone 21-mesylate, cytosolic 

extracts were prepared and normalized to total protein content as described 

above. The cytosolic extracts were then preabsorbed for 30 minutes on ice 

with an equal volume of Pansorbin (Calbiochem). After centrifugation, the 

supernatent was transferred to a new tube and 15 J1l of the rabbit polyclonal 

antibody, a -GLR-3', was added and incubated at 4° C for 1 hour. An equal 

volume of Pansorbin (8 mg of Pansorbin, which had been preabsorbed with 

unlabeled cytosolic extract in order to reduce non-specific adsorption of 

proteins to the Pansorbin, in 0.1 ml of hypotonic buffer) was then added and 

mixed by gentle rotation for 2 hours at 4° C. The Pansorbin was pelleted by 

centrifuging the samples in an Eppendorf microfuge for 5 minutes at 4° C. 

The Pansorbin pellet was resuspended in 100 J1l of solubilization buffer (SB), 

(250mM NaCI, 5mM EDTA, 25mM Tris, pH 7.5, 1% Triton X-100, 0.5% 

deoxycholate), layered onto a sucros"e cushion (0.6 ml of 1M sucrose in SB) 

and centrifuged for 5 minutes at 4° C. After repeating the sucrose cushion, 

the pellets were then washed three times with TE (10mM Tris, 5mM EDTA), 

centrifuging each time for 5 minutes at 4° C. The Pansorbin pellets were 

heated at 100° C for 10 minutes in the sample buffer (0.6 M Tris, pH 8.85, 2% 

sodium dodecyl sulfate, 5% (v/v) B -mercaptoethanol, 10 % (v/v) glycerol, 

and bromophenol blue). Insoluble material was pelleted by centrifuging the 

samples for 15 minutes at 25° C and the clear supematent was subjected to 

SDS-PAGE. 



CHAPrERDI 

NTi GLUCOCORTICOID RECEPTOR TRANSCRIPTS LACK SEQUENCES 

ENCODING THE N-TERMINAL TRANSCRIPTIONAL 

MODULATORY DOMAIN 

Introduction 
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Glucocorticoid induction of cell death (apoptosis) in mouse lymphoma 

549 cells has long been studied as a molecular genetic model of steroid 

hormone action. Several dex-resistant 549 cell lines have been isolated which 

contain mutations in the GR. The nti mutant receptor binds hormone and 

DNA normally, but fails to activate the cell death response in nti cells. 

Biochemical analysis has revealed the nti GR is a truncated form of the 

receptor. In this chapter, I extend this analysis to determine the molecular 

basis of this receptor defect in order to gain a better understanding of the 

mechanism involved in steroid-mediated cell death in 549 cells. 

Results' 

Isolation and characterization of nti receptor sequences 

Previous genetic studies of 549 cells suggested that the wt parental cell 

line (549.A2) is heterozygous with respect to GR (Bourgeois and Gasson, 1985). 

More recent molecular analysis revealed that one allele expresses the wt 

receptor which mediates dex-induced apoptosis, and that the other allele 

directs the synthesis of a full length mutant GR protein that does not bind 
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steroid (r-) (Miesfeld et aI. 1984; Miesfeld et aI. 1985). As seen in Figure lA, in 

addition to the 7kb full-lEmgth r- transcript, a smaller ntLspecific transcript of 

5.5 kb is also expressed in the 55r and 143r nti cell lines. The proposed 

functional organization of r-, wt and nti transcripts based on this Northern 

hybridization analysis and on additional transcript mapping studies (Miesfeld 

et al. 1986), is illustrated in Figure lB. 

In order to determine the sequence of the nti N-terminus, I isolated 

multiple independent GR cDNA clones from unamplified wt, nti1 (55r) and 

nti2 (143r) cDNA libraries. DNA sequence data of wt and nti1 cDNA clones in 

the region of exon 3 revealed that these transcripts are not identical (Figure 2). 

This sequence difference between wt and nti1 transcripts was also found for 

nti2 and maps precisely to the 5' border of exon 3 as determined by sequencing 

GR intron/exon junctions of mouse genomic DNA clones (data not shown). 

A summary of sequencing data for 21 different cDNA clones from the three 

primary recombinant 549 libraries is shown, in Table 1. It can be seen that all 

15 of the nti1 and nti2 cDNAs lack exon 2 sequences and instead contain an 

abnormal exon 1-3 splice junction, thus explaining the loss of exon 2 encoded 

amino acid residues 1-404 from nti mRNA (Danielsen et aI. 1986; Miesfeld et 

aI.1988). This finding is consistent with the lack of a chymotrypsin cleavage 

site (these sequences map to the 3' end of exon 2; residues 395-402; refs. 

Carlstedt-Duke et aI. 1987; Rehmus et al. 1987).and the absence of the BURG2 

epitope in the nti GR (which maps to residues 375-391 of mouse GR; ref. 

Rusconi et al. 1987). In addition to the major exon 1 sequence, I identified at 

least four other exon 1 sequences. Similar heterogeneity in the 5' termini of 

transcripts encoding rat GR (R.M and M. Jacobson, unpublished data), 
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A. 
. wt nti 1 nti2 r-

B. 
{r-} 

{wt} 

~ {nti} 
L..? 

Figure 1: Structure of wt and nti transcripts. A) Northern blot of total RNA 
isolated from the S49 cell lines A2 (wt), 55R (nti), 143R (nti2) and 7R (r-), 
probed with GR 3' untranslated sequences. The full length (7 kb) and ntL 

specific (5.5 kb) transcripts are shown. B) Functional map of r-, wt and nti 
receptors. The r- GR contains a point mutation in the ligand binding 
domain (designated by an X), the wild type GR contains all three functional 
domains including modulatory (shaded box), DNA (hatched box) and ligand 
binding (open box); the nti GR contains only the ligand and DNA binding 
domains. 
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Figure 2: DNA sequence of wt and nti eDNA. Dideoxy-sequencing reactions 
are shown f?r .a small region of both wt and nti 1 eDNA clones. The 
sequencing primer is complementary to the coding strand within exon 3 
sequences and initiates DNA synthesis downstream of the novel nti 
junction. The unique nti sequence is highlighted in bold. 



Table 1: Summary of cDNA sequences from the region around exons 1, 2, and 3 

cDNA 

wt 

nti1 
nti1 

nti2 
nti2 
nti2 
nti2 

Exon1 

• •.• TGGGAGGAAG 

.••.. TGGGAGGAAG 
· •.• GGGTGCTGAG 

• •.. TGGGAGGAAG 
· ••. CGGGCTCACA 
• •.. GAAGGATATC 
• ..• NNNNNCGAAT 

TTAAT 

Nucleotide sequence 

Exon2 

TCAAG 

Exon3 

CCCTG ••.• 

CCCTG •..• 
CCCTG .•.. 

CCCTG .... 
CCCTG ••.. 
CCCTG .... 
CCCTG ...• 

No. of clones 

6 

5 
1 

6 
1 
1 
1 

Exon border sequences for 21 independently isolated cDNA clones from three primary recombinant 

549 libraries are shown. Dotted lines indicate upstream and downstream sequences not shown. All 

the nti cDNAs analyzed were missing exon 2 sequences (indicated by a dash). The intron and exon 

boundaries have been determined by genomic sequencing (data not shown). 

~ 
00 
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HMGCoA reductase (Reynolds et al. 1985) and nerve growth factor (Selby et al. 

1987) have also been observed. The functional significance of heterogeneity at 

the 5' end of these mRNAs is not known. The entire nti GR exon 1 

nucleotide sequence of A70 is shown in Figure 3. 

Genomic organization of the nti allele 

Two types of mutations could explain the lack of exon 2 sequences in 

nti GR transcripts. First, exon 2' sequences could have been deleted or 

rearranged in the wt allele of ntil or nti2 cells, and/or second, there could be 

mutations in the splice donor or acceptor sites of exons 1, 2 or 3 in this allele. 

To investigate the possibility that exon 2 sequences have been deleted from 

the genome, Southern blot analysis was performed to determine the structure 

of the nti GR gene in this region. Figure 4A shows results from a blot in 

which genomic DNA from wt, ntil and nti2 cell lines was digested with 

Bamlll or EcoRI and hybridized to a probe containing both exon 2 (the 564 bp 

BstX-Mstll fragment of pRDN93; Miesfeld et al. 1987) and 3 (the 1,283 bp Sad

SphI fragment from pRDN93) coding sequences. Based on a genomic map of 

this region in the GR gene (Miesfeld et al. 1985), I conclude that there are no 

alterations in the ntil or nti2 alleles within 12 kb of intron 2 sequences at the 

5' border of exon 3. 

Pulse field gel electrophoresis' (PFGE), performed with the assistance of 

Dr. Eckart Meese, was used for the examination of GR gene fragments up to 

1000 kb in length. Figure 4B shows the results of a PFGE blot hybridized to an 

exon 2 and 3 containing GR prope. It can be seen that the wt and nti2 cell 

lines have identical banding patterns using three different enzymes {ClaI, Sfn 
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GeT CTC GTG CAT GAT GCA ACA CCT GAC TTT AAC CCT CTT GeT ATG GTT TCT ATT TGG GTC TGA CTT GGG GAC TAT 
-CGA GAG CAC GTA CTA CGT TGT GGA CTG AAA TTG GGA GAA CGA TAC CAA AGA TAA ACC CAG ACT GAA CCC CTG ATA 
Ala Leu Val His Asp Ala Thr Pro Asp Phe Asn Pro Leu Ala Met Val Ser lIe Trp Val *** Leu Gly ASp Tyr> • 

80 90 100 110 120 130 140 150 

* * * * * * * * 
CTG CTG AAT CAG TAT CTC TGA GCA GAA CCA AGA AAT TCA CCC CCA AAG AGG AGT CAC TGT ATT AGT CAG GGT CTC 
GAC GAC TTA GTC ATA GAG ACT CGT CTT GGT TCT TTA AGT GGG GGT TTC TCC TCA GTG ACA TAA TCA GTC CCA GAG 
Leu Leu Asn GIn Tyr Leu *** Ala Glu Pro Arg Asn Ser Pro Pro Lys Arg Ser His Cys lIe Ser GIn Gly Leu> 

160 170 180 190 200 210 220 

* * * * * * * 
TGA ACA AAG TTA GAC CCA AGA AAC AGA ATC CTC TGG TCT GAA ATG GTC TCT TGT GTG AAA TTC TCT GeT TTG TAC 
ACT TGT TTC AAT CTG GGT TCT -TTG TCT TAG GAG ACC AGA CTT TAC CAG AGA ACA CAC TTT AAG AGA CGA AAC ATG 
*** Thr Lys Leu Asp Pro Arg Asn Arg lIe Leu Trp Ser Glu Met-Val Ser Cys Val Lys Phe Ser Ala Leu Tyr> 

230 240 250 260 270 280 290 - 300 

* * * * * * * * 
GCA AAG GAA AGA ACA TGe CGG TAG GAG CCT GeT CGT CAA ACN AGG TGT GAA TCT AGe TTC TTC TAG AAA AAG CAG 
CGT TTC CTT TCT TGT ACG GeC ATC CTC GGA CGA GCA GTT TGN TCC ACA CTT AGA TCG AAG AAG ATC TTT TTC GTC 
Ala Lys Glu Arg Thr Cys Arg *** Glu Pro Ala Arg GIn Thr Arg Cys Glu Ser Ser Phe Phe *** Lys Lys GIn> 

310 320 330 340 350 360 370 

* * * * * * * 
CCT GeG TCA CAT CGA AGe CAG ATT TGG TTC TTT GeT CTG AGA GeG GTT AGG CTA GTG GAG GGC AGG CTT CCG TGA 
GGA CGe AGT GTA GeT TCG GTC TAA ACC AAG AAA CGA GAC TCT CGe CAA TCC GAT CAC CTC CCG TCC GAA GGCACT 
Pro Ala Ser His Arg Ser GIn lIe Trp Phe Phe Ala Leu Arg Ala Val Arg Leu Val Glu GI~ Arg Leu Pro ***> 

380 390 400 410 420 430 440 450 

* * * * * * * * 
CAA~~~~~~~~GGG~~~~GAA~~~~~~~~~~ 
GTT GAC CAT GTC CCT GTC CAC GTC ACA CCC AGG GTG TCT ATA CTT GAG ACT ATT TAG CAC GTA CTC GAT GAG ACG 
GIn Leu Val GIn Gly GIn Val GIn Cys Gly Ser His Arg Tyr Glu Leu *** *** lIe Val His Glu Leu Leu Cys> 



460 470 480 490 500 510 520 

* * * * * * * 
GTA AGA ATG GAG AAG AGA GCA GeC CAG CTC CCA CCC TCC TGG GGT TCC CAT CGe AGe CTG ATC ATC TGe AGe CTT 
CAT TCT TAC CTC TTC TCT CGT CGG GTC GAG GGT GGG AGG ACC CCA AGG GTA GeG TCG GAC TAG TAG ACG TCG GAA 
Val ArgMet Glu Lys Arg Ala Ala GIn Leu Pro Pro Ser·Trp Gly Ser His Arg Ser Leu lIe lIe Cys Ser Leu> 

530 540 550 560 

* * * * 
570 

* 
580 

.u. * 
590 600 

* * 
CTC AGe CAG GAA GAT GTT TCA GAT CCT GeT TCG TTA GAG TGT CTG GGA GGA AGe CCT GGA ATG AGA CCA GAT GTG 
GAG TCG GTC CTT CTA CAA AGT CTA GGA CGA AGe AAT CTC ACA GAC CCT CCT TCG GGA CCT TAC TCT GGT CTA CAC 
Leu Ser GIn Glu Asp Val Ser Asp Pro Ala Ser Leu Glu Cys Leu Gly Gly Ser Pro Gly Met Arg Pro Asp Val> 

Figure 3: Nucleotide sequence of 1..70. Shown here is the portion of the nucleotide sequence of 1..70 cDNA 
which corresponds to exon 1 of the nti GR and the deduced amino acid sequence of this portion of the 
receptor. The nucleotides are numbered above the sequence in the 5' to 3' direction. In-frame stop codons 
are indicated by (***). The predicted initiator methione is indicated in bold. An arrow indicates the exon 1: 3 
border. 
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Figure 4: Genomic organization of wt and nti alleles. A) Cellular DNA from wild type (lane 1), nti1 (lane 2), 

and nti2 (lane 3) cell lines was isolated and digested with Bamlll and EcoRI, transferred to nylon membrane 
and hybridized with a GR probe containing sequences from both exons 2 and 3. B) Pulse field gel 
electrophoresis (PFGE) Southern blot of cellular DNA from wt, nti1 and nti2 cell lines digested with OaI, SfiI 

and SacIT restriction enzymes and hybridized with the same probe sequences as in A. The arrows indicate 
unique bands. The intense signal near the top of each lane is due to compression effects that can inhibit DNA 
migration in PFGE gels and in this case alter migration of GR fragments >900 kb (23). 
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and SacIT). However, in addition to these fragments, ntil cells contain two 

unique 750 kb and 780 kb ClaI fragments and one 470 SacII fragment (indicated 

by arrows) suggesting that there are genomic rearrangements in this allele. 

Although it is not possible to precisely map the GR alteration in the nti! 

allele from these data alone, the DNA rearrangement is likely to include an 

extended region. Table 2 summarizes the PFGE data from several gels using 

four different enzymes. Extend~d digestion times with each of these enzymes 

gave the same banding pattern indicating that the ntil-specific bands are not 

due to partial enzymatic cleavage (d~ta not shown). As expected, the pattern 

found in the wt and nti2 cell lines matches one set of bands from the nti! cell 

line. This would be consistent with the idea that only the parental wt allele is 

mutated in nti! cells (Miesfeld et al. 1988). Moreover, since the additional GR 

restriction fragments in ntil cells were not found to be consistently smaller or 

larger than those identified in wt and nti2 cells, it is unlikely that the nti! 

banding pattern can be explained by partial digestion or variable degrees of 

methylation. It is not clear why there were no differences detected in nti2 

cells. At this time, a large deletion or rearrangement of the GR gene in nti2 

cells cannot be completely ruled out since the exact borders of this molecular 

event might be different between the two cell lines' and therefore would not 

give the same banding pattern on the PFGE analysis. A more complete 

enzyme analysis might reveal such differences. In addition, it is possible that 

the nti mutation can arise by multiple mechanisms. For example, a point 

mutation could have occurred in the donor or acceptor splice sites of exons 1, 

2 or 3 and this type of mutation 'would not be detectable by these 

measurements. 



Table 2: Results of PFGE Southern blots probed with GR cDNA seQuences 

Enzyme 

ClaI 
Sacll 
NaTI 
Sall 

wt 

>900 
500 
150,500 
180,140 

Fragment length(s) (kb) 

ntil 

>900,750, 780 
500;470 
150, 500, 120,470 
180,140,400,470,280 

nti2 

>900 
500 
150,500 
NO 

Genomic DNA from wt, nti1 and nti2 cell lines was digested- with four different restriction 
enzymes and separated by contour-clamped homogenous electric field electrophoresis. Each 

of these analysis was derived from at least two separate gels. N.D., Not determined. 

~ 
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Transcriptional regulatorY activity of nti GR 

DNA sequence analysis of the most abundant nti exon 1 sequence 

( ... TGGGAGGAAG) shown in Table 1 (and Figure 3) indicates that translation 

from an initiator methionine in exon 1. could potentially add 41 amino acids 

to the nti GR N-terminus (Figure SA). In the wt GR transcript, an in-frame 

stop codon is located in the 5' end of exon 2 and eliminates any read through 

from this upstream initiator methionine (Danielsen et al. 1986; Miesfeld et ale 

1985). Since exon 2 sequences are missing from nti transcripts, initiations 

from in-frame exon 1 methionines could result in the synthesis of a unique 

receptor protein based on the ribosome scanning model of Kozak (Kozak, 

1989). Support for this conclusion comes from the chymotrypsin digestion 

pattern of wt GR which releases a 39 kDa polypeptide that binds hormone and 

DNA (Carlstedt-Duke et al. 1987; Reichman et al. 1984), and the apparent 

molecular mass of the nti GR (45-48 kDa) (Distelhorst, 1987). 

Figure 5B shows the predicted structural organization of wt, nti and 

dnti receptors expressed from cloned receptor sequences. Since the dnti 

cDNA clone is deleted at its 5' end, synthesis of the dnti GR protein initiates 

at methionine 407 located in exon 3 which results in the expression of an nti 

receptor lacking the 41 exon 1-encoded residues. These receptor cDNA 

sequences were inserted into a eukaryotic expression vector and then co

transfected into CVl cells with an MMTV -CAT reporter plasmid in order to 

determine whether they have any transactivating function. The results 

shown in Figure 6 demonstrate that dex-induced CAT activity using the wt 

GR expression plasmid is maximal at > 120-fold. In contrast, the nti and dnti 

constructs are only capable of inducing CAT activity 10-fold based on 



Figure 5: Coding potential of wt and nti transcripts .. A) The inferred amino acid sequence derived from the 
wt, nti and dnti receptor transcripts is shown. The in-frame stop codons (denoted as Z) are underlined and 
potential initiator methionines are in bold print. Translational initiation from the methionine in exon 1 of 
the nti GR would result in the synthesis of a 44 kDa protein containing an additional 41 N-teiminal.residues. 
B) Schematic representation of the wt, nti and dnti transcripts. The in-frame stop codons (flags) and. potential 
initiator methionines (arrows) are shown along with the open reading frame (shaded). Note that based on 
the inferred amino acid sequence, the dnti transcript would encode only amino acids 407-783 of GR and 
contain no exon 1 residues. 
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Figure 6: Transactivation function of wt, nti and dnti receptors. CAT assay 
results from CV1 co-transfections using the expression plasmids p6RmGR, 
p6Rnti and p6Rdnti with an pMMCAT reporter plasmid containing l.4kb of 
the MMTV LTR linked to the CAT gene. Transfected cells were grown in the 
presence (+) or absence (-) of 10-6 M dex for 48 hours. 



quantitative analysis of these CAT assays (chloramphenicol conversion was 

found to be 5% and 4%, respectively; basal CAT activity was <0.5% in these 

assays, data not shown). 
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The observed low level of MMTV induction by nti GR is consistent 

with the results of earlier studies in which GR N-terminal deletions were 

shown to have severely reduced transcriptional regulatory activity (Danielsen 

et al. 1987; Godowski et aI. 1988; Hollenberg and Evans, 1988; Miesfeld et aI. 

1984; Schena et al. 1989). Moreover, these results confirm that secondary 

transcriptional trans activation functions must exist in the DNA and/or 

ligand binding domains of the mouse GR based on the result that the 

truncated nti receptor still retains the ability to induce MMTV-CAT activity 

10-fold. It is also clear from these data that the N-terminal41 nti-specific 

amino acids have no inhibitory effects on transcriptional trans activation 

from the MMTV promoter since the dnti GR and nti GR haye nearly the 

same level of activity. 

Activity of nti and wild type GR gene fusions 

I next tested the possibility that there are additional defects in the 

carboxy terminal portion of the nti receptor. This was investigated using 

receptor gene constructs containing the N-terminus of the nti or wt receptor 

fused to the wt or nti carboxy terminus, respectively. A schematic 

representation of these hybdd receptors is shown in Figure 7 A. The cloning 

was facilitated by a common Sphl site located just 3' of the second zinc-finger 

in the GR DNA binding domain (Danielsen et aI. 1986; Miesfeld et aI. 1986). 



Figure 7: Transcriptional regulatory activity of gene fusions constructed from 
wt and nti receptors. Top) Map of the ntLwt fusion proteins used to identify 
functional defects in the carboxy terminal portion of the nti receptor, the 
construction of these fusions is described in Materials and Methods. Note 
that the Kpn I and Xba I cloning sites of the p6R expression vector are located 
3' of the RSV promoter and 5' of the poly adenylation sequence respectively, 
in both constructs. Bottom) CAT assay results from co-transfections of each 
of the expression plasmids p6RGR, p6Rwt-nti and p6RntLwt with the 
pMMCAT reporter plasmid. Percent chloramphenicol conversion was found 
to be 62% (wt-wt), 44% (wt-nti), 6% (ntLwt) and <0.5% (basal). 
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The results of co-transfection experiments using these fusion receptors 

are shown in Figure 7B. It can be seen from the level of CAT activity that wt 

GR trans activation requires the modulatory domain and that the nti N

terminus is unable to mediate maximal transcriptional induction. To 

confirm that no other mutations exist in the nti coding region, I also 

sequenced the entire nti cDNA used in these experiments. No nucleotide 

differences were found between wt and nti receptors within either the DNA 

or hormone binding domains (data not shown), and therefore it is concluded 

that the only alteration in the nti GR is the absence of the N-terminal 

modulatory domain. 

Discussion 

The results in this chapter extend earlier biochemical and genetic 

analyses to determine directly the transcriptional regulatory activity of the nti 

receptors. I have found that in two independently isolated nti 549 mutants 

(549.55r and 549.143r), the nti GR transcripts encode intact steroid- and DNA

binding domains but lack 404 N-terminal residues as a result of aberrant RNA 

splicing betw~en exons 1 and 3. Using PFGE, it was determined that the 

molecular basis for the unusual exon 1-3 splice junction appears to involve 

large DNA rearrangements in at least one of the two nti cell lines that were 

examined. (55r). The functional consequence of this molecular defect was 

determined by performing transient co-transfection experiments into CV1 

cells using nti receptor expression plasmids and a glucocorticoid responsive 

reporter gene. These studies revealed that the truncated nti receptor is only 
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capable of inducing transcription from the MMTV promoter to 10% the level 

of wt GR induction. Based on the molecular characterizations of the nti GR 

structure and function presented in this chapter, I propose that the N

terminal modulatory domain is required for 549 apoptosis and moreover, 

that glucocorticoid-regulated gene expression is responsible for this 

irreversible cell-specific hormonal response. 

It is possible that the modulatory domain may be necessary for specific 

promoter interactions, or it could simply be that it is required for 

"amplification" of the GR transactivation function. The loss of function 

studies outlined in this chapter do not distinguish between these two 

mechanisms of transcriptional regulation. However, results from studies of 

the N-terminal domain of other steroid receptors support the notion that 

promoter-specific steroid regulation requires sequences in this region of the 

receptor. For example, it has recently been reported that the N-terminal 

domain (AlB region) of the progesterone receptor (PR) can affect specific 

target gene activation. In these experiments, Tora et al. (1988) demonstrated 

that two different forms of PR (containing various portions of the PR N

terminus) are able to regulate the ovalbumin and MMTV promoters 

selectively in chicken embryo fibroblasts and HeLa cells. Based on these data, 

it was proposed that the N-terminus of PR interacts with cell-specific 

transcription factors which inhibit initiation of the ovalbumin, but not the 

MMTV promoter. In addition, similar experiments using the estrogen 

receptor (ER) have shown that sequences in the ER N-terminus are required 

for induction of the SP2 gene by estrogens but not for ER regulation of 

vitellogenin gene expression (Kumar et al. 1987). These studies have been 
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extended to identify ER sequences which discriminate between various 

promoter configurations (Tora et al. 1989). One of the ER promoter-specific 

transcriptional activating functions (TAF-2) has been mapped to the N

terminus. This region of ER does not contain any acidic activating domains 

(AADs) like those found in the N-terminus of GR, suggesting that more than 

one type of positive activating sequence may exist in other members of the 

steroid receptor family. 

What mechanisms might explain the finding that the nti GR is 

partially active even though nti 549 cells are totally dex-resistant? First, there 

could be a minimum requirement for GR-dependent gene activation to 

induce the apoptotic pathway in these cells. For example, low level induction 

of 549 GR target genes may not be sufficient to mount a response capable of 

triggering irreversible 549 cell death. In theory, high level expression of nti 

GR in nti cells might be adequate to overcome this hypothetical "threshold" 

effect. This would be the predicted response based on similar overexpression 

studies in HTC cells using N-terminal deletions of rat GR (Miesfeld et al. 

1987). In these experiments, stable cell lines expressing high levels of the X795 

mutant GR construct (this mutant contains receptor sequences beginning at 

amino acid 407) displayed significant induction of steady-state levels of 

MMTV RNA. One possible mechanism to explain these results would be that 

the modulatory domain is normally required to control specific DNA binding 

at glucocorticoid response elements (GREs) by inhibiting non-specific DNA 

binding (Danielsen et al. 1987). At normal levels of nti protein expression, 

most of the nti receptors would be bound to non-specific chromosomal sites 

resulting in a low concentration of GR at the target gene GRE. According to 
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this model, overexpression of an N-terminal GR deletion (nti or X795) would 

result in an increase in "GRE occupancy" at the target gene promoter leading 

to transactivation of the target gene by enh1 sequences located in the DNA 

binding domain of GR (Schena et al. 1989). 

A second possibility would be that the N-terminal modulatory domain 

contains transactivation sequences which interact specifically with 

transcription factors that regulate the apoptotic target genes in a distinct way 

from MMTV induction. The GR N-terminus may contain TAF-like 

sequences similar to ER (Tora et al. 1989) which interact with cell-specific 

factors required for expression of the apoptotic gene(s) in 549 cells. According 

to this model, the secondary trans activation functions located in the GR DNA 

and hormone binding domains would be unable to substitute for the missing 

activating sequences present in the modulatory domain. Alternatively, 

nuc1eosome displacement by GR DNA binding may be required for NF1-

dependent transcription of the MMTV promoter (Perlmann and Wrange, 

1988; Richard-Foy and Hager, 1987), whereas other promoters may respond 

only to the action of the modulatory domain for even minimal 

transcriptional induction. One prediction from this "specific interaction" 

model would be that overexpression of nti GR in nti cells would not lead to 

dex-induction of 549 cell death since the modulatory domain is absolutely 

required. The results of experiments designed to test this possibility are 

described in the next chapter. 



CHAPTER IV 

THE N-TERMINAL DOMAIN OF THE GLUCOCORTICOID 

RECEPTOR IS REQUIRED FOR STEROID-INDUCED 

549 CELL DEATH 

Introduction 
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Apoptosis is a fundamental process in the development and 

morphogenesis of many organisms. While the exact molecular determinants 

of apoptotic cell death remain virtually unknown, it has been suggested that 

transcriptional activation of specific target genes is a primary event based on 

the observation that ongoing RNA and protein synthesis are required. Using 

the 549 thymocyte cell line as a model system to study the molecular basis of 

steroid-induced apoptosis, I set out to determine whether the GR N-terminus 

is, in fact, required for 549 cell death since the nti GR is missing from this 

portion of the receptor and nti cells are totally resistant to the effects of 

glucocorticoids. Determining which portion(s) of the receptor is functioning 

in this response will enable us to gain a clearer understanding of the 

mechanism(s) involved. 

Results 

Expression of wt GR in a receptor deficient 549 cell line restores dex

sensitivity 

To directly determine what role the GR N-terminus has in regulating 

549 apoptosis, I developed a genetic complementation assay by stably 
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transfecting GR cDNA into an 549 cell line which contains negligible levels of 

endogenous GR and is resistant to the effects of dex. 549.7r cells (referred to as 

7r) were originally isolated from the steroid-sensitive wt cell line 

549.1T.B4.1A (denoted here as A2), by Sibley and Tomkins (1974). 7r cells 

. contain approximately 30% of the immunologically cross-reactive receptor 

(Northrop et al. 1985), yet less than 2% the level of hormone binding activity 

compared to the parental A2 cell line (see Table 3). Consistent with these 

observations, Miesfeld et al., (1984) have shown by Northern analysis that 7r 

cells express a low level of GR mRNA. It therefore appears that 7r cells 

express a mutant GR (r-) from one allele (Northrop et al' 1985; Miesfeld et al. 

1984; Miesfeld et al. 1985), and that the other allele is not transcribed. 

If the dex-resistant phenotype of 7r cells is the result of GR mutations 

alone, then it should be possible to complement this defect by stable 

expression of wt GR cDNA. This was facilitated by constructing a cis

expression plasmid, pRX-neo, which contains a RSV-driven promoter 

followed by a multiple cloning site; just downstream of this is the bacterial 

neomycin-resistance gene (see Chapter IT for details on construction of this 

plasmid). The wt mGR cDNA was cloned into pRX-neo, resulting in 

pRmGR-neo, which was then transfected into logarithmically growing 7r 

cells, followed by selection for growth in G418. Isolated clonal cell lines were 

further expanded and then screened for the presence of GR using hormone 

binding as a functional assay. A summary of these results is shown in Table 

3. To further document that GR expression in the transfected 7r cells (7.G cell 

lines) was derived from integrated plasmid, Southern and Northern analyses 

were performed. These results established that most 7.G cell lines contain 



The genotype refers to the endogenous GR gene (parental) or the 
transfected GR sequences (cDNA). To control for any effects that the 
neomycin or hygromycin-resistant gene products may have on the dex
sensitive phenotype (De Cuevillas and Lachman, 1990), 7r cells were 
transfected with the vector 'backbone alone (pRX-neo and pRX-hyg). 
Representative neo- and hyg-resistant cell lines (7.neo2 and 7.hyg4) were 
found to be completely dex-resistant and indistinguishable from 7r cells 
(data not shown). Dex-binding values are given in cpm/Ilg total protein 
and were normalized to A2 cells, which have been assigned a value of 
1.0. 



Table 3: Relative dex-binding values of transfected 549 cells expressing 
wt ornti GR 

Cell Line 

A2 
A.Gll 

7r 
7.neo2 
7.hyg4 
7.G9 
7.G6 

55r 
55.nl 
7.nB 
7.nB.n7 

A.n14 
7.G9.n14 

7.GVP13 
7.GVP16 

GRGenotype 
Parental cDNA 

wt 
wt 

r-
r-
r-
r-
r-

nti 
nti 
r-
7.nB 

wt 
7.G9 

r
r-

none 
wt 

none 
none 
none 
wt 
wt 

none 
nti 
nti 
nti 

nti 
nti 

VP16 fusion 
VP16 fusion 

Dex binding 

·1.00 
1.61 

0.02 
0.02 
0.02 
1.B5 
3.7B 

1.59 
3.91 
0.63 
3.Bl 

3.61 
3.00 

1.04 
1.06 
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only a single copy of integrated plasmid DNA and that the GR-positive cell 

lines express full-length GR cDNA transcripts (data not shown). 

56 

Receptor protein analysis in the 7.G cell lines was carried out by affinity 

labeling with [3H]dexamethasone 21-mesylate (dex-mesylate), a high affinity 

covalent ligand of glucocorticoid receptors (Simons and Thompson, 1981; 

Simons et al. 1983). Since this labeling method is specific for receptor 

molecules capable of binding steroid, the small amount of defective GR 

present in the 7r cells is not detected in this assay. However, dex-mesylate 

covalently binds to several non-GR proteins present in 7r cells, therefore 

whole cell extracts were labeled either in the presence or absence of excess 

unlabeled dex to identify GR-specific bands. Figure 8A shows the results from 

an autoradiogram in which GR protein was labeled in wt A2 and dex-resistant 

7r cells. It can be seen by this qualitative assay that A2 cells, but not 7r cells, 

contain a 97 kDa protein specifically labeled by dex-mesylate. Figure 8A also 

shows that two 7.G derivatives, 7.G6 and 7.G9, contain high and low amounts 

of GR protein, respectively. Identification of this band as wt GR in the A2 and 

7.G7 cell lines was confirmed by immunoprecipitations using a GR-specific 

polyclonal antibody (Figure 8B). It can also be seen in Figure 8B that the GR

specific band found in the nti cell line, 55r, is the predicted 45 kDa. The 

immunoprecipitations were only used in this set of experiments since this 

procedure involves multiple steps and the GR-antibody was limiting. The 

dex-sensitivity of the 7.G stable cell lines compared to A2 and 7r cells was 

determined by growing the cells in the presence of 10-6 M dex over a three day 

period. As can be seen in Figure 9, wt A2 cells are dex-sensitive and 7r cells 

are completely dex-resistant. In contrast to the parental 7r cells, 7.G6 and 7.G9 



Figure 8: (A) Wild-type GR protein expression in 7r transfectants. Autoradiograph of an 50S-PAGE gel 

containing cytosolic extracts from 549 mouse lymphoma cells labeled with [3H]dexamethasone 2l-mesylate in 

the absence (-) or presence (+) of 10o-foid excess unlabeled dex. The 97kOa affinity-labeled wt GR receptor is 
indicated by an arrow. Molecular weight standards (M) are 14C-Iabeled phosphorylase b (97.4kOa), bovine 
serum albumin (67kOa) and ovalbumin (45kDa). (B) Immunoadsorption of wt and nti receptors. A2, 7r, 55r, 

and 7.G7 cells were incubated with 50 nM [3H]dexamethasone 2l-mesylate in order to label the receptors. 
Cytosol was then prepared as described in Chapter II and incubated with (+) a-GLR-3' antibodies or without 
(-) in order to immunoabsorb the receptors. The immunabsorbed proteins were subjected to 50S-PAGE. An 

autoradiogram of the gel, exposed for 6 weeks, is shown here. 
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Figure 9; Dex-sensitivities of 7r GR transfectants. Shown here are the results 
of growth curve analyses of A2, 7r and two 7r GR transfected cell lines, 7.G6 
and 7.G9. Cells were seeded at 1 X 105 cells per ml in the absence (open circle) 
or presence (closed circle) of 10-6 M dex. The number of viable cells was 
determined over a three day period based on trypan blue exclusion (112, 
Patterson et al. 1979). 
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cell lines are dex-sensitive, but to different degrees. 7.G6 cells, which contain 

high levels of GR (see Table 3 and Figure SA), are more sensitive to dex than 

wt A2 cells, while 7.G9 cells display.a dex-sensitivity similar to A2 cells. These 

data demonstrate that expression of wt GR cDNA in 7r cells is sufficient to 

complement the dex-resistant phenotype, and moreover, that dex-sensitivity 

is correlated to the level of GR expression. 

Overexpression of nti GR does not complement the dex-resistant phenotype 

Since the nti GR is partially active (Chapter 1m and GR is rate-limiting 

within physiological limits (Vanderbilt et al. 19S7; Rabindran et al. 19S7), I 

tested whether it was possible to increase target gene responsiveness in nti 

GR-containing cells by elevating nti GR expression. This was done by first 

integrating nti GR cDNA into 7r cells using the expression vector, pRntLneo. 

After screening more than 30 clonal isolates for GR by dex-binding, the cell 

line 7.nS, was chosen for subsequent rounds of transfections. Another copy of 

nti GR cDNA was then integrated into 7.nS cells using the pRntLhyg 

expression plasmid. The cell line expressing the highest level of nti GR, 

7.nS.n7, was chosen for further analysis. I also stably transfected the nti cell 

line, 55r, with nti GR cDNA; this resulted in the isolation of 55.nl. 

I first characterized 7r cell lines expressing nti GR cDNA (7.nS and 

7.nS.n7). Protein analysis shown in Figure lOA revealed that the size of the 

receptor in the 7.nS and 7.nS.n7 cell lines is approximately 45kDa and 

identical to the nti GR in 55r cells. Growth·curve analysis (Figure 11) 

demonstrated that nti GR expression in 7.nS and 7.nS.n7 cells did not result in 

a dex-sensitive phenotype, even though the level of dex-binding in 7.nS.n7 is 



Figure 1Q: Overexpression of nti GR in 549 cells. Autoradiograph showing labeled receptors from (A) the nti 
cell line 55r, and two 7.nti GR transfectants, 7.n8 and 7.n8.n7, and (B) 55r and 55.nl cells, a 55r transfectant 
which expresses nti GR eDNA. Labeling and SD5-P AGE were as described for Figure 8A. The arrow indicates 
the affinity-labeled 45kDa truncated nti receptor. 
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Figure 11: Dex-sensitivity of 549 cells expressing high levels of nti GR. 
Shown here are growth curve analyses of the nti cell line 55r, 55.nl, a 55r 
transfectant which expresses nti GR cDNA, and two 7.nti GR transfectants, 
7.nB and 7.nB.n7 grown in the absence (open circles) or presence (closed 
circles) of 10-6 M dex and counted as in Figure 9. 
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similar to that found in 7.G6 (see Table 3). Similarly, the 549 nti' cell lines, 55r 

and 55.nl, are completely dex-resistant (Figure 11) despite the relatively high 

level of nti GR protein being expresSed (Table 3 and Figure lOB). 

Co-expression of wt GR and nti GR results in enhanced dex-sensitivity 

Several studies have shown that glucocorticoid receptors bind as 

dimers to DNA (Tsai et al. 1988; Perlmann et al. 1990). In addition, chemical 

cross-linking experiments have demonstrated that GR homodimers can form 

in the absence of DNA (Wrange et al. 1989), and that a potential dimerization 

domain maps to the carboxy terminal region (Fawell et al. 1990). Therefore, 

transfected cells which express both nti and wt GR might be dex-resistant due 

to a dominant negative effect of the nti GR. This could be due to non

functional nti GR homodimers bound at target gene GREs, and/or due to the 

formation of ntLwt GR heterodimel's which may have reduced 

transcriptional regulatory activity. For these experiments, 7.G9 cells were 

transfected with the pRntLhyg expression plasmid, and wt A2 cells were 

transfected with the plasmid pl,UltLneo. Representative cell lines (7.G9.n14 

and A.n14) were chosen for further analysis. As can be seen in Table 3, 

7.G9.n14 and A.n14 contain increased levels of dex-binding compared to the 

parental cell lines. An audioradiogram of an SDS-PAGE gel using extracts 

labeled with dex-mesylate (Figure 12) confirmed that A.n14 and 7.G9.n14 

express both the wt and nti receptor proteins and that the ratio of nti:wt GR is 

approximately 1:1 and 3:1, respectively, based on band intensities. 

Surprisingly, growth curve analyses shown in Figure 13 revealed that 

expression of the nti GR in cells containing wt GR was not deleterious to GR 
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Figure 12: Coexpression of wt and nti GR in S49 cells. Autoradiographs of 

an SDS-PAGE gel containing labeled extracts prepared from wt A2 cells 

transfected with nti GR cDNA (A.nI4) or 7r cells expressing both wt and nti 

GR cDNA (7.G9.n14). The cells were labeled with [3H]dexamethasone 21-

mesylate in the absence (-) or presence (+) of IOO-fold excess unlabeled dex as 

described in Figure lA. The arrows show both the wt receptor (97 kDa) and 

the truncated nti receptor (45 kDa). 



Figure 13; Dex-sensitivity of 549 celIs coexpressing nti and wt GR Growth curve analaysis of A.GII (wt/wt) 
and A.n14 (wt/nti) are shown in the left panel and 7r (r-) and two 7r transfectants, 7G.9 (wt) and 7.G9.nI4 
(wt/nti), are shown in the right panel. All the cells were grown in IQ-6°M dex (+) over a three day period and 

counted as described in Figure 9. 
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function and did not result in a dominant negative phenotype. In fact, it 

appears that cells co-expressing nti and wt GR are more dex-sensitive than 

cells expressing only wt GR (compare A2 to A.n14 and 7.G9 to 7.G9.n14). At 

this level of nti GR expression, the observed enhancement of dex-sensitivity 

in A2 cells is similar to that seen in cell lines containing additional wt GR 

(compare A.G11 to A.n14). Thus, these data demonstrate that at physiological 

levels of receptor, nti GR expression does not result in a dominant negative 

phenotype, but rather, it augments dex-sensitivity when it is expressed in cells 

containing wt GR. 

A minimum level of GR transcriptional activity is required for dex

sensitivity 

In order to determine the level of transcriptionally active GR in the 

various 7r stable cell lines, transient transfection assays using the p:MM-CAT 

reporter plasmid were carried out. The results shown in Figure 14 

demonstrate that while the parental 7r cells have no transcriptionally active 

GR, the stable lines 7.G9 and 7.G6 express a sufficient amount of GR to induce 

CAT activity 11.5- and 67.5-fold, respectively. The level of MM-CAT 

induction in these two 7.G cell lines is directly related to the amount of 

intracellular GR and to the level of dex-sensitivity (see Figures 8A and 9). 

Since I had shown earlier (Chapter nl) that nti GR is able to minimally 

activate the pMM-CAT reporter plasmid, I measured nti GR transactivation 

activity in 7.n8.n7 cells using this assay. The results in Figure 14 show that 

7.n8.n7 cells are capable of inducing p:MM-CAT to approximately the same 

level (7.S-fold) as that seen in 7.G9 (ll.S-fold). One would expect that if the 



Figure 14: Functional analysis of GR expressed in 7r stable lines. Transient 
transfections using the reporter plasmid pMM -CAT were performed as 
described in Materials and Methods. The value for CAT activity is corrected 
for p-galactosidase activity and is expressed as a fold-induction relative to the 
parental 7r cells which have no dex-inducible CAT activity in this assay. 
These results represent the average of at least three separate experiments. 
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MMTV promoter is representative of the putative apoptotic gene 

promoter(s), then 7.n8.n7 cells should be dex-sensitive, at least to the same 

level of 7.G9 cells. This is clearly not the case (see Figure 11), suggesting that 

sequences present in the GR N-terminus (but absent in the nti GR) may be 

required for some limiting step required for transcriptional initiation of the 

apoptotic pathway. This limiting step might involve altered receptor affinity 

requirements for binding to the putative apoptotic GRE(s) or perhaps direct 

protein/protein interaction with some component of the basal apparatus. 

Discussion 

Steroid-induced apoptosis in 549 cells provides a unique system in 

which to study this response since much is already known about the 

mechanism of steroid hormone action (Yamamoto, 1985; Miesfeld, 1990). In 

this chapter, I have utilized cloned GR eDNA sequences, coupled with recent 

improvements in DNA transfection by electroporation, to directly test the 

proposal put forth by Yamamoto et al. (1976) 15 years ago that GR is the key 

mediator of dex-induced 549 cell death. The data presented here demonstrate 

that a functional copy of wt GR is necessary and sufficient to complement the 

dex-resistant phenotype 7r (r-) cells. In addition, I have shown that the level 

of wt GR is rate-limiting since cells which express high levels of GR (7.G6) are 

more dex-sensitive than cells expressing low levels of GR (7.G9). 

Results from a recent study suggested that transcriptional induction 

may be more dependent on the number of proteins bound to the promoter 

than on the number of AADs present in the complex (Oliviero and Struhl, 
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1991). It has been observed that the intracellular level of GR influences the 

magnitude of the steroid response (Figures 8A and 9; Bourgeois and Newby, 

1979; Gehring et al. 1984; Vanderbilt et al. 1987) suggesting that under normal 

physiological conditions, GR is a rate-limiting factor. In addition to this, I 

have found that co-expression of wt and nti GR in the same cell results in an 

increase in dex-sensitivity rather than in a dominant negative phenotype (see 

A.n14 and 7.G9.n14 in Figure 13). Since the level of nti GR being expressed is 

comparable to the level of wt GR in A.n14 and 7.G9.n14 cells (Figure 12), it 

could be that these cells contain ntLwt GR heterodimers. For example, 

comparison of the dex-sensitivity of A2 (wt/-) cells to A.G11 (wt/wt) and 

A.n14 (wt/nti) indicates that the additional amount of GR (wt or nti) 

increases dex-sensitivity (see Figure 13) suggesting that if wt-nti GR 

heterodimers are forming, they are functional. This could be analogous to 

the results described by Oliviero and Struhl (1991) in which they show that 

expression of Jun in cells containing Fos-GCN4 fusion proteins, results in the 

same level of transcriptional induction as when Jun-GCN4 fusions are co

expressed with Fos-GCN4 proteins. In this case, Jun would be like nti GR and 

Fos-GCN4 (or Jun-GCN4) would be similar to wt GR. 

What evidence is there that a wt-nti GR heterodimer may be as active 

as a wt-wt GR homodimer? First, heterodimer formation between nti and wt 

GR seems probable since the nti GR contains sequences which have been 

implicated in dimer formation (Fawell et al. 1990; Umesono and Evans, 1989). 

Moreover, Perlmann et al. (1990) have used gel shift assays to show 

heterodimer formation between the 39 kDa nti GR-like chymotryptic 

fragment and the 97 kDa wt receptor. Second, it has been observed that when 
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an ntLlike GR N-terminal deletion protein (X795; Miesfeld et aI. 1987) was 

stably expressed in M1.19 cells (a rat hepatoma cell line containing functional 

GR and an integrated MMTV provirus; Vanderbilt et aI. 1987), the induction 

of MMTV mRNA increased from 5-fold in M1.19 cells to 12-fold in the 

M1.19.X795 cell line (Miesfeld et aI., manuscript in preparation). Together 

these data support the idea that in A.n14 and 7.G9.n14 cells, nti GR may be 

"recruiting" rate-limiting amounts of wt GR to apoptotic target gene GREs via 

formation of DNA binding nti-wt GR dimers. These heterodimeric 

complexes would, by this model, be functional even though only the wt GR 

subunit contains an AAD. 

I have demonstrated that high level expression of nti GR in a 7r stable 

line (7.n8.n7) is able to induce transcription from the MMTV promoter to 

similar levels as a cell line expressing half the amount of wt GR (7.G9). These 

results suggests that there are fundamental differences between the MMTV 

and putative apoptotic gene(s) promoters since 7.n8.n7 cells are dex-resistant 

and 7.G9 cells are dex-sensitive. What allows the receptor to distinguish 

between different classes of promoters? Tora et aI. (1988) have reported that 

the N-terminally truncated form A and the full length form B of the chicken 

progesterone receptor (cPR) can activate the MMTV promoter in both HeLa or 

CHEF cells. In contrast, only the N-terminally truncated form A cPR can 

induce transcription from the ovalbumin promoter. This induction appears 

to require a cell-specific factor in addition to cPR which is absent in HeLa cells. 

The same might hold true for GR when comparing promoters from apoptotic 

genes to the MMTV promoter. For example, the requirement of N-terminal 

sequences for GR activation of a subclass of promoters could be due to 
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differences in GRE configurations (quantity and quality, Miesfeld, 1990) at the 

target genes. This could affect interactions with other transcription factors 

mediated exclusively through the N-terminus (Strahle et al. 1988), and/or be 

the result of altered DNA binding properties (specific versus non-specific 

DNA binding) of the truncated nti GR compared to the wt GR (Eriksson and 

Wrange, 1990). It will require the isolation and characterization of the 

"apoptotic genes" to distinguish between these possibilities. 
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549 cells are murine lymphocytes which undergo apoptosis following 

treatment with physiological levels of glucocorticoids. The glucocorticoid 

receptor, a known transcription factor, is responsible for carrying out this 

dramatic response. It has been proposed that transcriptional activation of 

specific target genes by GR is a primary event in this programmed cell death. 

Since I have determined that the N-terminal domain of GR is absolutely 

required for the induction of apoptosis in 549 cells, I set out to determine 

whether the known transcriptional regulatory activities located in the N

terminus of GR are in fact required for 549 cell death. 

Results 

Conservation of N-terminal sequences between human and mouse GR 

Sequence comparison between the human and mouse GR demonstrate 

that these two proteins are 89% identical at the amino acid level, with most of 

the differences occurring in the N-terminal half of the protein (See Figure 15). 

The most dramatic difference between these receptors is the presence of seven 

glutamines and a proline found from position 76 to 83 that are absent in the 



Figure 15: Sequence comparison of mouse and human GRs. Only those residues that differ from the mouse 
GR are shown. For the human sequence, those residues are indicated by dots. Nine spaces have been 
inserted into the human sequence and three spaces into the mouse sequence to preserve the alignment. 
Spaces are represented by dashes. The poly-glutamine region present in the mouse sequence, but not in the 
human, is indicated by a shaded box. The acidic activation domain of both receptors is indicated by an open 
box. An arrow indicates the start of the C-terminal half of the protein which contains both the DNA and 
hormone binding domains. 
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human receptor; a similar, though longer stretch of glutamines is found in 

the rat GR. Although deletion analysis has indicated that this region of the 

mouse GR is dispensable in the transcriptional activation of the MMTV 

promoter, a similar glutamine-rich stretch has been identified in the human 

Spl transcription factor as a transcriptional activation domain, therefore, the 

GR poly-glutamine region may be important for the activation of the genes 

involved in cell death. 

Another striking feature of the N-terminal domains of these receptors 

is the excess of acidic amino acids. In the mouse GR, the majority of the acidic 

amino acids are located between residues 196 and 293. Deletion analysis using 

GR cDNA expression vectors and the MMTV promoter has shown that this 

region, which has been termed enh2 or taul, is required for maximal 

transcriptional regulatory activity. It can be seen in Figure 15 that although 

the amino acid composition between the mouse and human GR is only 87% 

identical in this region, the net charge is very similar (-16 for mouse GR and 

-14 for human GR). Activation domains that are acidic in nature have been 

identified in several other transcription factors such as GAL4 (Ma and 

Ptashne, 1987) and VP16 (Sadowski et al. 1983). It appears that in general, the 

net negative charge of an AAD determines the ability of the transactivator to 

induce transcription (i.e. the more acidic the domain, the stronger the 

activator; Sadowski et al. 1988; Gill and Ptashne, 1988). However, it is also 

clear that some sort of secondary structure (perhaps an a-helix) is critical to 

the functionality of this type of activation domain (Gill and Ptashne, 1987; 

Cress and Triezenberg, 1991). 
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Expression of a VP16-GR fusion receptor restores dex-sensitivity to 7r cells 

Since the transcriptional regulatory functions of the GR N-terminus 

have not been well-characterized, I first constructed a chimeric receptor in 

which the 370 GR N-terminal residues were replaced by the carboxy terminal 

AAD of the Herpes Simplex virus VP16 protein (Figure 16A). This portion of 

VP16 has been extensively studied and shown to function as a strong 

transcriptional activator when fused to a heterologous DNA binding domain 

(Sadowski et al. 1988). Using transient co-transfection assays into CV1 cells 

with the p:M:M-CAT reporter plasmid, I found that the VP-GR chimeric 

receptor functions as well or better than full-length wt GR (Figure 16B). 

7r cells stably expressing the VP-GR fusion protein were isolated 

(7.GVP13 and 7.GVP16) and characterized by dex-binding assays (see Table 4). 

The growth curves shown in Figure 17 demonstrate that both 7.GVP13 and 

7.GVP16 are sensitive to dex-containing media. The extent of dex-sensitivity 

in 7.GVP13 and 7.GVP16 is consistent with the amount of functional receptor 

in these two cell lines (Table 4). In fact, the growth curves of 7.GVP16 (Figure 

17) and 7.G9 (Figure 9, Chapter IV) are very similar. To examine this more 

directly, the relative dex-sensitivities of 7.n8.n7, 7.VP13 and 7.G6 were 

compared by analyzing the number of viable (trypan blue-negative) after 72 

hours of growth in the presence or absence of 10-6 M dex. PhotOmicrographs 

of representative hemacytometer fields are shown in Figure 18. It can be seen 

by this analysis that 7.n8.n7 cells, which express only nti GR, grow normally 

in dex-containing media (compare Figure 18, panels A and D), whereas both 

7.GVP13 (Figure 18, panels B and E) and 7.G6 (Figure 18, panels C and F) cell 

cultures are dramatically affected by dex. These results reflect both 



Figure 16; Expression of a VP-GR fusion protein in 7r cells. (A) Construction 
of the VP-GR expression plasmid. pRVPGR-neo was made by cloning 233 
nucleotides of VP16 cDNA (nucleotides 8-241 of pCRF-1, Sadowski et aI, 1988) 
into the BgI II-Nco I sites of the pRN+GR-neo expression plasmid. Expression 
from this plasmid results in the production of a VP-GR fusion protein in 
which the N-terminus of GR is replaced by the carboxy terminal 77 amino 
acids of VP16. (B) The VP-GR fusion protein functions as a steroid-regulated 
transcriptional activator. CAT assay results are from CV1 co-transfections 
using the expression plasmids; pRN+GR-neo, containing the entire GR N
terminus; pRN-GR-neo, deleted for GR N-terminal residues 36-404; pRVPGR
neo; and a pMMCAT reporter plasmid containing 1.4 kb of the MMTV long 
terminal repeat linked to the CAT gene. Transfected CV1 cells were grown in 
the absence (-) or presence (+) of 10~ M dex for 48 hours. 
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Table 4: Relative dex-binding values of transfected 549 cells expressing GR N
terminal fusion proteins 

Cell Line 

A2 
7r 
7.N+G35 

7.GVP13 
7.GVP16 

7.D1.3 
7.D2.9 
7.D3.19 
7.Dl-2.5 
7.D2-3.15 

GRGenotype 
Parental 

wt 
r-
r-

r
r-

r-
r-
r-
r-
r-

cDNA 

none 
none 
N+GR 

VP16 fusion 
VP16 fusion 

DI-GR fusion 
D2-GR fusion 
D3-GR fusion 
Dl-2-GR fusion 
D2-3-GR fusion 

Dexbinding 

1.00 
0.02 
1.46 

1.04 
1.06 

1.73 
0.51 
0.47 
1.10 
1.23 

The genotype refers to the endogenous GR gene (parental) or the transfected 

GR sequences (cDNA). Dex-binding values are given in cmp/J.lg total protein 

and were normalized to A2 cells, which have been assigned a value of 1.0. 



Figure 17: Dex-sensitivity of 7r cells expressing the VP-GR fusion protein. Shown are growth curve analyses 
of two 7r transfectants, 7.GVP13 and 7.GVP16, grown in the absence (open circles) or presence (closed circles) 
of 10-6 M dex over a three day period. 
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Figure 18: Photomicrographs showing the dex-sensitivity of 7r stable transfectants. The three cell lines 
7.nS.n7 (A, D), 7.GVP13 (B, E), and 7.G6 (C, F) were seeded at 1.5 X 105 cells per ml and grown in the absence 
(-) (A, B and C) or presence (+) (D,E and F) of 10-6 M dex for 72 hours. Cells were stained with trypan blue 
and loaded onto a hemacytometer before being photographed. Each panel shows the number of live (and 
dead) cells in 2 X 10-5 mls of cell culture as determined by the area of the hemacytometer field. 
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qualitatively and quantitatively ,what can be observed by growth analysis (see 

Figures 11,9 and 17). Taken together, these data indicate that the VP16 acidic 

activating sequences are capable of complementing the nti GR defect (loss of 

N-terminal trans activating functions) by conferring a dex-sensitive 

phenotype to 7r cells and moreover, th~t the extent of dex-sensitivity 

correlates well with levels of VP-GR protein expression. 

Subdividing the GR N-terminus in order to identify sequences which are 

required for the induction of apoptosis in 549 cells 

Although one can infer from the VP-GR data described in the above 

paragraph that the AAD located in the N-terminus of GR is involved in 

steroid-induced apoptosis of 549 cells, it remains to be determined whether 

the GR AAD, which is less acidic and less active than VP16, is not only 

required, but also sufficient to induce this dramatic biological response. The 

GR AAD accounts for only 25% of the entire N-terminus which is missing 

from the nti GR protein. In order to define which portiones) of the N

terminus is required for the induction of apoptosis, several GR fusion 

constructs were made in which portions of the N-terminus were added back 

to the DNA and hormone binding domains of GR (i.e., nti GR). Here, peR 

was used to amplify three different regions of the N-terminus, which are 

defined as foHows: D1, residues 35-195; D2, residues 196-293; D3, residues 294-

403. These divisions were chosen based on previous mapping studies which 

have indicated that the AAD (~2) is the smallest functionally defined 

trans activation region in the GR N-terminus (Godowski et al. 1988; Giguere et 

al.1986). Although D1 (which cont~ins sequences rich in glutamine residues) 
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and D3 have been shown to be dispensable in the activation of transcription 

from the MMTV promoter, a role for these sequences in inducing apoptosis 

has not been ruled out, and were therefore included in this analysis. The 

oligos used to amplify these domains were'designed so that the amplified 

fragments contained a BgllI site and Ncol site at the 5' and 3' ends, 

respectively. These fragments were then purified, digested with BgIII and 

Ncol and cloned into the expression vector pRN+GR-neo (see Chapter II) at 

the BgIII-NcoI sites to create the plasmids pRGRD1-neo, pRGRD2-neo, and 

pRGRD3-neo, respectively (Figure 19A). In addition, larger N-terminal 

fusions were made by amplifying aa 35-293 (01-2) and aa 196-403, (02-3) to 

give pRGRD12-neo and pRGRD23-neo. All five of the fusion expression 

vectors were subsequently sequenced across the PCR-amplified region to 

ensure no changes had been introduced (data not shown). It can be seen in 

Figure 20B that all of the receptor fusions function as dex-dependent 

activators of pMM-CAT. In addition, it was determined that the level of CAT 

induction produced with the GR fusions is higher than with nti GR in every 

case except 01 (data not shown). 

7r cells stably expressing each of the N-terminal fusion proteins (along 

with the parental protein, N+GR) were isolated and characterized by dex

binding assays (see Table 4). It should be noted that only the dex-binding 

values of cell lines which express the highest amount of GR from each 

transfection are given, even though a minimum of 20 clonal isolates from 

each of the six tranfections were screened for the presence of GR. The growth 

curves shown in Figure 20 demonstrate that the dex-sensitivity of cells 

expressing the parental GR protein, 7.N+G35, is very similar to the sensitivity 



Figure 19: Expression of GR N-terminal fusion proteins. (A) Shown here is a schematic representation of 

the PCR-based cloning strategy used to construct the GR fusions which contain different portions of the N

terminus inserted into a pair of unique restriction sites, BglII and Ncol at nucleotide positions 121 and 1228, 
respectively, which were introduced by site-directed mutagenesis (see Chapter n and Chapter IV for details). 
(B) The GR N-terminal fusion proteins function as steroid-regulated transcriptional activators. CAT assay 
results are from CV1 co-transfections using the expression plasmids pRGRD1-neo (aa 35-195), pRGRD2-neo 
(aa 196-293), pRGRD3-neo (aa 294-403), pRGRD12-neo (aa 35-293), pRGRD23-neo (aa 196-403), and the pMM

CAT reporter plasmid. The plasmids pRN+GR-neo and pRntLneo are also shown for comparison. 
Transfected CV1 cells were grown in the absence (-) or presence (+) of 10-6 M dex for 48 hours. 
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Fig.ure 20: Oex-sensitivity of 7r cells expressing the GR N-terminal fusion proteins. Shown are growth curve 
analyses of six 7r transfectants, 7.N+GR35, 7.01.3,7.02.9,7.03.19, 7.01-2.5, 7.02-3.15., grown in the absence 
(open circles) or presence (closed circles) of 10-6 M dex over a three day period. 
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displayed by cells expressing similar levels of wt GR (A2, Figure 9 in Chapter 

m). Interestingly, cells expressing the GR-01 fusion protein (7.01.3) displayed 

slight sensitivity when grown in the presence of dex (Figure 20). Two other 

7.01 cell lines (7.01.4 and 7.01.9), which express similar levels of GR, were 

also sensitive to dex (data not shown). As can be seen in Figure 20, similar 

result were observed for cells expressing the GR-01-2 fusion protein 

(7.01-2.5). Out of the 29 7.D2 and 22 7.03 cell lines examined, none displayed 

any marked sensitivity to dex (Figure 20). It is impossible to draw any firm 

conclusions from these results s~nce all of 7.02 and 7.03 cell lines express low 

levels of GR. Therefore, it cannot be determined whether this observed 

insensitivity is due to the lack of the apoptotic activation domain or simply 

due to subthreshhold levels of GR. The 7.02-3.15 cell line, although 

expressing moderate levels of GR'alSO did not display any dex-sensitivity. 

Oiscussion 

One of the important questions regarding steroid-mediated 549 

apoptosis concerns the mechanism of GR-regulated cell death, specifically 

with regard to the requirement of transcriptional induction versus 

transcriptional repression. The ,data presented here support the role of GR

mediated transcriptional induction in apoptosis. Specifically, the results 

using the VP-GR fusion receptor demonstrate that replacement of the GR N

terminus with the HSV-1 VP16 trans activation domain is sufficient to confer 

a dex-sensitive phenotype (7.GVP13 and 7.GVP16). This result strongly argues 

for the importance of transcriptional induc~ion in apoptosis since the 
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mechanism of VP16 trans activation is thought to be the recruitment of 

limiting factors such as TFllD (Ingles et al. 1991) and TFIIB (Lin and Green, 

1991) to the basal promoter complex resulting in increased rates of 

transcriptional initiation.. In addition, a type of repression called "squelching" 

(Ptashne, 1988) is probably not involved in the apoptotic response because 

specific ONA binding has been shown to be absolutely required for 549 cell 

death (Danielsen et al. 1986) and in most cases, squelching would act 

independently of DNA binding (Ptashne, 1988). 

Previous mapping studies have indicated that the region 

encompassing 01 (residues 1-195) in the GR N-terminus is dispensable in the 

activation of the MMTV promoter. However, results from mapping studies 

utilizing the 7r complementation assay outlined in this chapter indicate a 

potential role for this domain in steroid-induced apoptosis of 549 cells. Stable 

expression of the GR-D1 fusion protein in 7r cells (7.01.3) results in a cell line 

which exhibits moderate dex-sensitivity (Figure 20). This was seen in more 

than one clonal isolate, indicating that the observed sensitivity is due to the 

presence of the GR fusion protein and not "integration" effects. Although no 

functional domains have been assigned to this region, the polyglutamine 

stretch (residues 75-82) presents' an interesting possibility for reasons discussed 

below. The GR AAO is defined as residues 196-293, however, it should be 

pointed out that 01 is also slightly acidic and moreover, there are three 

phosphorylation sites in this region of the receptor (Bodwell et al. 1991), 

creating the potential for an even higher degree of acidity in this domain. 

Poly-glutamine activation domains have been functionally defined in 

the Sp1 transcription factor (Courey and Tjian, 1988; Kadonaga et al. 1987). It 



85 

is believed that the glutamine-rich domains of Sp1 form protein interfaces 

that direct synergistic interactions to enhance transcription (Courey and Tjian, 

1988; Courey et al. 1989). Thus, the glutamine-rich region of Sp1 may 

represent a structural framework for protein-protein interactions. 

Interestingly, the recent cloning of human TFIID has revealed that this 

protein contains a stretch of 38 glutamine residues in the N-terminal half of 

the protein (Peterson et al. 1990). It has been determined that only the 

carboxy-terminal half of human TFIID is required for specific binding to the 

TATA box and promotion of basal transcription, while the entire protein 

(including the N-terminal half) is required to support Sp1 activated 

transcription. In addition, yeast TFllO, which lacks the poly-glutamine 

domain, is incapable of supporting Sp1-dependent transcription. These 

results indicate the importance of the N-terminal (poly-glutamine) region of 

TFIID for upstream activation functions. It could be that the poly-glutamine 

region of Sp1 (and GR) interacts with the poly-glutamine region of 'IFIIO, 

perhaps through adaptors or co~ctivators which serve as bridging proteins to 

direct this interaction (Hoey et al. 1990; Berger et al. 1990). 

Although firm conclusions cannot not be made from the results 

obtained with the GR-02 stable line (7.02.9) analyzed in this chapter due to 

the low levels of GR, it is interesting to note that the cell line 7.01-2.5 

displayed slight sensitivity when grown in ~he presence of dex while 7.02-3.15 

cells were completely dex-resis~ant even though the level of GR expression is 

approximately the same (Figure 20 and Table 4). This result suggests that the 

GR N-terminal AAO alone (02) is unable to induce the apoptotic response in 

7r cells, but when placed in combination with 01 (the poly-glutamine region), 
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a response is observed. Why is the VP16 AAD alone, able to induce the 

apoptotic response while the native GR AAD is not? One possible model that 

would explain this is since the GR N-terminal AAD is a weak activator in 

comparison to the VP16 AAD, additional domain(s) are needed to induce the 

apoptoticgene(s) in the native GR protein. These additional domains might 

serve as protein:protein interaction sites through which multiple contacts are 

made with one or more components of the basal apparatus of the apoptotic 

gene(s) promoters. In this scenario, the VP16 would require only one contact 

with the basal apparatus, whereas GR would require two or more. These 

contacts would be made either directly with the activating regions or through 

one or more adaptor molecules. 

An alternative explanation for these observations is that the different 

GR N-terminal derivatives have altered affinities for the GREs of the 

apoptotic gene(s). This result would indicate that the GR N-terminal 

sequences were important for conferring a specific DNA binding function to 

the receptor rather than interacting directly with components of the basal 

transcription appartatus. It is also possible that both of these mechanisms are 

occuring. 
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OIAPTERVI 

CONCLUSIONS 

Apoptosis is thought to be an active process that affects cells 

undergoing developmental changes. This type of cell death is seen in 

numerous organisms and cell types and has been studied for many years, yet 

there is relatively little information. available on the mechanisms that 

mediate this process. Although the signals that trigger the onset of apoptosis 

(i.e., addition or removal of hormone) vary from one cell type to another, the 

basic cellular mechanism is thought to be the same. It is widely believed that 

this mechanism is transcriptionclIly based, since in a variety of systems, 

apoptosis is inhibited by cycloheximide and actinomycin D (Gali1i et al. 1982; 

Schwartz et al. 1990; Oppenheim et al. 1990; Martin et al. 1988). It has recently 

been shown that the expression of a number of genes is elevated in cells 

undergoing apoptosis (Baughman et al. 1991; Briehl and Miesfeld, 1991; 

Owens et al. 1991). Taken together, these data have led to the proposal that 

altered transcription of specific genes, either by repression or induction, is the 

key regulatory event in apoptosis. 

Although little is known about the exact biochemical events which 

bring about apoptotic cell death, recent studies seem to implicate 

mitochondrial function and fluctuations in the intracellular redox state. In 

particular, Hockenbery et al. (1990) have found that the BcI-2 gene product 

(which when overexpressed, blocks the apoptotic death of a pro-B-lymphocyte 

cell line) is located in the inner mitochondrial matrix, suggesting that 
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oxidative phosphorylation may be involved in apoptosis. In addition, Briehl 

et al. (1991) have demonstrated that glutathione 5-transferase ybl (GST) gene 

expression is induced in several different cell lines undergoing apoptosis, one 

of which was 549. The GST ybl induction was sensitive to glucocorticoid 

concentrations, required functional GR and' was not blocked by 

cycloheximide. A potential link between changes in the intracellular redox 

state and apoptosis was proposed since increases in GST ybl might be 

responsible for depleting intracellular levels of glutathione, which is 

normally followed by depletion of protein thiols and eventually disruption of 

Ca2+ homeostasis. 

I have taken a molecular 'genetic approach to investigate the cis and 

trans components of dex-induced cell death of the murine lymphoma cell 

line 549. The dex-resistantGR mutant, nti, was characterized at the 

molecular level by isolating and characterizing GR cDNA from two nti 549 

mutant cell lines. This analysis revealed that nti GR transcripts encode intact 

steroid and DNA binding domains but lack 404 N-terminal residues as a 

result of aberrant RNA splicing between exons and 1 and 3. 

The GR is known to function as a ligand-regulated transcription factor. 

Functional analysis revealed that the nti GR exhibits a reduced transcriptional 

regulatory activity. Furthermore, it was determined that the N-terminal 

domain of GR is absolutely required for the induction of apoptosis. This 

requirement was complemented by replacing the GR N-terminus with the 

VP16 AAD. This result strongly suggests that the transcriptional induction of 

specific target genes is a primary event in apoptosis. Although an attempt to 

map the sequences within the GR N-terminus that are responsible for the 
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induction of apoptosis in 549 cells was not conclusive, a potential role for the 

region encompassing residues 1-195 was observed. This was very surprising 

since it was thought that this region of the GR was dispensable for 

transcriptional enhancement. This region contains an unusual stretch of 

polyghuamines, which, notably, is not found in the human GR. This 

difference could be of some functional importance since it has been known 

for many years that in general, mouse lymphocytes are more sensitive to the 

effects of steroids than human lymphocytes (Cheigh et al. 1975; Claman, 1972; 

Claesson and Ropk!i!, 1969; Cow,an and Sorenson, 1964; Schrek, 1961). This 

could be easily tested by expressing the human GR in S49.7r cells and assaying 

for sensitivity in dex-containing media. 

Although little is known about the mechanism by which sequence

specific DNA transcription factors like GR stimulate initiation of 

transcription by RNA polymerase IT, several models have been proposed. 

Gener.al transcription factors have been defined to include those molecules 

which activate a basal reaction at the promoter site resulting in the accurate 

positioning of the polymerase, and initiation. These factors assemble in a 

stepwise fashion on the template beginning with the binding of TFITD, which 

permits the association of TFITA and TFITB. On~ TFITB is bound, the 

polymerase associates; this bind,ing allows for the association of TFITE/F 

(Buratowski et al. 1989). It is thought that the rate-limiting step in this 

assembly process ultimately reflects. the rate of initiation. Transcriptional 

activator proteins, which stimulate the rate of initiation of transcription, are 

thought to do so by increasing the rate of the basal reaction. This class of 

transcription factors possess one or more activation signals which, according 
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basal reaction. 
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Three different activation signals have been broadly defined, acidic, or 

proline- or glutamine-rich. How do these activating regions stimulate the 

initiation of transcription? In general, it is pres~ed that activators interact 

with one or more of the basic transcription factors. Various studies have 

provided conflicting conclusions about which of the basal components is the 

target. For example, it has been proposed that the direct target of the activator 

is TFllD (Horikoshi et al. 198sa; 1988b; Stringer et al. 1990; Ingles et al. 1991), a 

IIbridgingll protein or coactivator (Pugh and Tjian, 1990; Berger et al. 1990; 

Kelleher et al. 1990), RNA polymerase (Allison and Ingles, 1989), and most 

recently TFllB (Lin and Green, 1991). It is snll not clear which of these targets 

is actually correct; it may be one of these, or a combination of two or more. 

An intriguing variation of this model comes from work by Durrin et 

aI. (1991) who have recently proposed that there is a chromatin-dependent, 

direct or indirect interaction between the activator protein and the H4 histone 

N-terminus. This interaction would generate a structural change in one or 

more nucleosomes downstream of the upstream activating sequence and 

would then allow release of nucleosomal repression of initiation and access 

to the basal transcriptional "apparatus. This seems reasonable since we know 

that in vivo, DNA is packaged into chromatin. Evidence for this comes from 

Workman et al. (1991) who have shown that reconstitution of chromatin on 

a template in vitro strongly suppresses the "subsequent activity of the template 

for transcription with basal factors. This inhibitio~ is alleviated if the 

reconstitution is carried out in the presence of a transcription factor 
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possessing an AAD. Only after unfolding of the nucleosome would the 

interaction between the activator domain and the preinitiation complex 

(direct or indirect) lead to full induction. This raises yet another question: do 

different types of activation domains utiliz~ the same mechanism, or can 

initiation be triggered through alternative pathways? Multiple mechanisms 

might have evolved to add another level of diversity to gene regulators 

constrained on a linear molecule. Multiple regulatory schemes might arise 

through different intermediary proteins that function to bridge various types 

of activation domains with the general transcription machinery. This type of 

higher order, combinatorial regulation would allow, at least in part, the 

exquisite species and tissue-specific gene expression that is observed 

throughout all of nature. 

The transcriptional control of certain genes (whether they are on or off) 

appears to be a central theme in the regulation of the development of most 

organisms. Deciphering the molecular m«7chanisms involved in 

transcriptional regulation will ~timately lead to a greater understanding of 

the complexities of development itself. The GR-mediated, steroid-induced 

programmed cell death in 549 cells provides one with a unique system in 

which to study and eventually solve such mechanisms. 
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