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ABSTRACT 

Apoptosis, or programmed cell death, occurs in response to various 

biological signals, providing a means for the deletion of unnecessary or 

potentially harmful cells. Following genetic rearrangement of the variable 

region of the T-cell receptor (TCR), only thymocytes that express a 

functional TCR which does not recognize self-antigen survive to undergo 

positive selection, while both self-reactive and non-functional thymocytes 

undergo apoptosis. Glucocorticoid hormones trigger apoptosis of 

immature thymocytes. Although the physiological role of this sensitivity 

to glucocorticoids is not completely understood, it provides a useful model 

for thymocyte apoptosis. The glucocorticoid receptor (GR) is a ligand

dependent transcription factor, capable of both gene activation and 

repression. I have addressed the role of GR in steroid-induced apoptosis. 

Some controversy exists over whether gene activation or repression by GR 

is important for thymocyte' apoptosis. By altering the N-terminal 

transcriptional activation domain of GR, I have shown that increasing the 

activation capacity of GR increases its ability to initiate apoptosis, 

suggesting that the activation function of GR is important for steroid

induced apoptosis. My work does not rule out an additional role for 

repression; the apoptotic pathway may be initiated by a combination of 

activation and repression of multiple GR targets. 

To identify potential GR target genes which might be involved in 

apoptosis, I used differential display PCR. I identified four transcripts 

which are up-regulated by glucocorticoids in murine thymocyte cell lines. 
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One, the G/T binding protein, has recently been implicated in DNA repair. 

The remaining three represent novel transcripts. GIGI (for glucocorticoid 

induced gene 1) is a 10.5 kB transcript which is induced within 2 h of 

hormone treatment, reaching a maximum of 20-fold over basal levels by 8 

h. Similarly, a 7.5 kB transcript called GIG10 is also rapidly induced to high 

levels. GIG18, a 7.5 kB thymus specific transcript, is induced as early as 30 

min following treatment with glucocorticoids, reaching la-fold basal levels 

by 8 h. Partial cDNAs of all three genes have been obtained. However, 

comparisons to sequence databases have to date revealed no significant 

homology to known genes. Determination of the possible involvement of 

any of these genes in glucocorticoid-induced thymocyte apoptosis will 

require further characterization. 



CHAPTERl 

INTRODUCTION 

Complex organisms control cell numbers by two mechanisms: cell 

division and cell death. The elimination of unnecessary or potentially 

dangerous cells occurs by a process variously termed cell suicide, 

programmed cell death, or apoptosis. In response to a multitude of 
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stimuli, various cell types undergo a characteristic death process which 

includes chromatin condensation and margination along the nuclear 

membrane, loss of nuclear and cell volume, cleavage of genomic DNA first 

into large fragments (50-200 kbp) and then into smaller oligo-nucleosomal 

sized fragments (multiples of 180-200 base pairs), and finally blebbing of the 

cell membrane to form small apoptotic bodies which are phagocytosed by 

neighboring cells or professional phagocytes. At no time is there a loss of 

integrity of the cell membrane nor spillage of cell contents; consequently, 

there is no inflammatory response (Fesus et al., 1991; Kerr and Harmon, 

1991; Lockshin and Zakeri, 1991; Steller, 1995). Noting the morphological 

similarities amongst various types of cell deaths, Kerr proposed the term 

apoptosis to denote this type of cell death and contrast it with necrosis, 

death brought about by extreme physical or osmotic shock (Kerr et al., 1972). 

The term apoptosis refers specifically to the morphology of the dying cell, 

and while there has been some debate over the proper use of terms such as 

apoptosis, cell suicide, and programmed cell death (Alles et al., 1991), I will 

use the term apoptosis in a broad sense to denote the process of 
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autonomous cell death induced by developmental or other physiologically 

relevant signals. 

Apoptotic cell death is prevalent throughout development. For 

example, of the 1090 cells in hermaphrodite Caenorhabditis elegans, 131 of 

these cells undergo apoptosis during maturation (Driscoll and Chalfie, 

1992). In vertebrate development, apoptosis is integral to processes such as 

tissue remodeling (interdigitation, for example (Kerr and Harmon, 1991», 

innervation (Cowan et al., 1984), hematopoiesis (Koury, 1992) and 

development of the immune system (Owen and Jenkinson, 1992; Cohen, 

1991; Cohen et al., 1992; Smith et al., 1995). 

Apoptosis can be thought of as altruistic cell death (Kerr and 

Harmon, 1991; Vaux et al., 1994). The survival of a complex multicellular 

organism is often enhanced by or even dependent on the death of certain 

of its component cells. The human sunburn response is an interesting 

demonstration of this concept. Exposure to intense sunlight subjects us to 

UV irradiation, a potent mutagen. Skin cells with UV-induced DNA 

damage have an increased probability of carrying oncogenic mutations. 

While the uncontrolled growth of cancer propagates the lineage of the 

individual cell (at least temporarily), it is clearly not advantageous to the 

organism as a whole. Fortunately, via a p53-dependent mechanism, UV 

damaged skin cells undergo apoptosis and are sloughed off, an altruistic 

cell suicide (Kamb, 1994; Ziegler et al., 1994). 

Another example of altruistic cell death is in the immune system. 

Prevention of autoimmunity is dependent on the apoptotic death of large 

numbers of B- and T -lymphocytes. Following recombination, these cells 
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produce either antibodies or T cell receptors which recognize a huge variety 

of epitopes, and among these are cells which will recognize self-antigens. If 

these cells were allowed to undergo positive selection, the organism would 

quickly succumb to an autoimmune response. To prevent this, upwards of 

90% of these newly generated cells rapidly undergo apoptosis (Cohen, 1991; 

Cohen et al., 1992; Owen and Jenkinson, 1992). 

Developing T-cells (thymocytes) undergo genetic rearrangement of 

the T-cell receptor (TCR) variable region to create a vastly diverse 

repertoire of cells necessary for antigen recognition. Thymocytes which can 

interact with the self-antigen major histocompatibility complex (MHC) 

expressed in the thymus are positively selected, while those that can not 

interact with the MHC undergo apoptosis. Most thymocytes are not 

positively selected, but instead undergo cell death as a result of "neglect" 

(lack of positive selection). This death by neglect in the thymus is thought 

to be induced by glucocorticoids. Therefore the vast majority (>90%) of 

apoptotic cell death in the thymus is thought to be mediated by 

glucocorticoids. In addition, negative selection of self-reactive T-cells is 

necessary to prevent auto-immunity, so T-cells which strongly react to self 

antigen complexed with the MHC also undergo apoptosis in the thymus. 

Thus massive levels of T-cell apoptosis occur in the thymus. Most of these 

cells die by a glucocorticoid-mediated neglect pathway, while a relative few 

undergo apoptosis via TCR-mediated negative selection (MacDonald and 

Lees, 1990; Owen and Jenkinson, 1992; Nagata and Golstein, 1995; Surh and 

Sprent, 1994; Vacchio et al., 1994; Kisielow, 1995; Smith et al., 1995). 
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The importance of apoptosis is underscored by its conservation 

across phylogeny (Steller, 1995; Vaux et al., 1994). For example, early 

researchers noted similarities in dying cells during regression of larval 

structures during insect and amphibian morphogenesis and chick limb bud 

development (Lockshin and Zakeri, 1991). More recently, advances have 

been made using genetic systems such as Caenorhabditis elegal1s (Driscoll 

and Chalfie, 1992), and drosophila (White et al., 1994; Steller, 1995), and the 

study of apoptosis in such divergent systems has created considerable 

synergism. This conservation in apoptotic morphology has been extended 

to the molecular level, as several proteins have been shown to play similar 

apoptotic roles in nematodes, insects, and mammals. 

Apoptotic cell death plays a role in many diseases (Bursch et al., 1992; 

Carson and Ribeiro, 1993; Thompson, 1995). Apoptosis is an important 

anti-cancer mechanism, often occurring spontaneously in malignant 

tumors (Kerr et al., 1994). Many cell types undergo apoptotic death in 

response to DNA damaging agents such as chemical mutagens, UV- or "(

irradiation (Mori et al., 1992). This serves as an anti-oncogenic role by 

eliminating cells with an elevated potential for tumor progression. Over

expression of anti-apoptotic proteins such as bcl-2 can contribute to 

oncogenesis (Kerr et al., 1994), and, conversely, inactivation of genes which 

are necessary for the apoptotic pathway is also likely to contribute to 

oncogenesis (Thompson, 1995). Additionally, many viruses, including 

adenovirus (Debbas and White, 1993), and baculovirus (Clem and Miller, 

1994) have evolved mechanisms for preventing apoptosis, since host cells 

often combat viral infection by rapidly undergoing apoptosis, thereby 
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preventing viral replication. Conversely, HIV-1 infected CD4+ T-cells 

ultimately die an apoptotic death, thereby weakening the immune system 

(Groux et al., 1992). 

In the past 10-15 years, the field of apoptosis has exploded. Not long 

ago, the study of dead or dying cells was likely considered by most life 

scientists to be rather trivial and limiting. Now, most biologists familiar 

with apoptotic cell death recognize it as an integral part of life, of profound 

importance in many areas, particularly developmental biology, 

immunology, and medicine. Despite this increased attention, we still 

understand relatively little about the mechanistic details of apoptotic cell 

death. However, a number of molecular determinants have been 

identified, and in the next few paragraphs I will try to summarize current 

information on these. 

Proteins Implicated in Apoptosis 

Bcl-2 is a 25 kDa protein which suppresses apoptosis by an unknown 

mechanism (Vaux et al., 1988; Hockenbery et al., 1990; Vaux, 1993). It was 

originally identified at the most common chromosomal translocation in 

human lymphoid malignancies, t(14;18} (q32;q21). This translocation 

juxtaposes the bcl-2 gene with the immunoglobulin heavy chain locus, 

resulting in elevated Bcl-2 expression. Increased Bcl-2 levels prevents 

apoptosis, thereby promoting malignant progression of lymphomas 

(Hockenbery et al., 1990; Korsmeyer, 1992). Bcl-2 has garnered much 

attention because it effectively blocks most forms of apoptosis, including 

death induced by glucocorticoids (Alnemri et al., 1992; Miyashita and Reed, 



1992; Caron-Leslie et al., 1994), DNA damage (Strasser et al., 1994), growth 

factor deprivation (Nunez et al., 1994), and chemotherapeutic agents 

(Miyashita and Reed, 1992). 
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The localization of the Bcl-2 protein has been disputed. Early reports 

placed it in the inner mitochondrial membrane (Hockenbery et al., 1990), 

while others found it localized mainly to the nuclear envelope and the 

endoplasmic reticulum (Jacobson et al., 1993). Still others found that Bcl-2 

activity does not require membrane association at all (Borner et al., 1994; 

Hockenbery et al., 1993). The mechanism by which Bcl-2 blocks apoptosis is 

also uncertain. Several groups have presented evidence that Bcl-2 acts in 

an antioxidant pathway to prevent apoptosis (Kane et al., 1993; Hockenbery 

et al., 1993). However, the role of oxidative stress in apoptosis is 

controversial (Hug et al., 1994; Muschel et al., 1995). 

Bcl-2 defines a family of cell death related proteins. The Ced-9 

protein in C. elegans is structurally and functionally homologous to Bcl-2 

(Hengartner and Horvitz, 1994). Both sequence homology and physical 

association with Bcl-2 have been used to identify a large number of 

mammalian bcl-2 family members, all of which interact with various 

subsets of the family through an oligomerization domain (Oltvai et al., 

1993; Sato et al., 1994). One of the most interesting of these is Bax, a 

positive regulator of apoptosis. Bax, which forms both homodimers and 

heterodimerizes with Bcl-2, accelerates apoptosis. The ratios of Bax and 

Bcl-2 seem to determine the rate of cell death, leading to the model that Bax 

and Bcl-2 levels define the susceptibility for apoptosis, with high levels of 



Bax favoring death and high Bcl-2 levels favoring cell survival (Oltvai et 

al., 1993; Oltvai and Korsmeyer, 1994). 
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Cell specific and stage-specific regulation of bcl-2 family members 

seems to be important in developmental regulation of programmed cell 

death (Nunez et al., 1994). This has been best demonstrated in the 

development of lymphoid cells. During T cell maturation, progenitor cells 

progress through stages defined by expression of the cell surface markers 

CD4 and CDS. Primitive T cell precursors are CD4- CDS- during the stage of 

T cell receptor rearrangements. They subsequently express both markers. 

These CD4+CDS+ cells now encounter antigen presenting cells and are 

either chosen for positive selection, wherein they become either CD4-CDS+ 

or CD4+CDS-, or they undergo apoptosis. Bcl-2levels vary during these 

stages. Immature CD4-CDS- cells are protected from apoptosis by high 

levels of Bcl-2. These levels drop at the CD4+CDS+ stage during the time 

selection occurs. In positively selected single positive cells, Bcl-2 levels rise. 

A similar pattern is seen during B cell maturation, with high Bcl-2 levels 

in pro-B cells, dropping to low levels during selection of pre-B cells, and 

again rising in mature B cells (Merino et al., 1994; Gratiot-Deans et al., 1994; 

Nunez et al., 1994; Smith et al., 1995). 

The crucial involvement of cysteine proteases such as interleukin-

1~-converting enzyme (ICE) is now well established for at least some forms 

of apoptosis (Martin and Green, 1995). Over-expression of ICE causes 

fibroblasts to undergo apoptosis (Miura et al., 1993). Inhibition of ICE by 

crmA, a 3S kDa cowpox virus encoded serpin, blocks apoptosis both in 

fibroblasts which over express ICE (Martin and Green, 1995), and in 
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neurons deprived of growth factors (Gagliardini et al., 1994). However, ICE 

knock-out mice develop relatively normally, and thymocytes in these 

animals undergo normal apoptosis (Li et al., 1995). The lack of dramatic 

developmental abnormalities in these animals is likely due to the presence 

of a number of functional ICE homologs. There are at least four additional 

ICE-like enzymes in mammals: ICH-1 (for ICE/£ed3 homolog), ICH-2, 

ICErel, and CPP-32 (Nicholson et al., 1995). All members of the ICE family 

show homology to each other and to the protein encoded by the C. elegans 

cell death gene ced-3 (Kumar et al., 1994; Nicholson et al., 1995). Various 

ICE proteases typically are translated as inactive pro-forms, and are 

activated by proteolytic cleavage. ICE cleavage may be autocatalytic, and ICE 

can also cleave and activate CPP-32, although the reverse is not true 

(Martin and Green, 1995). No consensus has been reached on the identity 

of the target(s) for the ICE proteases which are relevant to apoptosis. IL-1P 

is not favored, as it is not expressed in many types of cells which undergo 

apoptosis. Another candidate for the protease target is poly(ADP-ribose) 

polymerase (PARP). Nicholson et al found that CPP-32 (but not ICE) 

cleaves PARP, and they propose that P ARP cleavage prevents the 

polymerase from coordinating DNA repair, thereby causing apoptosis 

(Nicholson et al., 1995). Whether members of the ICE protease family effect 

apoptosis by targeting a single critical protein or many proteins, these 

proteases (and perhaps others) play an important role in apoptotic cell 

death. 

A few years ago a gene called reaper was identified in Drosophila 

(White et al., 1994). In flies homozygous for H99, a small deletion which 
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includes reaper, normal apoptosis during Drosophila embryogenesis was 

blocked in all cells examined. This deficiency could be overcome by germ 

line transformation with reaper. In addition, expression of reaper under 

the control of a heat shock promoter is sufficient to induce apoptosis. 

Reaper expression appears to be necessary for all apoptosis in Drosophila. 

Its expression is induced by stimuli which trigger apoptosis, such as X-ray 

irradiation. Reaper encodes a 65 amino acid protein with no extensive 

similarity to other known proteins. Although the mechanism by which it 

works is not known, reaper has been proposed to be a universal regulator 

of apoptosis in Drosophila (White et al., 1994; Steller, 1995). Interestingly, a 

second gene involved in apoptosis, hid (for head involution defective), has 

recently been identified in the same deletion (H99) from which Drosophila 

was found. Like reaper, hid expression is sufficient to induce cell death, 

and hid is up regulated in some cells undergoing apoptosis (Grether et al., 

1995). 

The Fas ligand (FasL), a 40 kDa cell surface protein, binds its receptor 

Fas, and this interaction transduces a death signal to the cell bearing Fas 

(Nagata and Golstein, 1995). A type I transmembrane protein, Fas shares 

homology in its extracellular domain with several other proteins, 

including tumor necrosis factor receptors 1 and 2 (TNFR-1, TNFR-2), and 

nerve growth factor receptor. Among these transmembrane receptors, only 

TNFR-1 shares homology with Fas in its cytoplasmic domain (Nagata and 

Golstein, 1995). This intracellular region has been named the 'death 

domain', and it also shares some homology with reaper (Golstein et al., 

1995). Binding of Fas by FasL causes trimerization of Fas, and this is 
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thought to somehow transduce the death signal. Apoptosis occurs rapidly 

following Fas-FasL interaction, and can proceed in the absence of a nucleus 

or macromolecular synthesis. Fas mediated apoptosis is important in 

eliminating autoreactive T-cells and B-cells in the peripheral circulation, 

although it is probably not involved in intrathymic selection of developing 

T-cells nor in negative selection of B-cells maturing in the bone marrow 

(Nagata and Golstein, 1995). In addition, Fas mediated cell killing is 

probably one of two mechanisms by which cytotoxic T lymphocytes kill 

virus-infected cells, the other being the better known perforin-granzyme 

pathway (Nagata and Golstein, 1995; Berke, 1995; Cleveland and Thle, 1995). 

Thymocyte Apoptosis 

The T-cell receptor (TCR) clearly plays an important role in 

determining the death or survival of thymocytes developing in the 

thymus. As discussed above, following genetic rearrangement, thymocytes 

which bear TCR which recognize self-antigen undergo apoptosis. It is not 

known precisely how this interaction with the TCR trans duces a death 

signal, but it can be mimicked by antibodies against the TCR Gondal et al., 

1995). Two groups independently identified a gene called nur77 as being 

up-regulated in thymocytes undergoing TCR-mediated apoptosis 

(Woronicz et al., 1994; Liu et al., 1994). Nur77 is a zinc-finger transcription 

factor related to the members of the steroid/retinoid/thyroid hormone 

receptor superfamily, except that it has no known ligand, placing it in the 

'orphan' receptor class. The nur77 transcript is induced within 30 minutes 

of engagement of the TCR. Nur77 induction and activity has been shown 



to be required for TCR-mediated apoptosis, both by suppressing its 

expression using antisense (Liu et al., 1994), and by using dominant

negative Nur77 (Woronicz et al., 1994). Nur77 seems to be specific to the 

TCR-mediated pathway, as other treatments which stimulate thymocyte 

apoptosis, such as glucocorticoids, do not induce nur77 (Woronicz et al., 

1994; Liu et al., 1994). 
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Thymocytes can be induced to undergo apoptosis by both 

glucocorticoid-mediated and TCR-mediated processes. Interestingly, these 

processes are mutually antagonistic rather than synergistic (Zacharchuk et 

al., 1990; Iwata et al., 1991; Iseki et al., 1991; King et al., 1994). The presence 

of both cell death signals results in a lower level of apoptosis than either 

signal alone. This observation has led to a model for selection of 

thymocytes in the thymus. According to this model, cells with TCRs which 

have very low or no avidity for the MHC complex receive no death signal 

from the TCR and hence the glucocorticoid signal is unopposed, resulting 

in death. Cells with moderate avidity for the MHC complex survive 

because of antagonism between the glucocorticoid signal and moderate 

TCR signaling. Cells which recognize self antigens in the MHC complex 

die as a result of an overwhelmingly strong signal via the TCR pathway 

(Zacharchuk et al., 1990; Jondal et al., 1995). This conceptually appealing 

model would be strengthened by a mechanistic understanding of the 

antagonism between these two pathways. 
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A Common Pathway for Apoptosis 

Due to the similarities in apoptotic morphology among cells induced 

to die by seemingly unrelated stimuli, it is generally thought that there is a 

common apoptotic pathway. Current models favor the idea that various 

apoptotic signals trigger a sequence of signal-specific events which 

eventually lead in to a set of common events (Fig. 1). Thus cell-specific and 

stimulus-specific events initiate a cascade ending in the shared events such 

as DNA degradation and membrane blebbing which we recognize as 

apoptosis. Support for a shared pathway comes from a number of areas. 

Ced-3 and ced-4 are thought to be required for all 131 cell deaths during C. 

elegans development (Driscoll and Chalfie, 1992), while reaper expression 

is thought to be required for almost all developmentally programmed cell 

deaths in drosophila (White et al., 1994). Cysteine proteases such as ICE are 

being implicated in a growing list of occurrences of apoptosis (Martin and 

Green,1995). Perhaps most significantly, bcl-2 blocks apoptosis induced by 

stimuli as diverse as x-ray irradiation, glucocorticoids, and growth factor 

withdrawal (Nunez et al., 1994). As diagrammed in Fig. la, most current 

models propose that the apoptotic pathway starts with some initial signal, 

acting through some type of signal transducer. A hormone/hormone 

receptor system is the clearest example here. Next the signal is probably 

communicated to some regulatory mechanism, where the choice between 

survival and cell death is made. Cell death regulators may integrate inputs 

from a number of different signals, and the survival/ death decision is 

undoubtedly influenced by cell lineage. Once the decision to undergo 

apoptosis is made, cell death effectors (sometimes called the 'executioner') 
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take over and execute the steps necessary for the characteristic apoptotic cell 

death. It is helpful to think in terms of these different steps in the 

apoptotic pathway, but it is also important to recognize that different 

signals do not necessarily follow similar linear pathways. A more accurate 

picture may look something like Fig. Ib, where different apoptotic signals 

enter a common pathway at different points, only completely converging 

near the end of the pathway. 

Glucocorticoid-Induced Thymocyte Apoptosis 

Glucocorticoid hormones induce apoptosis of immature thymocytes. 

This has provided one of the classical models for the study of apoptosis, 

since hormone levels can be readily manipulated in either primary cell 

cultures or established T-cell lines, providing a simple method to control 

apoptosis. Many of the early morphological observations of apoptosis were 

first made in glucocorticoid-treated thymocytes (Wyllie, 1980). In addition, 

glucocorticoids have long been used clinically to treat childhood T-cell 

leukemia and lymphomas, providing a temporary remission (Ezdinli et al., 

1969). But, despite the long history of research in glucocorticoid-induced 

thymocyte apoptosis, very little is known about the exact mechanism of 

this process. 

The glucocorticoid receptor (GR) is required for glucocorticoid

mediated apoptosis. GR is a ligand dependent transcription factor known 

to act both as an activator and as a repressor, and is a member of the 

nuclear receptor subfamily that includes the androgen receptor (AR), the 

progesterone receptor (PR), and the mineralocorticoid receptor (MR) 
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(Miesfeld, 1995). These receptors all bind with a high affinity to the 

hormone response element (HRE) half site sequence TGTTCT (Beato, 1989). 

Functional domains in GR include a C-terminal hormone binding region, 

a DNA-binding domain of the zinc finger class, and an N-terminal 

modulatory domain (Fig. 2). In the absence of hormone, GR exists in the 

cytoplasm in a complex with hsp90 (Picard et al., 1990). Following 

corticosteroid binding, hsp90 is released and GR crosses into the nucleus, 

where it can bind to specific DNA sequences, termed glucocorticoid 

response elements (GREs), and regulate transcription of target genes. 

Although the exact number of GR response genes is not known, it has been 

estimated to be 10-100, and a handful have been identified and 

characterized (Miesfeld, 1989). 

Glucocorticoid Receptor 

Transcriptional 
transactivation 

DNA binding Hormone binding 

N~~~ ____ ~le_~ __ /_t_au_1~1 __ ~_D_N_A __ ~ ____ H __ or_m_o_n_e ______ ~~OOH 
aal 171 311 795 

Figure 2 The glucocorticoid receptor The location of major functional 
domains are indicated. Amino acid numbers shown are for rat GR. 

Glucocorticoid-responsive promoters can be constructed which 

consist only of several copies of a simple GRE and a basal promoter, and 

transcription from such constructs can be induced 10-100 fold by 

glucocorticoids in the presence of GR (Sakai et al., 1988). However, 

endogenous genes have much more complex promoters, allowing variable 
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expression depending on cell type, developmental stage, and other signals. 

This additional level of complexity is necessary because of the relative 

ubiquity of both glucocorticoids and GR (most cell types express GR and are 

exposed to glucocorticoids), as well as the ability of other steroid receptors 

such as AR, PR, and MR to recognize identical response elements. 

Complex promoters with binding sites for other transcription factors allow 

for interactions between GR and additional factors, thereby giving the 

combinatorial control necessary for gene regulation in various specialized 

cell types and situations. Indeed, GR has been shown to interact with an 

extensive list of basal and auxiliary transcription factors (Bloom and 

Miesfeld, 1995). 

What is the Role of GR in Apoptosis? 

GR can act as either an activator or a repressor of transcription, 

depending on the context. For example, GR activates transcription from 

promoters such as that of metallothionine (Karin et al., 1984) and the 

mouse mammary tumor virus long terminal repeat (Buetti, 1994), while 

prolactin (Sakai et al., 1988) and collagenase (Liu et al., 1995) are repressed 

by GR. Effective activation by GR requires both the GR DNA-binding 

domain and the N-terminal activation domain (Miesfeld et al., 1985). 

Repression by GR, however, often does not appear to require DNA-binding 

by GR (Heck et al., 1994; Liu et al., 1995). This type of repression, called 

transrepression, is thought to occur when a transcription factor such as GR 

interacts in solution with another transcription factor, preventing that 

second factor from activating transcription. GR has been shown to 



transrepress several genes via interactions with the transcription factors 

AP-1 and NF-lCB (Scheirunan et al., 1995; Kerppola et al., 1993; Liu et al., 

1995). 
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GR could initiate thymocyte apoptosis by activating expression of 

"death genes" which would directly or indirectly induce the cell death 

pathway. Alternatively, GR might repress transcription of "survival 

genes" which are necessary to prevent apoptosis of immature thymocytes. 

A third possibility is that GR may repress some genes and activate 

expression of others, and that this combination is necessary for apoptosis. 

The focus of my work has been to examine the role of transcriptional 

regulation by GR in thymocyte apoptosis, and to begin to identify GR target 

genes which may be involved in this process. 



CHAPTER 2 

METHODS 

Construction of reporter and expression plasmids 
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All plasmids were constructed using standard molecular cloning 

techniques (Ausubel et al., 1995). pMCAT.hyg contains the 1.4 kB MMTV 

LTR from pMM-CAT (Dieken and Miesfeld, 1992), the CAT gene from 

pMAMneo-CAT (Clontech) and the hygromycin resistance gene from 

SV2hygro. Unique restriction sites were introduced into rat GR at the 

nucleotides encoding aa 170-171 (BssHII) and aa 310-311 (NarI) by site

directed mutagenesis. dGR was made by replacing the DNA flanked by 

these sites with a linker formed by annealing two oligonucleotides (5'

CGCGCGGCCGCGAAGG-3' and 5'-CGCCTTCGCGGCCG-3'). VGR was 

made by using PCR to amplify the sequence for VP16 aa 413-490 from CRF-1 

(Sadowski et al., 1988) and inserting this fragment into the introduced 

BssHII and Narl sites in rat GR. EGR was made in a similar way by 

amplifying E1A aa133-189 from pGR.Ex17 (provided by P. Godowski). The 

rat androgen receptor cDNA was cloned from p6R-AR (Rundlett et al., 

1990). All receptor constructs were cloned into the Not! and XhoI sites of 

pDC-neo, which was made by inserting the neomycin resistance gene from 

pRX-neo (Dieken and Miesfeld, 1992) into the NruI site of pDC304 (derived 

from pDC204 (Overell et al., 1991)). 

Cell culture and stable transfedions 
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Cells were grown in a humidity controlled incubator at 37° C, 8% 

C02 in Dulbecco's Modified Eagle's Medium (DME) supplemented with 

10% charcoal-stripped, heat inactivated calf bovine serum (Hyclone, Logan, 

Utah). For stable transfections, 5-10 x106 cells were electroporated with 50 

Ilg of plasmid using a BRL Cell Porator set at 225 V and 1180 !J.F. The cells 

were allowed to recover for 24 h in liquid media, followed by selection for 

24 h in hygromycin B (1 mg/ml, Calbiochem) or G418 (1 mg/ml active, 

Gibco BRL). The cells were plated in soft agar containing either 

hygromycin or G418 (Dieken and Miesfeld, 1992). Single colonies were 

picked 10-18 days following plating and selected further in liquid media 

with the appropriate antibiotic for 5-10 days. 

Growth Curves 

For growth curves, duplicate 10 ml cultures were seeded at 105 

cells/ml. Either l!J.M dexamethasone (DEX, Sigma) or 

dihydroxytestosterone (DHT, Sigma) was added to one of the cultures. 

Cells were then counted at the indicated intervals using a hemacytometer 

and trypan blue. Each of 8 grids of the hemacytometer (representing 10-4 

ml each) was counted. Of the eight values, the high and low were 

discarded and the remaining six were averaged. Error bars represent the 

standard deviation. Where shown, values for sensitivity were calculated 

as l-[(sum of treated cells counted each day)/(sum of untreated cells 

counted each day)]. 

CAT assays 

For stably transfected cells, 1 x106 cells in 10 mlliquid media were 

grown for 8 h -/ + 11lM dexamethasone (DEX, Sigma) or 
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dihydroxytestosterone (DHT, Sigma) as indicated. Cells were then pelleted 

and rinsed in PD buffer, resuspended in 150 III 250 mM Tris HCl (pH 7.5), 

and lysed by repeated freeze-thaw cycles. Cell debris was removed by 

centrifugation, the soluble protein extract was then heated to 65° C for 10 

min and again subjected to centrifugation to remove heat denatured 

proteins. The protein concentration was determined by the BCA 

colorimetric method (Pierce). CAT assays were then performed, using 14C

chloramphenicol and 2 Ilg protein extract for 5 h at 37°C. Reaction products 

were separated by thin-layer chromatography and the percent conversion 

(acetylated/total chloramphenicol) quantitated using a Molecular 

Dynamics Phosphorimager. Values given are the mean of at least three 

separate experiments. 

For CAT assays using transiently transfected cells, 5-10 x106 cells were 

electroporated in HBS with 50 Ilg pMMCAT (Dieken and Miesfeld, 1992) 

and 50 Ilg of the receptor expression plasmid using a Gibco BRL cell porator 

set at 225 V, 1180IlF. Following electroporation, cells were allowed to 

recover for 15 min, and then grown for 24 h in 10 ml DME supplemented 

with 10% charcoal-stripped, heat inactivated calf bovine serum, with or 

without 11lM DEX or DHT. CAT activity was then determined as for stably 

transfected cells, except lOOllg protein was used for 5h (CV1 cells) or 8h 

(S49.7r cells). 

Transrepression assay 

CV1 cells were plated at a density of 106 cells per 100mm plate the 

day before an experiment. Cells were transfected using the calcium 

phosphate method (Ausubel et al., 1995). Briefly, a calcium 
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phosphate/DNA precipitate was prepared containing 4 J.lg 5X-TRE-CAT 

Gonat et al., 1990} and 4 J.lg receptor expression plasmid. This precipitate 

was evenly divided and added to two plates of CV1 cells. After 4 h, the cells 

were glycerol shocked. Tetradecanoyl phorbol acetate (TP A, Sigma) was 

added to each plate at a concentration of 60ng/mL Either 0.1 J.lM DEX or 

DHT was added to one plate of each pair. The cells were then returned to 

the incubator for 40 h. CAT enzyme extracts were then prepared as 

described above, and assayed using 5J.lg protein in a 3 h reaction. Reaction 

products were separated and quantitated as before. Transrepression data is 

presented as l-(%CAT conversion in the presence of hormone/%CAT 

conversion for untreated cells} 

Hormone Binding Assays 

Cells were harvested at a density of 4-6 x105/ml. Approximately 2.5 

x107 cells were pelleted, rinsed in PD buffer, and rapidly frozen in liquid 

N2. Cell pellets were thawed in ice-cold TEGN50 (50 mM NaCI, 1 mM 

EDTA, 12% glycerol, 1 mM 2-mercaptoethanol, B mM Na molybdate, 1 mM 

phenylmethanesulfonyl fluoride, 10 mM Tris HCI, pH7.5 at 4°C) and 

sonicated using a Branson probe sonicator (setting 1, 50%) for 10 s. The 

cellular debris was removed by centrifugation and the concentration of the 

soluble protein was determined using the BCA system (Pierce). Protein 

concentrations were normalized to 200-350 J.lg in 65 J.lI TEGN50. Binding 

assays were set up in triplicate with saturating amounts of [3H]-ligand 

(10nM [3H] dex (Amersham) or 15nM [3H] R1BB1 (NEN); unlabeled 

hormone was added in 1000-fold molar excess to one of the three samples. 

The binding assay was incubated at O°C for 2 h. Unbound hormone was 



removed by the addition of a charcoal-dextran suspension followed by 

passage through a 0.45 J-lM Micro-Spin Filter (Lid a Manufacturing). The 

resulting filtrate was counted by standard scintillation. Specific binding 

was calculated by subtracting the value for the sample containing excess 

unlabeled hormone from the mean of the other two samples. At least 

three independent experiments were performed to determine the steady

state receptor level. 

RNA isolation 
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Cells were grown in a humidity controlled incubator at 37° C and 8% 

C02 in Dulbecco's Modified Eagle's Medium supplemented with 10% 

charcoal-stripped, heat-inactivated calf bovine serum. Dexamethasone (1 

J-lM, Sigma) or dihydroxytestosterone (1 J-lM) was added to a culture of 

healthy cells at a density of 4-6 x105 cells per ml. Following hormone 

treatment for the indicated period of time, cells were pelleted by 

centrifugation at 1400x g for 10 min., rinsed in PD buffer, and frozen in 

liquid nitrogen. Total RNA was prepared from the cell pellet by 

guanidinium cell lysis and subsequent purification by CsCI gradient 

centrifugation (Ausubel et al., 1995). 

Differential Display Reverse Transcription peR 

Oligonucleotide primers for differential display reverse transcriptase 

PCR (DDPCR) were synthesized using a Cyclone DNA synthesizer (New 

Brunswick Scientific) and purified from a 20% polyacrylamide gel. The 

sequences for the arbitrary 5' primer sequences were taken from Bauer et al 

(Bauer et al., 1993). The 12 downstream primers used were dTll VN (where 

V=A, C, or G). One J-lg of total RNA was converted into cDNA using 1 J-lM 
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of the downstream primer, 20 JlM dNTPs, 10 mM DTT, 2000u reverse 

transcriptase (Gibco BRL) and buffer (Gibco BRL) in a 100 JlI reaction at 37° 

C for 1 h. Two JlI of this completed cDNA reaction was then used as a 

template in 40 cycles of PCR (lJlM upstream and downstream primers, 2JlM 

dNTPs,2 JlCi a-33P-dATP, 1.5 u Taq polymerase [Boehinger Mannheim] 

and buffer) of 45 sec 94° C, 90 sec 40° C, and 72° C for 30 sec, followed by a 

final additional extension at 72° C for 5 min. One tenth volume of this 

reaction was subjected to electrophoresis on a standard 6% denaturing 

polyacrylamide gel followed by autoradiography for 20 h. 

Isolation of Potential DESTs 

Autoradiographs were aligned to their polyacrylamide gels using 

fluorescent markers (Stratagene) and slices corresponding to potential 

DESTs were cut from the gels. The slice was then soaked in 100 JlI TE, 

boiled for 15 min and spun to remove debris. DNA was ethanol 

precipitated using 300mM sodium acetate and 500 Jlg/ml glycogen. The 

resulting pellet was resuspended in 10JlI TE. Four JlI of this was re 

amplified for 40 cycles using the same primers and PCR conditions as in 

the original DDPCR. The amplified fragment was cloned into 

pBluescript.KS (Strata gene) by TA cloning (Ausubel et al., 1995). Plasmids 

which contained inserts (determined by blue/white screening on media 

containing X-gal [Sigma]) were subjected to dot-blot analysis (Callard et al., 

1994) using the re amplified fragment as a probe. A single clone which 

hybridized to this probe was chosen for further analysis. 

Northern analysis 
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Total RNA was prepared by guanidinium cell lysis and subsequent 

purification by CsCI gradient centrifugation (Ausubel et al., 1995). Standard 

northern blotting techniques were used, loading 10 ~g total RNA per lane. 

Random primer labeled probes were made from the plasmid inserts using 

a Prime-a-gene kit (Promega). The mouse histone H3.3 probe (Pieper et al., 

1990) was a gift from B. Futscher. Transcript levels were quantitated using 

a Molecular Dynamics Phosphorimager and normalized to histone H3.3 

levels. Strand specific RNA probes were made using a Riboprobe T3/T7 kit 

(Promega) according to the manufacturer's instructions. 

eDNA library construction and screening 

Total RNA was prepared as described above and was enriched for 

poly-adenylated RNA using an oligo-dT cellulose column (Ausubel et al., 

1995). Poly A + RNA from WEHI 7.2 cells treated with DEX 2h, 8h, or 16h 

was pooled at a 1:2:1 ratio. cDNA was made using both random hexamers 

and oligo-dT primers, using the RiboClone cDNA synthesis system 

(Promega). EcoR! adaptors were ligated to the cDNA, which was cloned 

into the Lambda Zap II vector (Stratagene) and packaged using Gigapack II 

packaging extract (Stratagene) according to the manufacturer's instructions. 

A total of 200,000 recombinant phage were obtained from the oligo-dT 

primed cDNA and 320,000 from the randomly primed cDNA. These were 

pooled and amplified to generate the final DEX induced WE HI 7.2 cDNA 

library. 

cDNA libraries were routinely screened using standard techniques 

(Ausubel et al., 1995). Briefly, lambda phage from 14 150mm plates with 

approximately 50,000 plaques each were transferred to nitrocellulose filters 



40 

in duplicate. After standard denaturation and neutralization steps, the 

filters were UV-crosslinked and prehybridized for 2-6 h at 42 C in 

hybridization solution (50% formamide, 5X SSC, 50 mM KP04 (pH 7), 2X 

Denhardt's solution, 0.25 mg/ml yeast RNA, and 0.2% SDS). Filters were 

then hybridized at 42 C in hybridization solution with 3-10 x106 cpm 

random primer 32P-labeled DNA probe. Filters were washed repeatedly in 

O.lX SDS, 0.1 % SDS at a final temperature determined either empirically or 

based on previous experiences with that probe and northern blots. Plaques 

found to hybridize on both of the duplicated filters were picked and 

purified through 1-2 rounds of plating. For the WEHI 7.2 library, plasmid 

excision was performed according to the 'A. ZAP protocol (Stratagene). A 

'A.gtlO human placenta cDNA library (random- and oligo dT-primed, 

Clontech) was also screened. cDNA inserts from this library were obtained 

using PCR and oligonucleotides flanking the insertion site in 'A.gtlO. 

Amplified inserts were then cut with EcoRI and cloned into the plasmid 

pBS.KS+ (Stratagene). 

DNA sequence analysis 

Standard dideoxynucleotide termination DNA sequencing 

techniques were routinely used. Where necessary, nested (directional) 

deletion series were constructed (Ausubel et al., 1995). Sequences were 

compiled and evaluated using the Genetics Core Group (GCG, U. of 

Wisconsin, Madison) package. Database searches were made using the 

BLAST algorithm (Altschul et al., 1990), and BESTFIT was used in sequence 

comparisons. The standard GCG default parameters were used: for protein 



comparisions the BLOSUM62 scoring matrix and gap penalty=3.0, gap 

extension=O.l, for DNA comparisons, gap penalty=5.0, gap extension=O.3. 
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CHAPTER 3 

The Role of Transcriptional Activation in Glucocorticoid-mediated 
Apoptosis 

INTRODUCTION 
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The glucocorticoid receptor could initiate apoptosis by either 

activating or repressing expression of critical genes. Early genetic evidence 

from studies in murine cell lines suggest that activation by GR is important 

for apoptosis. The 549 cell line is derived from a mouse lymphoma, and 

like immature T-cells (CD4+ /CD8+), show sensitivity to glucocorticoids 

such as the synthetic dexamethasone (DEX). Following DEX treatment, 549 

cells die within 24-48 hours, with typical apoptotic morphology. This DE X

sensitive phenotype has been used to isolate loss of function mutations in 

the glucocorticoid receptor (GR), since GR function is required for 

glucocorticoid-mediated death. Selection for DEX resistance identified 

three classes of GR mutants: r- mutants, which do not bind hormone; nt

mutants, which do not bind DNA; and an interesting third class, nti. 

Receptors from the nti class were found to bind hormone, translocate 

normally to the nucleus, and to bind DNA (Yamamoto et al., 1976). Later 

studies, however, showed that due to aberrant RNA splicing, nti receptors 

lack the N-terminal transcriptional modulatory domain which is required 

for high levels of transcriptional transactivation by GR (Dieken et al., 1990). 

Furthermore, complementation of the GR trans activation defect, by fusing 

the VP16 activation domain to the nti receptor, partially restored the DEX 

sensitive phenotype (Dieken and Miesfeld, 1992). Together, these results 
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strongly suggest that trans activation by GR is necessary for glucocorticoid

mediated apoptosis. 

However, other studies have suggested that repression rather than 

activation by GR, is the critical determinant in glucocorticoid-mediated cell 

death. Using a transient transfection assay, Nazareth et al (Nazareth et al., 

1991) found that only the DNA binding region of GR is necessary for death 

of CEM C7 cells (a human leukemia-derived cell line) and suggested that 

down regulation of c-myc by glucocorticoids might be responsible for 

apoptosis. Later work by Karin and colleagues (Helmberg et al., 1995) 

showed that in Jurkat cells (a human leukemic cell line) the GR 

trans activation domain was dispensable for induction of apoptosis, and a 

mutant GR called LS7, which is a double point mutation in the DNA 

binding domain (Godowski et al., 1989), still effectively induces apoptosis. 

This group suggested that transrepression by GR, which does not require 

DNA binding (Heck et al., 1994; Liu et al., 1995), might be the important 

factor for glucocorticoid induced apoptosis. 

In light of these conflicting results, I further examined the role of 

transactivation by GR in the induction of glucocorticoid-induced 

thymocyte apoptosis. 

RESULTS 

Parallel analysis of steroid-induced transcription and thymocyte apoptosis 

In order to simultaneously monitor the ability of GR variants to 

initiate apoptosis and to transactivate an MMTV reporter gene, I first 
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transfected S49.7r cells, which lack functional GR, with pMCAT.hygro and 

selected for hygromycin resistant sub clones (Fig. 3). I then screened for dex

dependent chloramphenicol acetyl transferase (CAT) activity by transiently 

transfecting the hygromycin resistant cell lines with GR cDNA and 

assaying for CAT activity in cell extracts. One of the resultant cell lines, 

S7MC, was shown to have low basal CAT activity but a GR-dependent 

increase of over ten-fold after treatment with 1 /lM DEX for 8 h (data not 

shown). Based on Southern analysis, S7MC contains about eight 

functional copies of the MMTV -CAT reporter construct. 

Transient transfection by electroporation kills a large proportion of 

S49 cells and there is no simple way to determine how many of the 

remaining viable cells take up the plasmid DNA. Thus it is difficult to 

analyze glucocorticoid-dependent apoptosis in cells transiently transfected 

with receptor cDNAs. Stable transfection, although more tedious, allows 

quantitation of the receptor levels by hormone binding assays followed by 

determination of the receptor activity. Since S7MC cells lack GR and 

contain integrated copies of the highly-characterized MMTV -CAT reporter 

gene (Buetti, 1994), stable transfection with a GR expression vector should 

produce dex-sensitive, CAT positive cells. To test this, S7MC cells were 

transfected with pDCGRneo and selected for G418 resistance (Fig. 3). 

Resistant clones were screened for CAT activity and several cell lines 

containing GR were isolated. Fig. 4 shows both the effect of dex on cell 

growth and induction of CAT activity over 24 h for one such cell line, SGR-

30. By 12 h, a difference in the number of viable cells (as detected by trypan 

blue exclusion) was apparent (Fig. 4a) and apoptotic cells could be identified 
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Figure 3: The S7MC cell model for analyzing GR control of apoptosis 
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The GR-negative thymocyte cell line S49.7r was stably transfected with 
pMCAT.hyg to introduce a corticosteroid-responsive reporter gene MMTV
CAT. The resulting cell line, S7MC, was subsequently stably transfected with 
various receptor constructs (for example, the GR expression plasmid pDC
GRneo shown here). Following treatment with dex, the resulting cell lines (such 
as SGR-30) were assayed for hormone-induced CAT activity and cell viability. 
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by phase contrast microscopy (data not shown). During this same time 

period, dex-dependent CAT activity increased with measurable stimulation 

by 2 h and a maximal stimulation of -50-fold at 18 h (Fig. 4b). By 24 h, CAT 

activity had begun to decrease, presumably because the CAT enzyme is both 

being degraded and no longer produced in an increasing number of dying 

cells. 

This cell system provides several important advantages over those 

previously used to study GR-dependent thymocyte apoptosis (Nazareth et 

al., 1991; Thompson et al., 1992; Thulasi et al., 1993). First, the integrated 

MMTV-CAT reporter gene allows for a rapid and sensitive assay of receptor 

transcriptional regulatory activity using a well-characterized primary GR 

target gene. Second, integrated MMTV LTR sequences have been shown to 

assume their normal pattern of nucleosomal phasing while transiently 

transfected MMTV sequences do not (Archer et al., 1992), so a limited 

number of genomically integrated reporter genes should be regulated more 

like endogenous genes compared to transiently transfected reporters. 

Third, stable transfection of receptor cDNA allows for quantitation of 

receptor protein levels in c1onally-derived cell lines. Fourth, the time 

course of both dex-induced transcription and apoptosis can be compared 

directly in the same cell samples by measuring CAT activity and cell 

viability, respectively. 

VPl6 and ElA activator sequences functionally replace the GR N-terminus 

If transcriptional activation by GR is important for initiating 

apoptosis, then changes in the activation function of GR should have 
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parallel effects on the induction of the MMTV-CAT gene and apoptosis. In 

order to more closely examine the requirement for transcriptional 

activation by GR in apoptosis, I constructed a series of receptors with 

altered activation domains (Fig. Sa). Restriction sites flanking the region 

encoding the N-terminal activation domain (amino acids [aa] 171-311, 

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

were introduced by site-directed mutagenesis. The N-terminal domain was 

then either deleted to form the receptor dGR, or replaced by one of two 

highly characterized viral transcriptional activation domains. One of these 

was the potent transactivation domain from VPI6, a protein which induces 

the viral immediate early genes of herpes simplex virus type 1 (Cress and 

Triezenberg, 1991). This VP16 fragment (aa 413-490) was used to make VGR 

and has been shown to retain transactivation function when fused to a 

wide variety of DNA binding proteins (Emami and Carey, 1992; Berger et 

al., 1990). Similarly, a portion of the EIA protein (aaI33-189) from 

adenovirus was used to make the receptor EGR. EIA is a non-DNA 

binding protein that stimulates transcription of the adenovirus immediate

early genes and a number of host genes during infection (Lillie and Green, 

1989; Becker et al., 1989). The activation sequences of VP16 and EIA are 

dissimilar and may represent different classes of transactivators. An 

additional receptor, ndGR, was also constructed with a larger deletion than 

dGR. 

To initially test if these receptor constructs were functional and 

could transactivate the MMTV-CAT reporter gene, the receptor expression 

plasmids were transiently cotransfected with pMMTV -CAT into either 
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S49.7r cells or CV1 cells, neither of which contain measurable levels of 

endogenous GR. Fig. 5b shows the relative CAT activity of the various 

receptors 24 h after co-transfection and treatment with 1 J..lM dex. Results 

were similar in both cell lines. For all receptors, activation of the reporter 

gene was hormone dependent; in the absence of hormone, CAT activity 

was barely detectable (data not shown). The deletion of aa 171-311 in dGR 

resulted in a receptor which transactivated the MMTV-CAT reporter to 

levels about half that of the wt GR. Further deletion of aa 46-416 (ndGR) 

resulted in a receptor with less than 5% of the activity of wild type GR, as 

has been previously observed using a similar construct (Dieken and 

Miesfeld, 1992). Thus, full activity of GR requires an intact N-terminus and 

significant activity is lost when aa 171-311 are deleted. The results in Fig. 5b 

also show that replacement of the amino acids deleted in dGR with the 

activation domain from VP16 (see VGR) restored the activity to levels 

somewhat higher than that of the wild type GR. In contrast, the activation 

domain from E1A failed to complement the deleted GR sequences to any 

appreciable extent in this transient co-transfection assay. 

In order to evaluate the efficacy of these receptors in the induction of 

thymocyte apoptosis, I made stable transfectants of S7MC with pDC-neo 

expression plasmids encoding either GR, dGR, VGR, or EGR. The steady

state levels of GR variants in clonally derived cell lines were determined by 

a [3H]-dex binding assay, and the receptors levels in representative cell lines 

are shown in Table I. These cell lines were then characterized with regard 

to both dex-induced apoptosis and MMTV-CAT expression (Fig. 6). The 

data in Fig. 6a demonstrate that a minimum level of wt GR is required for 
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Table I 
Receptor Levels in S7MC Cell Lines 

cell line receptor receptor level 
(fmol! flg) 

S7MC none 0.3 ± 0.02 

SGR-30 GR 19.2 ±1.9 
SGR-52 GR 45.5 ±7.9 
SGR-135 GR 12.7±2.9 

SdGR-61 dGR 11.5 ±1.3 
SdGR-34 dGR 2.8±2.9 

SVGR-492 VGR 13.3 ±2.4 
SVGR-495 VGR 11.8 ±3.0 

SEGR-102 EGR 14.9 ±1.8 
SEGR-104 EGR 8.9 ±0.7 

dex sensitivity, in that SGR-52 is clearly dex-sensitive whereas SGR-135 is 

not. The level of CAT activity in these cell lines (Fig. 6a, inset) is reflective 

of their GR levels (Table I). 

Cell lines expressing dGR at levels similar to the low level of GR 

(compare SdGR-61 to SGR-135, Table I) were dex-resistant, and showed 

minimal CAT activity (Fig. 6b). Unfortunately, no cell lines were obtained 

which expressed dGR at the high levels comparable to GR in SGR-52. 

However, cell lines expressing VGR at comparably low levels (SVGR-495, 

Table I) had a DEX sensitive phenotype (Fig. 6c). Moreover, the DEX

induced CAT activity in the VGR cell lines was about three times higher 

than that of SGR-135 or SdGR-61. Thus the VP16 activation domain can 

effectively substitute for the GR N-terminal activation domain of GR to 
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induce the apoptotic pathway. Similarly, EGR can induce apoptosis rapidly 

and completely (Fig. 6d) even at low levels of receptor (SEGR-104, Table I). 

Contrary to my results from transient co-transfections of EGR and MMTV

CAT (Fig. 5), EGR was a potent activator of the integrated MMTV-CAT 

reporter in these cell lines (Fig. 6d, inset). The discrepancy may be due to 

differences between stable and transient transfections, specifically the high 

copy numbers of both receptor and reporter plasmids in transient co

transfections as compared to the S7MC system, or perhaps a reduced ability 

of EGR to transactivate transiently transfected MMTV LTR sequences 

which lack nucleosomal phasing (Archer et al., 1992). 

Additional cell lines containing either GR, dGR, VGR, or EGR were 

characterized. As Fig. 7 shows, regardless of the absolute receptor level or 

the activation sequence present, DEX-induced CAT activity and sensitivity 

(apoptosis) were positively correlated. Cells which demonstrated a high 

level of inducible CAT activity tended to die more rapidly following 

hormone treatment. Lines in which CAT activity could only be induced to 

a lesser extent tended not to die, and often continued to grow in the 

presence of DEX. 

A characteristic marker of apoptotic cell death in thymocytes (and 

many other cell types) is the cleavage of genomic DNA into 

oligonucleosomal-sized fragments (Wyllie, 1980). Following DEX 

treatment, cell lines containing either GR, VGR, and EGR showed DNA 

cleavage while untreated cells did not (as assayed using the TUNEL 

method (Gavrieli et al., 1992; Ansari et al., 1993)), indicating that hormone 
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Figure 7 Glucocorticoid-induced CAT activity correlates with 
sensitivity in S7MC-derived cell lines. Each point represents a unique 
cell line containing either GR, dGR, VGR, or EGR. Relative sensitivity was 
determined using growth curves and taking the ratio of live cells counted 
over a 3 day period in the presence and absence of hormone. A sensitivity 
value of zero means complete resistance to hormone, while a value of one 
corresponds to immediate cell death of the entire population. The line is a 
best fit. 



treated cell populations contained apoptotic cells rather than merely 

growth arrested cells (Kuscuoglu and Miesfeld, unpub.). 

AR is a strong inducer of thymocyte apoptosis but a weak activator of 

MMTV 
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Given the similarities in the DNA-binding specificity of GR and AR 

(De Vos et al., 1993), and the role of receptor N-terminal activation domain 

differences in receptor specific effects (Adler et al., 1992; Chamberlain, 1994), 

1 tested the ability of AR to confer testosterone sensitivity to S7MC. The 

levels of AR in S7MC cell lines stably transfected with pDCAR-neo were 

determined by [3H]-R1881 binding and representative cell lines are shown 

in Table II. Neither treatment with DEX nor 1J.l.M dihydroxytestosterone 

(DHT) had any significant effect on the growth of the parent cell line S7MC 

(Fig. 8a). However, SAR-91, which expresses AR at about the same level 

that SGR-135 expresses GR (-13 fmol/J.l.g, Table I), was steroid-sensitive 

while SGR-135 was not (Fig. 8b). Despite the DHT-sensitivity of SAR-91, 

the MMTV-CAT reporter was induced to only very low levels in this cell 

line (Fig. 8b, inset), consistent with the MMTV-CAT induction by AR in 

transient co-transfection assays (Fig. 5b). SAR-91 cells showed morphology 

typical of apoptotic thymocytes by phase contrast microscopy (data not 

shown), and TUNEL verified the DHT-dependent fragmentation of 

genomic DNA (Kuscuoglu and Miesfeld, unpub.). 
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Figure 8 AR confers dht sensitivity to S7MC cells but is a poor 
transactivator of MMTV. A) Growth curves of receptor-negative S7MC 
cells ± IJlM dex or dht over three days. B) Growth curves and CAT 
activity of SAR-91 cells, which express AR, after treatment with IJlM dht. 
Similar analysis of SGR-135 cells (expressing GR) are included for 
comparison. The inset shows the CAT activity (% conversion) after an 8 
h hormone treatment. 
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Table II 
Receptor Levels in Cell Lines 

Containing AR or ARlGR Chimeras 

cell line receptor receptor level 
(fmol/Ilg) 

S7MC none 0.0 ± 0.01 

SAR-91 AR 15.6 ± 5.5 
SAR-92 AR 11.0 ± 3.8 

SGAA-105 GAA 15.6±0.8 

SGGA-109 GGA 14.9±2.9 

SAGA-98 AGA 14.9±2.9 

SAGG-93 AGG 10.6±1.1 

Glutathione-S-transferase (GST) has been shown to be 

transcriptionally up-regulated in apoptotic lymphocytes following 

treatment with glucocorticoids, although it does not appear to be a direct 

GR target gene (Flomerfelt et al., 1993). Nonetheless, GST induction is 

useful as a marker for steroid-induced thymocyte apoptosis. Since my 

results with GR, dGR, VGR, and EGR showed a strong correlation between 

levels of dex-sensitivity and CAT activity, but the AR expressing cell lines 

did not, I examined the levels of GST mRNA in cell lines expressing GR, 

dGR, or AR to further characterize AR-dependent apoptosis in S7MC cells. 

As shown in Fig. 9, GST mRNA was up-regulated in the DEX-sensitive cell 

line SGR-52, which expresses high levels of GR; no induction of GST 

expression was seen in the resistant cell line SdGR-61. In contrast, GST 

levels were induced in the DHT -sensitive cell line SAR-91 following 
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Figure 9 CST is up regulated in thymocytes undergoing DEX or 
DHT induced apoptosis Total RNA was prepared from cells 
at the time points indicated following treatment with IllM DEX 
(for cell lines SGR-S2 and SdGR-61) or 1 llM DHT (SAR-91). The 
Northern blot was probed with mouse Ybl GST eDNA. Levels of 
GST induction (upper panel) were quantitated and normalized to 
mouse histone H3.3 RNA levels following analysis with a 
phosphorimager. 
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hormone treatment. The levels of GST induction seen in Fig. 9 correspond 

to the approximate levels of steroid sensitivity of these three cell lines. 

These results suggest a receptor-specific difference since AR is able to 

induce a similar apoptotic pathway as GR even though it can not induce 

MMTV expression. 

To examine the androgen receptor-mediated thymocyte apoptosis 

further, I took advantage of a set of chimeric AR/GR constructs in which 

the three domains of these receptors have been swapped. I made stable cell 

lines by transfecting expression vectors for each of the chimeric receptors 

shown in Fig. 10 into S7MC. Receptor levels, as determined by hormone 

binding assays, are shown for representative cell lines in Table II. The cell 

lines were characterized as before for hormone induced apoptosis and CAT 

activity. The results are shown in Fig. 11. Note that the receptor levels are 

similar for all the cell lines shown in this figure. For the cell lines shown 

in Fig. lla and llb, there is again a positive correlation between induced 

CAT activity and apoptosis. In the cell line SAGG-93 (containing the 

chimeric receptor AGG), there is a very high level of induced CAT activity, 

and the line is relatively sensitive to DEX (Fig. lla). SAGA-98 (in Fig. llb) 

contains somewhat lower levels of the receptor AGA (Table II), has 

moderate induced CAT activity, and is partially sensitive to DHT. SGGA-

109 on the other hand, shows very little induction of MMTV-CAT, and is 

not sensitive to DHT (Fig. llb). However, the two cell lines shown in Fig. 

llc do not support the positive correlation between induction of MMTV

CAT and apoptosis. SGAA-105 has relatively high CAT activity but appears 

completely insensitive to DHT. SAR-92, like SAR-91 (Fig. 8), confirms that 
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Figure 10 Chimeric Glucocorticoid Receptor! Androgen Receptor Constructs 
GR sequences are shown in white, AR sequences in crosshatch. The amino acid 
sequence identity between GR and AR is indicated. 

AR confers testosterone sensitivity but does not efficiently induce the 

MMTV -promoter. 

The cell lines in Fig. 11 have been presented such that each of the 

three graphs compares receptors which differ only in their N-terminal 

domain. It is worth noting that in each of these pairwise comparisons, 

receptors with the AR N-terminal domain are more sensitive to hormone 

compared to the paired receptor containing the GR N-terminal domain. 

This suggests that the AR N-terminal transactivation domain is more 

effective in inducing apoptosis than that of GR, even in the exceptional 

cases shown in Fig. 11c where MMTV-CAT induction and apoptosis are not 

correlated. 
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The transrepression function of GR does not correlate with apoptosis 

Transactivation and transrepression might utilize similar or 

identical protein structural moieties in protein interactions with opposite 

results. If so, the effect of a given transcription factor, either positive or 

negative, could be set by promoter specific determinants. The possibility 

thus exists that receptors such as VGR, EGR, and AR effectively induce 

apoptosis because they are strong repressors. To examine this, I transiently 

transfected CV1 cells with receptor expression plasmids and a reporter gene 

called 5X-TRE-CAT. This reporter contains 5 copies of an AP-1 response 

element, the TP A response element (TRE). Following exposure to phorbol 

esters such as tetradecanoyl phorbol acetate, the transcription factor AP-1 

binds to TRE and acts as a transcriptional activator. GR represses this 

activity in a ligand dependent manner (Miner and Yamamoto, 1991). 

The data in Fig. 12 show that indeed VGR and EGR transrepress AP-

1 activity quite effectively, as does dGR. However, AR is a relatively weak 

transrepressor in this assay, compared to either GR or the altered receptors I 

made. Thus in the cases of dGR and AR, transrepression of 5X-TRE-CAT 

does not correlate well with induction of apoptosis. dGR, an active 

transrepressor, does not effectively induce apoptosis. Conversely, AR, a 

poor transrepressor, is an active inducer of apoptosis. 
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Figure 12 Transrepression of an AP-l Inducible Reporter Gene by Various 
Receptors CV1 cells were transiently transfected with a 5X-TRE-CAT reporter 
gene and an expression vector for the receptor indicated. Transrepression is 
indicated as the % decrease in CAT activity caused by addition of hormone. 

DISCUSSION 

Despite the explosion of research on apoptosis, relatively few studies 

have focused on the initiating events such as transcriptional regulation, 

despite its clear relevance in glucocorticoid-mediated thymocyte apoptosis. 

The literature regarding the role in apoptosis of transcriptional repression 

versus activation by GR is split, with seemingly solid evidence supporting 

both functions. I have further investigated this early step in thymocyte 



apoptosis and found that strong transcriptional activation domains 

enhance the ability of GR to induce apoptosis. 

Transcriptional trans activators induce apoptosis in 849 cells 
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Deletion of the N-terminal modulatory domain of GR results in a 

receptor which is a poor transactivator. By replacing this region of GR with 

viral transactivation domains, I made chimeric receptors which could both 

transactivate the MMTV promoter and induce apoptosis in S49 cells. Thus 

glucocorticoid-regulated thymocyte apoptosis can be initiated by non-GR 

transactivation sequences. Furthermore, receptors containing the strong 

transactivation domains from VP16 or E1A can induce apoptosis at much 

lower receptor levels than either GR or dGR, which lacks much of the N

terminal GR transactivation domain (Fig. 6). Apoptosis therefore does not 

depend solely on receptor levels, but also on the strength of the 

transactivation domain. 

Both VP16 and E1A have been demonstrated to enhance 

transcription to very high levels. For example, a chimeric protein 

consisting of the VP16 activation domain fused to the GAL4 DNA binding 

region stimulates transcription over lOa-fold from a template containing 

three GAL4 binding sites (Berger et al., 1990). The activation domain of 

E1A is clearly different from that of VP16, having only a slight net negative 

charge. Since E1A lacks any direct DNA-binding activity, it must interact 

with other DNA binding proteins in order to enhance transcription. 

Recently, the transactivation domain of E1A has been shown to interact 

with a number of transcription factors, possibly through their DNA 
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binding domains (Liu and Green, 1994). Furthermore, the E1A 

transactivation domain has been shown to functionally interact with TBP 

(Geisberg et al., 1994). Thus this portion of E1A may act as an adapter 

between specific transcription factors and the basal transcription 

machinery. 

In our experiments, receptors containing either of the viral 

co activation domains worked better than wt GR for both trans activation of 

the MMTV-CAT gene and the induction of apoptosis, suggesting that 

trans activation of GR regulated genes is important for thymocyte apoptosis. 

The question remains as to how VGR and EGR outperform GR. At least 

two possibilities exist. The activation domains of all three proteins may 

interact with a common factor, and this interaction may be more stable 

with either VP16 or E1A. Alternatively, the inclusion of the viral 

transactivators in GR may alleviate the need for an additional factor. For 

example, the viral activation domains in cis may replace a trans acting 

adapter. Interestingly, an E1A-like activity in EC cells has been shown to 

mediate an interaction between TBP and retinoic acid receptor ~, a member 

of the nuclear receptor family (Keaveney et al., 1993). It should be noted 

that, although E1A has been shown to promote apoptosis through a p53-

mediated pathway, this activity has been mapped to regions outside the 

trans activation domain used in our experiments (Debbas and White, 1993). 

Transrepression does not appear to correlate with the induction of 

thymocyte apoptosis. GR, VGR, and EGR all induce apoptosis, and are 

strong activators of the MMTV-promoter, as well as strong transrepressors 

of AP-1 activation of the 5X-TRE-CAT reporter. However, dGR an 



66 

effective transrepressor but a weak transactivator, is at best a weak inducer 

of apoptosis. AR, which weakly trans activates the MMTV-promoter and 

weakly transrepresses 5X-TRE-CAT, is a very good inducer of thymocyte 

apoptosis (Fig. 12). Interestingly, the DNA binding region of GR has been 

shown to be critical for transrepression, although DNA binding per se may 

not be required (Heck et al., 1994; Liu et al., 1995). GR is thought to interact 

in solution (off DNA) through its DNA binding domain with 

transrepression targets such as AP-l. In my transrepression assay, the 

receptors containing the GR DNA binding domain all functioned well, 

while AR did not. This failure of AR to transrepress AP-1 well, together 

with its potent induction of apoptosis, argues against suggestions by 

Helmberg and colleagues (Helmberg et al., 1995) that GR induction of 

apoptosis acts exclusively through transrepression of transcription factors 

such as AP-l. 

Other studies support the proposal that gene induction is required 

for apoptosis. Apoptosis can be blocked by inhibitors of transcription or 

translation (MacDonald and Lees, 1990), indicating that increases in the 

levels of certain proteins is required. In Drosophila, transcriptional up

regulation of reaper is necessary for all cell deaths (White et al., 1994), and 

nur77 induction has been shown to be required for TCR-mediated 

thymocyte apoptosis (Liu et al., 1994). In Caenorhabditis elegans, two genes 

(ced3 and ced4) have been identified which are required for all cell deaths 

during normal development (Ellis and Horvitz, 1986). A murine 

homologue of ced3, interleukin-1~ converting enzyme (ICE), has been 

shown to cause apoptosis when over-expressed in rat fibroblasts (Miura et 



al., 1993), although ICE is not expressed in murine thymocyte cell lines 

(Flomerfelt, 1994), and an inhibitor of ICE, ermA, seems to have no effect 

on the glucocorticoid-sensitivity of these cells (Chapman and Miesfeld, 

unpub.). Finally, mutant cell lines have been generated in which 

thymocyte apoptosis is blocked; these cell lines appear to carry mutations 

which behave in a recessive manner, suggesting that genes required for 

apoptosis have been mutated (Flomerfelt and Miesfeld, 1994). 

The androgen receptor confers promoter-selective transactivation 

I have made AR-containing thymocyte cell lines which undergo 

apoptosis following treatment with the androgen dihydroxytestosterone. 

This result shows that steroid-induced thymocyte apoptosis does not 

strictly depend on GR and glucocorticoids per se but rather on a 

transcription factor with similar transcriptional regulatory activities and 

target specificities. The testosterone-sensitivity of these cell lines further 

suggests that corticosteroids do not exhibit any unique non-receptor 

mediated effects, as sensitivity requires the appropriate ligand-receptor 

interaction. 
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Given the ability of AR to confer testosterone sensitivity to 549 cells 

and its low level of transactivation of the MMTV promoter, I sought to 

examine the discordance between transcriptional transactivation and 

apoptosis further by using chimeric AR/GR receptors. In most cases, 

transactivation by these receptors correlated with induction of apoptosis 

(Fig. 11a, 11b). However, this was not case for the cell line 5GAA-105, 

which moderately induced MMTV but not apoptosis. A possible 
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explanation may involve a threshold effect. In characterizing cell lines 

containing GR, dGR, VGR, or EGR, I noted an apparent threshold wherein 

cell lines with inducible CAT activity of >15% were quite sensitive, while 

lines with CAT activity below 15% were essentially insensitive. This 

threshold fits with the insensitivity of both SGAA-105 and SGGA-109, as 

both have CAT activity below 15% (Fig. lla, b). However, cell lines 

containing AR or AGA do not fit this threshold rule. This might be 

explained if the threshold shifts down for receptors with the AR N

terminal domain. Since MMTV is not the promoter critical for cell death, 

it is not unreasonable to postulate an AR/GR differential between its 

regulation and regulation of genes required for cell death. If this is the case, 

then one might expect conflicting results between MMTV induction and 

apoptosis when making comparisons across receptors, as is the case with 

my analysis using cell lines containing AR/GR chimeras. 

Within the GR subfamily of nuclear receptors, the N-terminal 

modulatory domain shows the most sequence divergence, and these 

differences have been proposed to account for some receptor-specific 

responses (Adler et al., 1992). Given the similarity between the DNA

binding regions of GR and AR (De Vos et al., 1993; Amero et al., 1992), and 

the fact that many cell types contain both receptors and are exposed to both 

ligands, such receptor-specific differences may be very important in the 

precise regulation of hormone responsive genes. 

Compared to GR, AR is a poor transactivator of the MMTV 

promoter (Rundlett et al., 1990). If AR is generally a weaker transactivator 

than GR, then steroid-induced thymocyte apoptosis must not depend solely 
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on gene activation, since AR and specifically the AR N-terminal activation 

domain seems to act at least as well as GR in inducing apoptosis. However, 

for more recently characterized genes such as sex-limited protein (Adler et 

al., 1992), probasin (Rennie et al., 1993), and the prostatic 20kDa protein (Ho 

et al., 1993), AR is a better transactivator than GR. Furthermore, as will be 

discussed in a later chapter, I have identified a gene in thymocytes which is 

very highly induced by both AR al1.d GR. Genes like these may explain the 

striking finding that thymocyte cell lines containing AR undergo apoptosis 

following testosterone treatment. 

Transcriptional control of genes that initiate apoptosis 

Thymocyte apoptosis can be initiated by many means besides 

glucocorticoids, such as through the T-cell receptor (Fesus, 1991), the cAMP

response element binding protein (Daniel et al., 1973), and by gamma

irradiation (Cohen et al., 1992) These signals appear to converge on a 

shared apoptotic pathway (Flomerfelt and Miesfeld, 1994). A common late 

event in apoptosis is the activation of a cysteine protease such as ICE 

(Martin and Green, 1995). Early events may also be shared by more than 

one signaling pathway. If so, these signals might act through a diverse set 

of transcriptional activators; thus the regulatory regions of these genes 

would need to accommodate various factors. Accordingly, I have shown 

that the transcriptional activators for GR, VP16, E1A, and AR can all induce 

thymocyte apoptosis when targeted to the putative HRE-containing genes 

by either the GR or AR DNA binding domains. Among these 

transactivators, AR is unique in being a poor trans activator of several GR-



responsive promoters, including MMTV. This may indicate that genes 

which initiate thymocyte apoptosis are more promiscuous in their 

regulation than MMTV. A more complete understanding awaits the 

molecular identification of the primary GR target genes required for 

thymocyte apoptosis. 
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CHAPTER 4 

Identification of Glucocorticoid-Induced Transcripts in WEHI7.2 Cell Lines 

INTRODUCTION 

Transcriptional control of steroid-regulated gene networks by 

nuclear receptor proteins results in the coordinate expression of a limited 

number of target genes. While much is known about the structure and 

function of steroid receptors, relatively few cell-specific steroid-regulated 

genes have been isolated and characterized. In order to understand 

hormone regulated processes such as glucocorticoid-induced thymocyte 

apoptosis, identification of the target genes of these hormone receptors is 

the next logical step. 

A number of lines of evidence suggest that the glucocorticoid 

receptor induces genes which initiate thymocyte apoptosis. First, early 

reports showed that inhibitors of transcription or translation prevents 

apoptosis (Cohen and Duke, 1984; Wyllie et al., 1984), indicating that this 

type of apoptosis is an active process requiring the expression of new gene 

products. Second, glucocorticoid-resistant thymocyte cell lines with full GR 

function have been isolated and shown to contain recessive mutations in 

genes other than GR which are critical for apoptosis. These mutations 

were generated by chemical mutagenesis, and the mutated genes have not 

yet been identified (Flomerfelt and Miesfeld, 1994). Third, deletion of the 

N-terminal modulatory domain of GR, while not affecting DNA or 

hormone binding, abolishes its capacity to induce thymocyte apoptosis in 
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549 cells (Dieken and Miesfeld, 1992). Since the GR N-terminal domain 

does not appear to be required for GR-mediated transrepression (Schiile et 

al., 1990; Scheinman et al., 1995), these data argue that transcriptional 

transactivation by GR is required for S49 apoptosis. Finally, my work with 

S49 cell lines demonstrates that replacement of the GR N-terminal 

trans activation domain with a more active transcriptional transactivator 

results in a receptor which more efficiently induces thymocyte apoptosis 

(see previous chapter). Together, these data indicate that GR increases the 

expression of one or more genes which initiates apoptosis. It should be 

noted, however, that none of these data completely rule out an additional 

role for gene repression by GR in thymocyte apoptosis. 

Extensive efforts have been made to identify glucocorticoid

regulated genes which are required for apoptosis. A few genes which are 

induced in thymocytes following glucocorticoid treatment have been 

identified by cDNA cloning techniques such as differential screening and 

subtractive hybridization (Baughman et al., 1991; Briehl et al., 1990; 

Flomerfelt, 1994). However, none of these genes have yet been show to be 

either direct GR target genes, nor to be required for apoptosis. I have used 

differential display reverse transcriptase PCR (DDPCR) to identify genes 

which are up-regulated in glucocorticoid-sensitive T-cell lines following 

treatment with the synthetic glucocorticoid dexamethasone (DEX). DDPCR 

is potentially very sensitive and, unlike conventional differential 

screening or subtractive hybridization, is well suited to comparisons of 

gene expression under more than two different conditions or from 

multiple cell types. 



RESULTS 

A system for identifying changes in gene transcription following 

glucocorticoid treatment of WEHI 7.2 cell lines 
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Differential mRNA display (Liang and Pardee, 1992) presents a new 

opportunity for the identification of steroid-regulated genes and can be 

used to immediately analyze complex expression patterns of newly 

identified genes. In this technique, diagrammed in Fig. 13, two or more 

RNA samples are made into cDNA using reverse transcriptase and one of 

12 oligo-dT based 3' primers. The 3' primer (sometimes called an "anchor 

primer") is 5'-TTTTTTTTTTTVN-3', where V=A, C, or G, and N= any of 

the 4 deoxynucleotides. Each cDNA sample is then amplified by the 

polymerase chain reaction (PCR) using both an "arbitrary" 5' primer and 

the same oligo-dT 3' anchor primer. When a radiolabeled nucleotide is 

included in the PCR step, a subset of the total cellular mRNA is generated 

which can then be displayed by PAGE and autoradiography. Comparison of 

products derived from different RNA samples allows the identification of 

genes which are differentially regulated (Liang and Pardee, 1992). The 

double-stranded DNA products derived from DDPCR can be cloned and 

characterized as differentially expressed sequence tags or "DESTs" (Watson 

and Fleming, 1994). These DESTs can then be used to probe RNA samples 

to verify differential expression as well as to analyze expression of the 

corresponding gene in any cell under any condition. Furthermore, the 

DEST can be used as a probe to isolate full length cDNAs from standard 

cDNA libraries. 
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Figure 13 Flow Diagram of the Differential Display Procedure 
for Identifying Steroid-Regulated Genes. 
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I initially isolated RNA from WEHI 7.2 cells which were either 

untreated, or treated with 1 f..lM DEX for 2 or 8 hours. WE HI 7.2 is a cell line 

established from a mouse thymoma (Harris et al., 1973). Like immature 

mouse thymocytes, it is very sensitive to glucocorticoids, showing initial 

signs of apoptosis after several hours and nearly complete death by 48-72 

hours (Harris et al., 1973; Flomerfelt and Miesfeld, 1994). I chose early time 

points (2-8 hours following treatment) since we are looking for direct GR 

target genes rather than events farther downstream in the apoptotic 

pathway. After running several primer pairs through the DDPCR 

procedure using the three WEHI 7.2 RNA time points, we altered our 

strategy. My data, as well as several published reports (Callard et al., 1994; 

Sun et al., 1994), indicated that the identification of false positives is a 

common problem with the DDPCR technique. That is, bands which appear 

to be regulated on the DDPCR gel often do not represent transcripts which 

appear regulated following northern analysis. To minimize this problem, I 

chose to use hvo RNA samples in which the desired DESTs should be 

present (+DEX), and two negative controls (untreated cells). This is 

important in that steroid-regulation must be seen in two independent 

cases, thereby decreasing the pursuit of artifacts. In addition to WE HI 7.2 

cells, I used RNA from a related cell line called W.Hb12, which was made 

by stably transfecting WEHI 7.2 with a human bcl-2 expression vector (Lam 

et al., 1994). Bcl-2 prevents apoptosis in a wide variety of cell lines by an 

unknown mechanism. The bcl-2 protein, which has been localized to the 

outer mitochondrial membrane, the perinuclear membrane, and the 

smooth ER, can inhibit cell death induced by most apoptotic signals, 



76 

including glucocorticoids, growth factor deprivation, and 'Y-irradiation 

Gacobson et al., 1994; Nunez et al., 1994}. It is unlikely that bcl-2 acts by 

altering gene expression, since in experiments using nuclear-free cell 

extracts, bcl-2 effectively blocks events characteristic of apoptosis Gacobson 

et al., 1994; Newmeyer et al., 1994}. W.Hb12 cells are relatively resistant to 

glucocorticoids (Lam et al., 1994; Flomerfelt and Miesfeld, 1994). We thus 

postulated that in W.Hb12 cells GR-regulated transcriptional events would 

be unaffected by bcl-2, while downstream transcriptional events related to 

the consequences of cell death should be mitigated in these cells. 

Results using DOpeR 

Using differential display, I analyzed the DEX induced expression 

patterns of WEHI 7.2 and W.Hb12 using 6 of the possible 3' anchor primers 

(dTllGG, dTllAG, dTllCG, dTllCC, dTllCA, dTllGC). We and others (Mou 

et al., 1994) have found that the dTllGC, dTllGG, dTllAC, and dTllCA 3' 

primers generate the largest number of sequence tags. DDPCR was done 

using each 3' anchor primer and 20 different 5' 10-mers, for a total of 120 

primer combinations. Each primer combination was used for 4 different 

RNA samples (WEHI 7.2 or W.Hb12, each untreated or treated with DEX 

for 8 h); this represents 480 individual reactions. Since most genes are not 

regulated by glucocorticoids, most bands on a DDPCR gel should be 

identical across the four RNA samples. Conclusions regarding differential 

expression were only made when this condition was met; reactions were 

frequently repeated when this was not the case. Optimal reactions yielded a 



total of 40-120 bands of greatly varying intensity. Most primer 

combinations showed no differential signals. 
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I chose 17 bands for further analysis. The differentially expressed 

bands were cut directly from the DDPCR gel and re amplified by PCR using 

the same primer combination with which they were originally amplified. 

Early efforts as well as published reports (Callard et al., 1994) suggested that 

the re amplified DNA may consist of more than one species, owing to the 

difficulty of cleanly cutting out a single band. This re-amplified DNA could 

be used directly to probe a northern; however we found that this can result 

in a complex banding pattern due to the presence of co-amplified 

contaminating sequences (Chapman et al., 1995). To circumvent this 

potential problem, I routinely cloned the PCR products into a plasmid by 

TA cloning (Ausubel et al., 1995). I next isolated 3-10 plasmid picks which 

contain inserts. These were then subjected to dot blot analysis using the 

original PCR amplified DNA as a probe (Fig. 13). I typically found that 

most, but not all, of these plasmid clones hybridize to the PCR probe. The 

insert from one of the positive plasmids was then used as a probe against a 

Northern blot to verify differential expression. This strategy of using dot 

blots to positively identify plasmids containing the most abundant PCR 

product has been described by Callard et al (Callard et al., 1994). 

The 17 potentially dexamethasone-induced bands isolated by DDPCR 

were used as probes for northern analysis. Northern blots with RNA from 

both WEHI 7.2 and W.Hh12 cells treated for 0, 2, 8, or 16 hours with 1f..lM 

DEX were probed. Eleven of the probes showed no hybridization to the 

northern blots, (even after long exposures of the autoradiographs) and 
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were not pursued further. This lack of an apparent signal could be due to 

expression levels below that detectable by northern analysis but not below 

that of a peR based technique such as DDPeR. Alternatively, the original 

signal from the DDPeR may have been caused by low levels of DNA 

contamination in the RNA samples from the DEX-treated cells, resulting 

in a misleading differential pattern. 

Three of the candidates derived from DDPeR showed constitutive 

expression upon northern analysis, despite their apparent DEX-induced 

appearance in the DDPeR. These can be considered true false positives, 

probably due to subtle differences in the quality of the overall amplification 

between samples. Despite these problems, four bona fide differentially 

expressed sequence tags (DESTs) were identified by DDPeR, and a 

description of these follows. 

Identification of a probable mouse homolog of the G/T Mismatch Binding 

Protein 

During initial DDPeR experiments using only WE HI 7.2 RNA (no 

W.Hb12 RNA), I identified 14 candidate sequences representing potential 

glucocorticoid-induced transcripts. Following northern analysis, however, 

only one of these appeared to be induced by hormone. DIB8 (for DEX

induced band #8) corresponds to a 4.2 kB transcript which increases in 

abundance following hormone treatment (Fig. 14). This transcript 

increases to about 150% its basal (no hormone) level by 1 hour following 

DEX treatment. A peak in steady-state transcript levels of 250% basal levels 
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Figure 14 Glucocorticoid Induction of OIBS, a probable homolog of 
the GT mismatch Binding Protein (GTBP), in WEHI7.2 Cells 
RNA from WEHI7.2 cells treated from 0-16 hours was probed with the 
OIBS DEST and histone H3.3. Signals were quantitated using a 
phosphorimager, and oms induction levels were normalized for RNA 
loading according to the histone levels. 
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is reached around 8 hours. The DIB8 transcript is also induced in W.Hb12 

cells (data not shown). 

The DIB8 differentially expressed sequence tag (DEST) was cloned 

into Bluescript plasmid and sequenced. It is 428 bp in length. The sequence 

of the upstream (5') primer used in the DDPCR reaction is found at both 

ends of the DEST, indicating that the 3' anchor primer was either never 

used, or lost sometime during PCR. 

Comparison of the DIB8 sequence to GenBank DNA sequences using 

the BLAST algorithm (GCG, (Altschul et al., 1990)) revealed over 81% 

identity to a human mutS homolog called G/T mismatch binding protein 

(GTBP, Fig. 15a). At the protein level, DIB8 is over 81% identical and 92% 

similar to GTBP (Fig. 15b). The human GTBP message has been reported 

to be 4.2 kB (Palombo et al., 1995), closely matching the size of the mouse 

transcript hybridizing to DIB8 (Fig. 14). Given the close sequence match 

and the similar transcript sizes, DIB8 is highly likely to represent murine 

GTBP. GTBP is a 160 kilo dalton (kDa) protein which, together with a 100 

kDa protein called hMSH2, binds to heteroduplexes containing either G/T 

mismatches or one- and two-nucleotide loops. In crosslinking 

experiments, only GTBP is found to be covalently linked to G/T mismatch 

substrates (Palombo et al., 1995). GTBP has been shown to be mutated in 

genetically unstable cells derived from certain colorectal cancers (Rombel et 

al., 1995). Additionally, the hMSH2-GTBP heterodimer has been shown to 

restore DNA mismatch repair to LoVo colorectal tumor cells (Drummond 

et al., 1995). 



A. GTBP 1602 AGATGATCGCCATTGTTCGAGATTTAGGACTCTAGTGGCACACTATCCCC 1651 

II III II II 11111 11111111111 11111111 11111111 I 
DIBS 1 aggtgaccgtcactgttccagatttaggacgctagtggctcactatcctc 50 

GTBP 1652 CAGTACAAGTTTTATTTGAAAAAGGAAATCTCTCAAAGGAAACTAAAACA 1701 

11111111 1111 II II 1111111111111111 II II 11111 
DIBS 51 cagtacaaattttgttcgagaaaggaaatctctcaacagagaccaaaact 100 

GTBP 1702 ATTCTAAAGAGTTCATTGTCCTGTTCTCTTCAGGAAGGTCTGATACCCGG 1751 

I 111111 11111 1111 I II 111111111111111 11111 II 
DIBS 101 gtcctaaagggttcactgtcatcttgtcttcaggaaggtctcataccagg 150 

GTBP 1752 CTCCCAGTTTTGGGATGCATCCAAAACTTTGAGAACTCTCCTTGAGGAAG 1801 

11111 11111111111 I II II III 1111 11111111 I II 
DIBS 151 ttcccaattttgggatgccactaagaccttgcgaacactccttgaaggag 200 

GTBP 1802 AATATTTTAGGGAAAAGCTAAGTGATGGCATTGGGGTGATGTTACCCCAG 1851 

II 1111 I III II I II I I II I II I I 
DIBS 201 ggtactttactggaaa ...... tggagacagtagtacagtgctgcctctg 244 

GTBP 1852 GTGCTTAAAGGTATGACTTCAGAGTCTGATTCCATTGGGTTGACACCAGG 1901 

11111111111 11111 II III I 11111 1111111111111111 
DIBS 245 gtgcttaaaggaatgacctcggagccagattctgttgggttgacaccagg 294 

GTBP 1902 AGAGAAAAGTGAATTGGCCCTCTCTGCTCTAGGTGGTTGTGTCTTCTACC 1951 

III I 11111111111 111111111111111111 III 1111111 
DIBS 295 cgaggagagtgaattggctctctctgctctaggtggtattgttttctacc 344 

GTBP 1952 TCAAAAAATGCCTTATTGATCAGGAGCTTTTATCAATGGCTAATTTTGAA 2001 

1111111111111 111111111111111 I 111111111111111111 
DIBS 345 tcaaaaaatgcctgattgatcaggagcttctgtcaatggctaattttgaa 394 

GTBP 2002 GAATATATTCCCTTGGATTCTGACACAGTCAGC 2034 

II III I II 11111111111111 1111 I 
DIBS 395 gagtatttccctttggattctgacacggtcacc 427 

B. GTBP 535 DDRHCSRFRTLVAHYPPVQVLFEKGNLSKETKTILKSSLSCSLQEGLIPG 584 

: 111111111111111111: 11111111·1111: II: III:: 11111111 
DIBS 1 GDRHCSRFRTLVAHYPPVQILFEKGNLSTETKTVLKGSLSSCLQEGLIPG 50 

GTBP 585 SQFWDASKTLRTLLEEEYFREKLSDGIGVMLPQVLKGMTSESDSIGLTPG 634 

111111·11111111:: II :. :::.: II 11111111·11: 11111 
DIBS 51 SQFWDATKTLRTLLEGGYFTGN .. GDSSTVLPLVLKGMTSEPDSVGLTPG 98 

GTBP 635 EKSELALSALGGCVFYLKKCLIDQELLSMANFEEYIPLDSDTVS 678 

1·1111111111·1111111111111111111111: 1111111· 
DIBS 99 EESELALSALGGIVFYLKKCLIDQELLSMANFEEYFPLDSDTVT 142 

Figure 15 DIB8 corresponds to mouse GT mismatch Binding Protein 
A The DIB8 and GTBP DNA sequences are 81 % identical over the entire 
length of DIB8. B The DIB8 and GTBP amino acid sequences are 81 % 
identical and 92% similar (using BESTFIT with a gap weight of 3.0 and 
extension penalty of 0.1) 
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Identification of GIG1, a 10.5 kb transcript which is highly induced by 

glucocorticoids in WEHI 7.2 cell lines 
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The primer pair combination dTCC (3' anchor primer) and DDR10 

(5' primer, 5'-GGTACTAAGG-3') showed a differentially expressed band on 

the DDPCR gel (Fig. 16a). This was excised and processed as described 

above. In agreement with the pattern seen in the DDPCR gel, northern 

analysis revealed a DEX-induced expression pattern in both WEHI 7.2 and 

W.Hb12 (Fig. 16b). I chose the name GIG1 for this transcript, for 

glucocorticoid-induced gene. The GIG1 signals were quantitated and 

normalized to histone H3.3 levels (Fig. 16b). GIG1 is rapidly induced in our 

cell lines, to around 10-fold basal levels 2 hours following DEX-treatment. 

The GIG1 transcript is approximately 10.5 kB. 

The GIG1 DEST was sequenced. It is 295 bp, including the primer 

sequences originally used to amplify it (Fig. 17). The sequence was 

compared to all GenBank sequences, using the BLASTN algorithm in the 

GCG sequence analysis package; no significant matches were found. There 

are termination codons in all three of the forward reading frames of the 

GIG1 DEST (assuming that the dTGG anchor primer denotes the 

polyadenylated 3' end of GIG1). 
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Figure 16 Identification of GIG1, a glucocorticoid Induced 10.5 kb transcript 
A Portion of a differential display gel, showing a band induced in both 
WEHI7.2 and W.Hh12 cells. The four lanes are WEHI 7.2 cells (W), either 
untreated (WO), or treated with DEX for 8 h, and W.Hh12 cells (H). 
B Northern analysis using the product indicated in (A). The GIG1 transcript is 
indicated, and levels of induction were quantitated and normalized to histone 
levels. 



84 

DDR10 

1 GGTACTAAGG CCACTAATAG CCATGCCAAG ACAC'rGGCTC AAACCTATGA 

51 GTCAGCACCG TCATTACCTG CAGAGAGAGA CCTGGCCCAG CTGGCTCCGC 

101 TGTGACTCAG CCGTGGATTC CCTGGGCCCA CCATGTTCTC AGCCCAGCCC 

151 AGAAGTAAAG AGCACCCTCA TTCATGTCAC TAAGTGCAAG TTTAATCATC 

201 CCCAAGTTCC GTCCAGTGAA ATGGTAAAGT GTAGGAGGAG TTTGTTACGT 

251 AAAGCAATAT TCTGATAAAA ATGTTGACTT CTTAGGAAAA AAAAA 

411 dTCC 

Figure 17 GIGl DEST Sequence 
Positions of both primers used in differential display are indicated by 
arrows. 

Identification of GIG10, a 7.S kb DEX-induced transcript in WEHI 7.2 cell 

lines 

GIGI0 was identified by DDPCR using the primers dTGG and DDRI0. 

Northern analysis using the GIGI0 DEST revealed a low overall expression 

pattern in WEHI 7.2 cells with distinct induction as early as 2 hours 

following glucocorticoid treatment, and a similar expression pattern in 

W.HbI2 cells (Fig 18). The GIGI0 transcript is approximately 7.5 kb, and is 

induced more than 4-fold over basal levels 2 hours following 

glucocorticoid treatment. Steady state GIGlO levels continue to increase 

until at least 8 hours. 

The 300 bp GIGI0 DEST was sequenced (Fig. 19) and compared to 

GenBank DNA sequences. No significant matches were found using the 

BLASTN algorithm. Each of the three forward reading frames contain stop 
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Figure 18 Identification of GIG 10, a 7.5 kb Glucocorticoid-induced Message 
A Differential display gel showing a band present only in hormone treated 
samples B Northern analysis, showing the induction of GIG 10. Fold 
induction numbers shown have been normalized to the histone levels. 



DDR10 

CA'IGACAG:T CIGATIGAGA ACI'IGrATAG A'lGI'l'OCA.TAA ~ 

CAGAATATl'A TAATITAAAC AA~ AGrATITAAT GAJ!CCAAATA 

dTGG 

Figure 19 GIGIO DEST Sequence 
The GIGlO DEST sequence is shown, with the sequences of the primers 
used in the differential display indicated. 

co dons, and no convincing matches were found to protein sequences 

available in sequence databases. 
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To examine the tissue specific expression of GIG10, the GIG10 DEST 

was used to probe a slot blot of RNA from various mouse tissues and cell 

types (Fig. 20). GIG10 appears to be expressed at low levels in most cell 

types, and perhaps at higher levels in thymocytes, splenocytes, brain, lung, 

and skeletal muscle. GIG10 expression may be lower in cardiac muscle, 

kidney, liver, and testes. 
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Figure 20 GIGIO Expression in Selected Tissue 
A slot blot containing RNA from various mouse 
tissue was probed with GIGlO DEST. RNA 
from organs was prepared from fresh tissue; 
thymocytes and spleenocytes were cultured for the 
indicated times. WEHI 7.2 is included as a control. 
(Blot provided by courtesy of F. Flomerfelt) 
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Identification of GIG18, a thymus specific 7.5 kb transcript which is rapidly 

and highly induced by DEX in WEHI 7.2 cell lines 

GIG18 was identified by DDPCR using the primers dTCG and DDR18 

(5'-GATCTCAGAC-3') (Fig. 21a). The northern analysis shown in Fig. 21b 

indicates that the -7.5 kB GIG18 transcript is rapidly and highly induced by 

glucocorticoid-treatment of either WEHI 7.2 or W.Hb12 cells, increasing to 

at least 7-fold basal levels after 2 hours of DEX treatment. 

Sequencing of the GIG18 DEST revealed 405 bp inclusive of the 

DDPCR primers (Fig. 22). A GenBank search using BLASTN uncovered 

homology to a previously identified human sequence tag designated 

KDB2.12 (Fig. 23). Epplen and colleagues isolated this sequence tag from an 

activated B-Iymphocyte eDNA library made using primers consisting of 

CAC/GTG repeats. The KDB2.12 sequence tag was cloned in a effort to 

show that CAC/GTG repeats are commonly found in expressed sequences; 

it is 451 bp in length and no function has been attributed to it (Epplen and 

Epplen, 1994). Although the GIG18 DEST is 87% identical to KDB2.12 over 

a 220 bp stretch, the homology does not include the CAC/GTG repeat 

region. 
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Figure 21 GIG 18, a 7.5 kb Glucocorticoid-induced Transcript 
A Identification of a hormone dependent band by differential display 
B Northern analysis showing GIG18 induction by DEX in WEHI7.2 cells 
and W.Hh12 cells. GIG18 fold-induction was quantitated using a 
phosphorimager and normalized to histone levels. 



DDR18 .. 

~'ICICAGA CA'ICrA'ICIG GArro3AGIGA CAAACITICC CAACA'J.'C.l:>£.C 

~ CITATATICA OCAGl'l'I'l'IG ~ TAArra:TICA 

AAAA'IGTGIG 'IGICATICAG CATITAA'lG3 ~rrrrA 'ITICATAGrA 

OCIGIGl'I'l'l' GTCCl'A'TG3A AAATACIGrA crICAG3A'IT A'IGI'ITACAA 

TIGA'lCCAG3 'IDI'I'IGl'I'IC TAACl'lCTAT AATJ:£::ATN:A Arr.r:LGAAAAA. ... 

Figure 22 GIG18 DEST Sequence 
The 406 bp sequence is shown. The positions of the primers used 
in the differential display are indicated. 

dTeG 

The GIG18 DEST was used to probe a tissue slot blot to examine the 

breadth of its expression across several cell types. As shown in Fig. 24, 

GIG18 appears to be remarkably tissue specific, being expressed only in 

thymocytes amongst the cell types probed. 
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kdb2 CTTTCTGAACACCACCACCACCAATAATACTTATCAGCACATAAAGTATC 
11111**1111*11111*11*111 1*111111*11*111 111*11*1 

GIG18 ctttcccaacatcaccaacagcaa.agtacttagcatcac .. aaaatagc 

kdb2 TCTTAAACTCTGATCTTGGCAGG .. ACGAACTCCATTCAGCAGTTTTTGT 
I * II III * 11111111111111 * III ** I ** 1111111111111111 

GIG18 tatt.aacactgatcttggcagggaccgacttatattcagcagtttttgt 

kdb2 GGAAAGCAGTAATGCTCGC.AAAACGTGTGTGTCATTCAG.ATTAAGTGC 
1111111111111111*111111*111111111111111111*1*11* 

GIG18 ggaaagcagtaatgcttgcaaaaatgtgtgtgtcattcagcatttaatgg 

kdb2 AG.CTATGCATTTCATAGTATATTTGACAGATTAGTACTGTGTCCTGTGT 
II 111111111111111111 * 1*11111111111111111111111111 

GIG18 agactatgcatttcatagtatgtctgacagattagtactgtgtcctgtgt 

kdb2 TTTGTTCCAGATTCTTCAGTATAAATAAG 
111111111 *** I * 11111111 * 111111 

GIG18 tttgttccaacattttcagtatgaataag 

Figure 23 The GIG18 DEST matches a human EST from B lymphocytes 
Gig 18 DESTs were compared to GENBANK using the BLASTN algorithm. 
GIG18 is 87% identical to kdb2.12, an expressed sequence tag cloned from a 
human polyclonally activated B cell library. 
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Figure 24 GIG18 Expression is Specific to the Thymus 
A slot blot with RNA from various mouse tissues was probed 
with the GIG18 DEST. Thymocytes and splenocytes were 
cultured for 3 weeks prior to RNA isolation. (Blot kindly 
provided by F. Flomerfelt) 
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DISCUSSION 

Although the technique is relatively new, DDPCR has been used to 

identify many new genes as well as show how others are regulated. For 

example, several groups have used DDPCR to identify genes which are 

differentially regulated in tumor cells (Sager et al., 1993; Zou et al., 1994; 

Liang et al., 1994; Sun et al., 1994). However, gross differences in gene 

expression between tumor cells and normal cells may obscure the 

relatively few causative changes in transcript levels. Alternatively, the 

relevant regulatory events may be post-transcriptional. On the other hand, 

steroid-regulated gene expression seems to be an ideal application for the 

DDPCR technique since relatively few changes occur, the changes in 

expression are rapid, and the control is known to be transcriptional. 

Others have previously used subtractive hybridization and cloning 

to identify steroid-regulated genes (Briehl et al., 1990; Briehl and Miesfeld, 

1991). Neither subtractive cloning nor DDPCR are perfect techniques. 

However, DDPCR has several advantages over subtractive hybridization. 

Comparisons between more than two mRNA populations can be made in 

the initial stages. Furthermore, DESTs corresponding to well characterized 

genes (such as GTBP discussed above) can be identified without proceeding 

through library screening. Finally, DDPCR can be a much more rapid 

technique for identifying regulated genes than is subtractive hybridization. 

The finding that the message for an apparent G/T mismatch binding 

protein (GTBP) increases following glucocorticoid treatment in WEHI 7.2 

cells is provocative for a number of reasons. The very early increase (1 
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hour following DEX treatment} suggests that GTBP expression may be 

directly regulated by GR. GTBP is reportedly involved in DNA repair 

(Drummond et al., 1995; Palombo et al., 1995), and DNA cleavage is one of 

the better known morphological features of apoptotic cell death (Fesus et 

al., 1991). However, the internucleosomal cleavage of DNA into multiples 

of 1BO-200 bp fragments is thought to be a relatively late event in the 

apoptotic pathway (Zakeri et al., 1993), and apoptosis sometimes occurs in 

the absence of this fragmentation (Tomei et al., 1993; Zakeri et al., 1993). 

Internucleosomal cleavage is thought to be preceded by the appearance of 

larger DNA fragments ranging in size from 50-500 kb and in glucocorticoid 

treated thymocytes, these large fragments have been observed as early as 

one hour following hormone treatment (Ashwell et al., 1994; Cohen et al., 

1994). If GTBP expression is induced in response to DNA damage in WE HI 

7.2 cells following glucocorticoid treatment, this would suggest that DNA 

damage is occurring earlier than previously thought, since the damage 

must first occur and be detected before changes in gene expression could be 

seen. Another possibility is that GTBP induction is a stress response to the 

initiation of apoptosis, much in the way that glutathione-S-transferase 

induction may be a response to increasing levels of reactive oxygen 

intermediates in the later stages of apoptosis (Flomerfelt et al., 1993). 

Alternatively, GTBP may playa role in apoptosis unrelated to its purported 

function in DNA repair. A final possibility is that the increase in GTBP 

message following DE X-treatment is a glucocorticoid-induced response 

unrelated to apoptosis. Further exploration of the role of GTBP in 
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thymocyte apoptosis will require obtaining full-length GTBP message as 

well as analyzing its expression in glucocorticoid resistant (but GR+) cells. 

Using DDPCR I have identified three novel transcripts which are up

regulated in WEHI 7.2 cells following glucocorticoid treatment (GIG1, 

GIGIO, and GIG18). Since all three of these are rapidly induced by DE X, they 

may be direct GR target genes and could be involved in the steroid-induced 

thymocyte apoptosis of these cells. As candidates for such genes, GIG18 is 

particularly interesting since its expression appears to be limited to 

thymocytes. 
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CHAPTERS 

Initial Characterization of Three Genes which are Upregulated in Wehi 7.2 
Cells Following Glucocorticoid Treatment 

Introduction 

Using differential mRNA display, I have identified three new 

transcripts which are up-regulated in WE HI 7.2 cells following 

glucocorticoid treatment, and may be involved in thymocyte apoptosis. 

However, the differential display technique yields sequences tags of only a 

few hundred base pairs in length, presumably corresponding to the 3' end 

of the transcript. In order to characterize GIG1, GIGlO, and GIG18, the full 

length transcripts must be obtained. Once this is accomplished, sequence 

information can be used to discern possible functions, and experiments can 

be designed to test for involvement in apoptosis. 

Results 

Design and construction of a DEX-induced WEHI 7.2 cDNA library 

The differentially expressed sequence tags (DESTs) obtained from the 

DDPCR can be used as probes to screen cDNA libraries. A DEX-induced 

WEHI 7.2 cDNA library was constructed, starting with a mixture of polyA+ 

WEHI 7.2 RNAs from cells treated with l~M DEX for 2, 8, or 16 hours in a 

1:2:1 ratio. cDNA was made using both oligo-dT primers and random 

hexamers, ligated into Lambda Zap II lambda arms, and packaged. A total 

of 200,000 recombinant phage were obtained from the oligo-dT primed 

cDNA and 320,000 from the randomly primed cDNA. These were pooled 

and amplified to obtain the final high titer library. 
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Cloning and characterization of a partial GIG18 cDNA 

GIG18, an approximately 7.5 kB message, is rapidly induced 

following glucocorticoid treatment. The transcript is particularly 

interesting because its expression appears to be limited to the thymus, the 

site of glucocorticoid-induced apoptosis of immature T-cells. Screening of 

the cDNA library with the GIG18 DEST yielded a single hybridizing lambda 

clone, GIG18.10, with an insert of about 2.0 kB. Further screening of the 

WEHI 7.2 DEX-induced cDNA library using portions of GIG18.10 yielded no 

new GIG18 clones, although phage identical to GIG18.10 were isolated 12 

more times. 

Sequencing at each end of GIG18.10 located the GIG18 DEST sequence 

at one end (Fig. 25). The cDNA clone and the GIG18 DEST match perfectly, 

including the region corresponding to the 5' DDPCR primer. Interestingly, 

the cDNA clone begins exactly after the sequence corresponding to the 3' 

anchor primer; therefore, no polyA region is present in the cDNA clone. 
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The bold line represents the GIG18 insert, flanking sequences are the 
pBluescript.sk- vector. The position corresponding to the GIG18 DEST is shown, 
with the site of the dTCG 3' primer used in the DDPCR indicated. The position of 
theT3 and T7 RNA plymerase promoters used for riboprobes are shown by arrows, 
as is the 5'-3' orientation of the GIG18 transcript. Restriction sites shown are 
EcoRI, PstI, Sad, BstXI, and Sma!. 

The orientation of the sequence corresponding to the GIG18 DEST 

should indicate the 5'-3' orientation of the GIG18 transcript, since the 

DDPCR technique uses a modified oligo-dT primer in the reverse 

transcription step. To verify this 5'-3' orientation, strand-specific RNA 

probes were made from pGIG18.10 and used to probe northern blots. The 

T7 probe hybridized to a transcript of the appropriate length, while the T3 

probe only weakly hybridized to a smaller transcript (data not shown). This 

result suggests that the 5'-3' orientation of GIG18 is opposite that predicted 

by the DDPCR. To confirm this, oligonucleotides corresponding to each 

strand of GIG18 were made, end-labeled with 32p, and used to probe 

northern blots (Fig. 26). This analysis verified the 5'-3' orientation shown 

in Fig. 25. 
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WEHI7.2 
o 1 2 8 16 

~GIG18 

Figure 26 GIG18 Expression Detected by Strand-specific Oligonucleotides 
Northern blots were probed with 32P-Iabeled oligonucleotides to verify the 
5' -3' orientation of the GIG18 transcript. 
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Figure 27 Induction of GIG18 in WEHI 7.2 and 549 Cell Lines 
The first 6 lanes show GIG18 induction by DEX in WEHI 7.2 cells, 
and the next six show induction in the 549 cell lines by DEX (for 
SGR-52), or by DHT (for SAR-91). 
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Northern analysis using GIG18.10 as a probe indicated that GIG18 is 

induced in WEHI 7.2 cells 5-fold after one hour DEX treatment (Fig. 27a), 

and may be induced as early as 30 min (not shown). It thus seems likely 

that GIG18 is a direct GR target gene. In 549 cell lines described in Chapter 

3, GIG18 is induced by GR (in the cell line SGR-52), as well as by the 

androgen receptor (in SAR-91) (Fig. 27b). Both of these cell lines undergo 

apoptosis following hormone treatment. In addition, GIG18 was induced 

by S49 cells containing VGR, EGR, and dGR (data not shown). The 

induction of GIG18 in SdGR-61 suggests that GIG18 expression alone is not 

sufficient to initiate apoptosis, since this cell line is not sensitive to DEX. 

Sequence analysis of GIG18.10 

A series of nested deletions were made of pGIG18.10, and the entire 

2058 bp sequence was obtained (Fig. 28). The GIG18 sequence closely 

matches 8 DNA sequences in GenBank, as revealed using the BLAST 

program. All of these sequences are of expressed sequence tags (ESTs), and 

all are human in origin (Table III and Fig. 29). The majority of these ESTs 

were cloned from cDNA libraries made from either placenta or fetal 

liver+spleen. 
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1 GTTGCTGTCG GGACCGTGGT GGGTGGCGAG CTGCGGGCTG CGGCGGAGTC 
caacgacagc cctggcacca ccc 
... G18-4 

cca cccaccgctc gacgccc 
~ G18-3 

ctcag 
~ 

51 TCAGATAGCA GCAGCAGCGG CGGCGGCGGC TATGTTTCAC TTCTTCCGAA 
agtctatcgt cgtcg-NotI gcg atacaaagtg aagaagg 

G18-2 ~ G18-1 

101 AGCCTGCAGA ATCCAAAAAG CCCTCTCGGC GGAACCGGAA GCAGATGGAT 

151 TTGTCCTCTT AGGAGCTACA GCAAATGAAG TGAGATGTAA AACTTCTGAA 

201 GCAGAAGGCA GCCAGGCTTT GGAGACCGGC AAAGAAGACA CATCCAGCGT 

251 GACTGTATCA GGCCCCGAGA CAGAGAATCA GACAGGCCAG ACTCTGCAGA 

301 ACAACTCACT AACAGCTGAG CTCCTGAGCA GTGTGCCCTT CACCCTGGCC 

351 CCACATGTGC TGGCGGCCAG GGCACCATCA GCGACCTTCC TGACCACGTA 

401 CTGCAATCAT ACTATACAAT GTCGGCGACA ACTTGTCCCG ATTCTGTGGA 

451 CAGGCCAAAA TCTCAACATA TTCGAACCTC TAGTACAATA AGGCGAACCT 

501 CTTCTCTGGA TACGATAACA GGACCTTACC TCACAGGACA GTGGCCACGG 

551 ACCCTCATGT TCACTACCCT TCATGCATGA GAGATAAAGC CACCTCAGAC 

601 ACCTAGTTGC TGGGCAGAAG AGGGAGCAGA AAAACGTACA CATCAGCGCT 

651 CTGCATCATG GGGAAGTGCT GATGAACTGA AAGAGCAGAT TGCCAAACTT 

701 AGGCAACAGC TACAACGCCG CAAGCAAAGT AGTCGGCATA GTAAAGAGAA 

751 GGACAGACAG TCACCTCTCC ATGGCAACCA CATAACAATC AGTCATACCA 

801 GGCTATTGGA TCAAGATCAG TCCCTATGCC TCTGTCAAAC ATATCAGTGC 

851 CAAAATCATC TGTTTCCCGT GTACCCTGCA ATGTAGAAGG AATAAGTCCT 

901 GAATTGGAAA AGGTATTCAT CAAAGAAAAC AATGGAAAGG AAGAAGTGTC 

951 CAAGCCATTG GATATCCAGA TGGTCGAAGA GCTCCGCCTC CTGCTCACTA 

1001 CAGGAGCAGT AGTACTCGAA GCATAGATAC CCAGACACCT TCTGTCCAAG 

1051 AGCGCCAAGG TAGCCATGGC AGCCACTCCC CTTGTGTGTC CCCATTTTGT 
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1101 CCTCCGGAAT CCCAGGATGA AGTCCTTGTT CAACAGAAGA TTTGCTCTAT 

1151 GATCGTGATA AAGACAGTGG GAGTAGCTCA CCGTTACCCA AGTATGCTTC 

1201 ATCTCCCAAA CCCAACAACA GCTACATGTT CAAACGGGAG CCCCCAGAGG 

1251 ATGTGAGCGG GTGAAGGTCT TTGAGGAAAT GGCGTCTCGT CAGCCTATNT 

1301 CGGCCCCTCT CTTTTCATGT CCTGACAAAA ACAAGGTTAA TTTCATCCCA 

1351 ACCGGATCAG CTTTCTGTCC TGTAAAACTT CTAGGCCCTC TCTTACCTGA 

1401 CCTCTGACCT GATGCTCAAG AACTCCCCTA ATTCTGGCCA GAGCTACGGC 

1451 AACACTGACC GTAGAGCAGC TTTCCTCCCG GGTTTCCTTC ACATCTCTCT 

G18-5 • 1501 CTGATGACAC CAGCACAGCC GACTCCCTGG AGCCCTCTAG CCCAGCAGCC 

1551 ATCTCAGCAG CAGCAGCTCC TACAGGACTT GCAGGTGGAG GAACACGTCT 

1601 CCACTCAGAA CTATGATGAC TAAAGCAGAG GGGGAGCTGG NNCACCATGG 

1651 TCCATGGATT GGGAATGAGA CTCAGACACT ATCTGCATGG AGTGACAAAC 

1701 TTTCCCAACA TACCAACAGC AAAGTACTTA GCATCACAAA ATAGCTATTA 

1751 ACACTGATCT TGGCAGGGAC CGACTTATAT TCAGCAGTTT TTGTGGAAAG 

1801 CAGTAATGCT TGCAAAAATG TGTGTGTCAT TCAGCATTTA ATGGAGACTA 

1851 TGCATTTCAT AGTATGTCTG ACAGATTAGT ACTGTGTCCT GTGTTTTGTT 

1901 CQAACATTTT CAGTATGAAT AAGCTCTATT TCAAAAAGTT GCCTGTQTAA 

G18-7 • 1951 GTAGAAAATG TCTTGCTGTG TTTTGTCCTA TGGAAAATAC TGTACTTCAG 

2001 GATTATGTTT ACAATTGATQ CAGGTGTTTG TTTCTAACTT CTATAATACA 

2051 TACAATGQ 

Figure 28 GIG18.10 Sequence 
The region corresponding to the GIG18 DEST is underlined. Primer sequences 
used for probing northerns are indicated by arrows. 
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Figure 29 Human Expressed Sequence Tags Which Match GIG18 
Homologs 1-8 were identified from GenBank sequences, and hGIG18.89 was cloned from a human 
placenta cDNA library. All %identities shown are to pGIG18.10. Note that paired homologs (such 
as 2 and 6) were originally found as independent sequence matches, but later shown to represent 
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Table m Human ESTs Matching GIG18 

# tissue source Identity to GIG18 GenBankID 

1 B lymphocytes 87% over 230 b~ U00959 

87% over 229 bp 

2 placenta 84% over 354 b~ R78929 

3 heart 87% over 447 bp R45715 

4 liver / spleen 86% over 376 b~ R0l479 

5 liver / spleen 94 % over 306 bp R00823 

6 placenta 97% over 145 b~ R79029 

7 liver / spleen 87% over 391 bp R89546 

Kdb2.12 (homolog #1 in Table III), which was previously identified 

as being 87% identical to the GIG18 DEST, was independently identified 

using BLAST as being 87% identical to an additional portion of GIG18.10. 

Unexpectedly, these two matches to kdb2.12 are in opposite orientations 

and do not overlap in either the GIG18 or the kdb2.12 sequences (Fig. 29). 

Since GIG18.10 is colinear with the other 5 ESTs shown in Fig. 29, it seems 

likely that the kdb2.12 cDNA is rearranged. 

The existence of the human ESTs matching GIG18 suggested that a 

GIG18 homolog is expressed in human tissues. In a attempt to obtain 

further GIG18 sequence, a human placental cDNA library was screened, 

using with the GIG18.10 2.0 kB insert, using low stringency hybridization 

conditions. Ten plaques hybridizing to GIG18 were isolated. As indicated 
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by signal intensity, hybridization ranged from very strong (hGIG18.951), 

medium (hGIG18.851, .89, .90, and .941), or weak (the remaining 5 clones). 

Using peR with primers in the lambda vector flanking the cDNA insert, I 

amplified a 300 bp fragment from hGIG18.951, and a 1.6 kbp fragment from 

hGIG18.89. The 1.6 kbp fragment was cloned into a Bluescript vector and 

analyzed further. I obtained 300 bp of sequence from each end of 

phGIG18.89. One end showed 97% identity to GIG18 homolog #7 (Fig. 29) 

at one end. These sequences are probably identical, with the few differences 

attributable to sequencing errors or polymorphisms. GIG18.10 (mouse) and 

GIG18.89 (human) are about 85% identical over almost 400 bp. Further 

experiments are necessary to determine if a GIG18 homolog is induced in 

human thymocytes following glucocorticoid treatment. 

No long open reading frames are apparent in GIG18.10 (Fig. 30), and 

BLASTX reveals no convincing matches to protein sequences in GenBank. 

GIG18.10 is likely to correspond to an untranslated 3' end of the 7.5 kB 

GIG18 message. Additional 5' GIG18 sequences will be necessary to 

determine the function of the putative GIG18 gene product. 

Cloning of a 2.7 kp partial GIGl eDNA 

The 295 bp DEST GIG1 corresponds to a message of approximately 

10.5 kB, which is expressed at very low basal levels but is highly induced 

within two hours of DEX treatment. Using this DEST as a probe, I screened 

the DEX-induced cDNA library and isolated 10 phage. After plasmid 

excision, these were analyzed by restriction endonuclease mapping. The 10 

GIG1 plasmids fell into two classes. Four had a 3.0 kbp insert while the 
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Figure 30 No Long Open Reading Frames are Evident in GIG18.10 
The GCG program FRAMES was used to identify potential open reading frames (ORFs). The 2058 bp sequence 
of pGIG18.10 is depicted graphically by the bold line (center). The 3 frames for each orientation are shown 
above and below. Rectangles represent potential ORFs. Vertical lines represent start and stop co dons, and 
stop co dons fall below the horizontal line. Note that the orientation of the GIG18 transcript was determined to 
correspond to the frames shown in the lower portion of this figure (3'<-5', as shown). 
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remaining six had a 2.7 kbp insert. Further restriction site mapping of 

representatives of these two classes, pGIG1.324 (2.7 kB) and pGIG1.341 (3.0 

kB) suggested an overlap (Fig. 31). 

Initially about 300 bp at the end of each clone was sequenced. 

Surprisingly, none of these sequence fragments matched the DEST, as 

would be expected given that (1) the DDPCR technique uses a primer 

designed to hybridize to the polyadenylated end of the message and (2) the 

cDNA library consists partially of oligo-dT primed cDNA. Restriction sites 

common to both clones and the DEST suggested that the DEST corresponds 

to an interior region of both pGIG1.324 and pGIG1.341. Sub clones of 

pGIG1.324 were made and sequenced to confirm this. The DEST sequence 

and pGIG1.324 are nearly identical. Comparison of the regions 

corresponding to the primers used in the DDPCR revealed imperfect 

matches as expected using low stringency annealing conditions in the PCR 

step (Fig. 32). Since the GIG1 DEST does not correspond to the end of the 

cDNA clone, the dTuCC primer used in the DDPCR did not hybridize to 

the polyA tail of the GIGl message, but rather to an interior run of 

adenines. Therefore, the portion of the GIG1 transcript represented by 

pGIG1.324 and pGIG1.341 could be any part of the message, not just the 3' 

end. 
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Figure 31 Partial GIGl cDNAs 
The two clones were aligned using similarities in the restriction maps. Several features 
are indicated, including the position of the GIG1 DEST (rectangle), the region were 
GIG1.341 and GIG1.324 overlap but do not match (cross hatch), a CT rich region, and a 
region of very high homology to 28S rRNA. Restriction sites indicated are EcoRI, SmaI, 
EcoRV, KpnI, PstI, ApaI, BstXI, PstI, HindIII, AccI, and Xbal. ,..... 
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Figure 32 Comparison of the DDPCR primers and GIGl cDNA sequence 
Imperfect matches are allowed in the low temperature annealing steps of 
DDPCR. 

Upon comparison to GenBank sequences, one end of pGIG1.341 

showed a very high match to mouse 285 ribosomal RNA. This homology 

extends over about 800 bp with as much as 99% identity over some large 

regions. The homology ends at a point that corresponds to the end of the 

285 transcript but not the end of pGIG1.341. Comparisons of pGIG1.341 and 

pGIG1.324 shows sequence identity except at a region close to the end of 

pGIG1.324, near the beginning of the 285 homology in pGIG1.341 (Fig. 31). 

This non-matching region includes a 100 bp stretch consisting exclusively 

of the nucleotides C and T, containing many CCTT repeats as well as close 

variants to this motif. pGIG1.324 does not overlap with the portion of 

pGIG1.341 which is homologous to 285 rRNA. 5ince probes made from 

pGIG1.324 show DEX-induced GIG1 expression on northern blots while 285 

rRNA does not, I believe that the 285 rRNA homology to pGIG1.341 is a 

cloning artifact, probably arising during the construction of the cDNA 

library. pGIG1.341 will be excluded from further analysis. 
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Since the 3' anchor primer used in the DDPCR appears not to have 

primed from the 3' polyadenylated tail but rather to an upstream region 

rich in adenine the possibility exists that the 5'-3' orientation of GIGI does 

not correspond to that indicated by the DEST orientation. To examine this, 

strand specific RNA probes were made using T3 and T7 primers, and these 

were used to probe northern blots. Both probes hybridized to bands of 

approximately the same size, and both appear to be induced after 8 hour 

DEX treatment (Fig. 33). However, the T3 primed probe hybridizes more 

robustly, to a transcript more closely matching the size of GIGl. While not 

conclusive, this experiment suggests that the 5'-3' orientation indicated by 

the DEST represents the true 5'-3' orientation of GIGl. Strand-specific 

oligonucleotide probes will be necessary to verify this. 

GIGI expression was examined in two S49 cell lines, SGR-52, and 

SAR-91. As discussed in a previous chapter, S49 is an additional 

lymphoma-derived cell line. SGR-52, which contains GR, undergoes 

apoptosis following exposure to glucocorticoids, while SAR-91, which 

contains the androgen receptor (AR), undergoes apoptosis following 

testosterone treatment. As show in Fig. 34, GIGI is induced by hormone in 

both these cell lines, supporting the possibility that GIGI may be involved 

in apoptosis. 

To examine tissue specific expression of GIGl, I probed a tissue slot 

blot with a probe made from the GIG1.324 insert. The probe hybridized 

strongly to all RNA samples present, although hybridization was 

somewhat weaker for RNA derived from heart and skeletal muscle (Fig. 

35). 
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Figure 33 GIG! Strand Specific Northern Blots 
RNA probes were made from pGIG1.324 using either T3 or T7 RNA 
polymerases to generate strand specific RNA probes. Duplicate 
northern blots with RNA from untreated WEHI 7.2 cells or cells treated 
for 8 hours with lJlM DEX were probed as indicated. 
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Figure 34 GIGl is Induced by Steroid Treatment in S49 Cells 
Containing either the Glucocorticoid or Androgen Receptor 
A northern blot containing total RNA from the indicated cell lines 
was probed with a 1.2 kb GIGl Hindill fragment. SGR-S2 cells 
were treated with lj..lM DEX; SAR-91 cells with lj..lM DHT. The blot 
was also probed with the histone h3.3 as a loading control. 
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Figure 35 GIGl Message is Expressed in a Variety of Tissues 
A slot blot with RNA from various mouse tissues was probed with the 
pGIG1.324 insert and washed to high stringency. 
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Cloning and characterization of a partial GIGIO cDNA 

Northern analysis using the 300 bp GIGIO DEST showed moderate 

basal expression of a 7.5kB message and about 10-fold induction by 

glucocorticoids. By screening the DEX-induced cDNA library with a GIGIO 

DEST probe, I identified two plaques both of which contain an identical 

2.7kB insert. One of these, pGIGIO.6, was characterized further (Fig. 36). 

Restriction mapping revealed an internal EcoR! site. The region 

surrounding this site was sequenced to verify that this EcoR! site did not 

result from two unrelated cDNAs joining during the library construction; 

no adaptor sequences were found, indicating that the internal EcoR! site is 

not a cloning artifact. 

pGIG10.6 
-. 
T3 E 

I 

I 1 kbp 

K 

I 

I DEST I 
dTGG 

E 
I 

x 
I 

81 element 
~ 

E 
I 
4-

T7 

Figure 36 Map of pGIGIO.6 The 2.7 kbp insert is indicated by the 
bold line. Flanking vector sequences show the positions of the T3 and 
T7 RNA polymerase initiation sites. The region homologous to the Bl 
mouse repetitive element is indicated, as is the portion corresponding 
to the GIGIO DEST. Restriction enzyme cleavage sites are indicated 
(EcoRI, KpnI, and XbaI). 
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Portions of each end of pGIGIO.6 were sequenced. As with GIGl, the 

GIGIO DEST sequence was not found at either end. Further analysis 

revealed the sequence corresponding to the GIGIO DEST beginning 311 bp 

into the pGIGIO.6 ~lone. The sequence corresponding to DDRIO (the 5' 

primer used in the DDPeR) matches the cDNA exactly. However, the 

region corresponding to the 3' anchor primer matches very poorly (Fig. 37). 

sequence 

3 ' -001'1'1'1'1'1'1'1'1'1'1'-5 ' 
***** ** * * 

3 '- 'J:C."CImITrAA'lTATA'IGAAT ••• 5 ' 

3' anchor primer 

pGIGIO.6 

Figure 37 Comparison of the 3' anchor primer and GIG10 cDNA sequence 
The primer hybridized to a adenine-rich region of GIGIO rather than the 
polyA tail. 

The failure of the oligo-dT anchor primer to hybridize at the polyA 

tail again brought into doubt the 5'-3' orientation of GIGIO. Strand specific 

RNA probes were made and used to probe northern blots. The T3 primed 

probe hybridized to a DEX-induced transcript of approximately the right 

size, while the T7 probe did not hybridize at all. This indicates that GIGIO 

is in the opposite 5'-3' orientation as would be predicted from the DEST 

(Fig. 38). 

DNA sequencing of portions of pGIGIO.6 revealed a close match to a 

Bl repetitive element. This match extends through 150 bp of one end of 

pGIGIO.6, with over 90% identity. The Bl element is similar to the human 

Alu element and is dispersed throughout the mouse genome (Maraia, 



T7 
wo we 

,', '" .. ,; ~ .. 
. :. 

":'. 
'- .. 

T3 
wo we 

Figure 38 Orientation of the GIGIO Message 
Strand-specific RNA probes were made from pGIGIO.6, using either 
T7 or T3 polymerase. The intense band beneath GIGIO may be related 
the scBl repetitive element homology (see text). 
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1991}. Closely matching sequences have been found in a number of mouse 

transcripts, in both coding and non-coding regions. Additionally, a subset 

of B1 elements are expressed as small processed cytoplasmic transcripts 

(scB1, for small cytoplasmic B1). The 135 bp of GIG10 sequence most closely 

matches the scB1 consensus sequence. Since it is at the extreme end of the 

GIG10.6 clone, it may have been added during the construction of the 

cDNA library. 

Since pGIG10.6 represents only 2.7 kB of a 7.5 kB transcript, I again 

screened the WEHI cDNA library in attempts to obtain the remaining 

GIG10 sequences. Using two different GIG10 probes derived from each end 

of pGIG10.6, I obtained only an additional isolate of phage identical to 

pGIG10.6. Based on this, it seems likely that the library contains no 

additional sequences overlapping this clone. Isolating additional GIG10 

sequences will therefore depend on different approaches, such as rapid 

amplification of cDNA ends (RACE), or screening of different libraries. 
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Apoptosis has moved from relative obscurity to being a 'hot' 

research area, a topic for discussion not only in scientific journals but also 

in popular publications such as The Wall Street Journal and Fortune. This 

change is probably due to the realization that apoptotic cell death is not an 

accidental ending but rather an integral part of many complex biological 

processes in multicellular organisms. Major new findings relevant to 

apoptosis are flooding into the literature almost every week, providing 

researchers with material for new hypotheses to be tested in their apoptotic 

model systems. 

Cysteine proteases and apoptosis 

The involvement of cysteine proteases such as interleukin-1~

converting enzyme (ICE) is now well established for at least some forms of 

apoptosis (Martin and Green, 1995). Over-expression of ICE or its 

homologs causes cells to undergo apoptosis. This death by protease over

expression can be blocked by ICE inhibitors such as crmA or p35 (Clem and 

Miller, 1994; Bump et al., 1995), and, significantly, these inhibitors have 

been shown to block apoptosis in a number of cases where only 

endogenous ICE protease activity is present (Gagliardini et al., 1994; Martin 

and Green, 1995). There are at least five members of the ICE protease 

family, and this has complicated efforts to assess their importance, as well 

as to test for their ubiquity in the apoptotic pathway. 
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No evidence has been presented for the involvement of an ICE-like 

protease in glucocorticoid-induced apoptosis. To test for this, I transfected 

WEHI 7.2 cells with a crmA expression vector (pDCcrmAneo). After 

isolating over 30 G418 (neomycin) resistant cell lines, I found that they all 

responded normally to DEX, undergoing apoptosis indistinguishable from 

the parent cell line. This failure by crmA to block apoptosis can not be used 

to rule out the involvement of an ICE-like protease, however. It is possible 

that none of the transfected cell lines expressed crmA at levels high 

enough to inhibit ICE. Additionally, crmA, while a effective inhibitor of 

ICE, does not inhibit CPP-32 (Nicholson et al., 1995), and may be ineffective 

against other ICE-like proteases as well. A better experiment would be to 

transfect WEHI 7.2 cells with p35, a baculovirus inhibitor with a much 

broader specificity for the ICE proteases (Bump et al., 1995). p35 has been 

shown to inhibit ICE directly. It is cleaved by ICE but forms a stable ICE-p35 

complex, and inhibition is saturated at 1:1 stoichiometry. Taken together 

this suggests that p35 is an irreversible inhibitor of ICE (Bump et al., 1995). 

Since the ICE-protease inhibitors p35 and crmA seem to block apoptosis 

completely, it is likely that ICE proteases occupy a position in the apoptotic 

pathway prior to the effector (executioner) stage (Fig. 39). Such a nodal 

position mayor may not be shared by all signaling branches of the pathway. 

Regulation of apoptosis by Bcl-2 family members 

Unlike the situation for the inhibitors of the ICE proteases, where 

the mode of action is relatively clear (even without knowing the crucial 

ICE targets), there is no consensus for how Bcl-2 blocks apoptosis. This may 
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be because Bcl-2 acts by some mechanism which is inherently more 

difficult to quantitate. The idea that Bcl-2 works by suppressing damage 

done by reactive oxygen intermediates certainly fits this criterion (Kane et 

al., 1993; Hockenbery et al., 1993). Whatever their mode of action, Bcl-2 

proteins seem to be very important regulators of apoptosis. The situation 

is complicated by the great number of Bcl-2 family members and the cell

specific variation in their expression. An additional level of complexity is 

introduced by Bcl-2 family members such as Bax, which are positive 

regulators of apoptosis. Bax can form homodimers or heterodimers with 

Bcl-2, and the ratios of Bcl-2 and Bax seem to determine their effect, with 

high Bcl-2 levels favoring cell survival, whereas high Bax levels favor 

apoptosis (Oltvai et al., 1993). The importance of these regulators was 

recently demonstrated when Bax-deficient mice were shown to have 

selective hyperplasia of lymphoid tissues, with a 60% increase in total 

thymocyte number over wild type mice. However, the Bax knock-out 

mouse appeared healthy overall, suggesting that developmentally required 

apoptosis occurred normally in most other tissues (Knudson et al., 1995). 

Some time ago, we considered the possibility that glucocorticoid 

treatment might up-regulate Bax in thymocytes and thereby cause 

apoptosis. To test for this, I probed a northern blot with a Bax eDNA probe. 

I found that untreated WEHI 7.2 cells contain a high level of Bax transcript, 

and this does not increase following DEX treatment (data not shown). The 

presence of Bax transcript in these cells, combined with the demonstration 

that Bax is required for normal levels of thymocyte apoptosis (Knudson et 

al., 1995), provides more evidence that WEHI 7.2 is a fairly accurate cell line 
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model for thymocyte apoptosis. Interestingly, Bcl-2 transcript has been 

detected only at very low levels in WEHI 7.2 cells (Dowd and Miesfeld, 

1992), suggesting that these cells have a high bax:bcl-2 ratio, and thus may 

be genetically 'primed' for apoptosis. It is not entirely clear whether, 

mechanistically, Bcl-2 protects, or Bax kills. However, it seems likely to me 

that Bcl-2 acts as a protector, and this activity is blocked by Bax. Were the 

alternative scenario true, a direct apoptotic activity for Bax would likely 

have been demonstrated by now. The Bcl-2 family of proteins probably act 

at the regulatory stage of the apoptotic pathway (Fig. 39), attenuating 

apoptotic signals as appropriate for various cell types. 

Transcriptional activation and repression in glucocorticoid-induced 

thymocyte apoptosis 

In investigating glucocorticoid-induced apoptosis of 549 cells, I 

found that the receptors VGR and EGR, which contain potent viral 

transcriptional activation domains, induced apoptosis even at low receptor 

levels, levels where the wildtype GR did not. These altered receptors also 

activated transcription from the MMTV promoter to very high levels (Fig. 

6). In general, I saw a direct correlation between induction of the MMTV

CAT reporter and apoptosis (Fig. 7). This data suggests that trans activation 

by GR plays a role in thymocyte apoptosis, since a stronger transactivation 

domain led to increased apoptosis on a per receptor basis. 

The androgen receptor (AR) also induced apoptosis when transfected 

into 549 cells. Interestingly, this suggests a potential mechanism for 

gender-based differences in immune responses, as some autoimmune 
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disorders are more prevalent in females than males (Jondal et al., 1995). 

Tighter negative immune regulation in males may be due to increased 

apoptosis via androgens and AR. Whether or not this demonstration of 

testosterone-induced thymocyte apoptosis has any physiological 

significance, it does suggest that the similarities shown for DNA-binding by 

AR and GR extends to the genes involved in glucocorticoid-induced 

apoptosis. The induction of apoptosis by AR occurs despite AR being a 

relatively weak inducer of the MMTV promoter. However, this low level 

induction of the MMTV promoter does not mean that AR is a universally 

poor transactivator. One example where this is clearly not the case is for 

GIG18, which is highly induced by testosterone in cells containing 

relatively low levels of AR (Fig. 27b). 

A number of groups have presented evidence suggesting that 

glucocorticoid-induced thymocyte apoptosis is due to the repressive 

function of GR. I examined repression of AP-1 activity by the receptors I 

have studied (Fig. 12). The results are inconsistent with repression being 

the sole factor in initiating apoptosis. Particularly, I found that dGR, which 

lacks the N-terminal trans activation domain of GR and is a poor inducer of 

apoptosis, is an active repressor. Further, AR, which appears on a per 

receptor basis to be more active in stimulating thymocyte apoptosis than 

GR (Fig. 8b), is a fairly poor repressor. Taken together, these data suggest 

that, contrary to other reports (Helmberg et al., 1995), transrepression by GR 

is not sufficient to initiate thymocyte apoptosis. 

Most of the studies supporting repression by GR in apoptosis have 

used human cell lines, while we have studied mouse-derived cell lines. 
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There is a possibility that the repression/ activation issue has two answers, 

one for mouse and one for human. Support for this comes from apparent 

differences in glucocorticoid sensitivity of human and mouse thymocytes 

(Claman et al., 1971). However, given the conservation evident in the 

apoptotic process across evolutionarily distant organisms, such a basic 

difference between two mammals is unlikely. A more probable 

explanation would be a dual inductive and repressive role for GR, with 

some GR targets being activated and others repressed. In this scenario, one 

could imagine that very high levels of either repression or induction alone 

might trigger apoptosis. Such extreme levels of activity are likely when 

recep!ors are over-expressed. In normal cells (as opposed to immortalized 

cell lines) and at physiological receptor levels, a more subtle combination 

of both gene induction and repression might be necessary to effect cell 

death. 

A recent study shows that the transactivation and trans repression 

functions of GR are separable (Heck et al., 1994). Point mutations were 

made in the GR zinc-finger DNA-binding domain which eliminated one 

function without affecting the other. For example, the GR mutant S425G 

transactivates the MMTV-promoter well, but does not transrepress the AP

I induction of a 5X-TRE-CAT reporter. Conversely, another GR mutant, 

N454D / A458T, represses well but does not transactivate. Interestingly, this 

mutation inhibits both GR dimerization and DNA binding. Mutants like 

these could be used to study glucocorticoid-induced apoptosis. If merely 

the activation function of GR is required, activation+ repression- receptors 

should induce apoptosis perfectly well, while activation- repression+ 
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receptors should not. If on the other hand, only the repressive function of 

GR is required, then the opposite should be true. Finally, if both activation 

and repression functions are required to initiate apoptosis, then neither of 

these receptors should be active alone, but the presence of both receptors 

should restore hormone-induced apoptosis. 

A final answer to the GR-mediated repression/activation debate will 

require the relevant GR target genes. For apoptosis, genes which are 

induced are inherently easier to identify and study. This is because levels 

of a very large number of messages and proteins decrease during cell death. 

The majority of these changes may have no role in apoptosis but instead 

are a consequence of its progression. Identifying a gene among these whose 

decrease or disappearance plays a causative role will be difficult, but may be 

worth pursuing. 

Genes up-regulated following glucocorticoid treatment 

I identified four genes whose messages increase in relative 

abundance following glucocorticoid treatment of WEHI 7.2 cells. Others 

have also identified such genes, although so far none have been 

demonstrated to playa role in apoptosis. Nonetheless, the finding that 

there are still undescribed genes (such as GIG1, GIG10 and GIG18) which are 

activated by GR in thymocytes suggests that a critical hormone-induced 

'death signal' may exist. 

The apparent induction of GTBP by glucocorticoids may be a new 

marker for apoptosis. Its proposed role in repair of mismatched DNA 

meshes with the DNA cleavage typical of apoptosis. GTBP may be part of a 
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response to DNA damage, or it may play another role. Quite speculative 

possibilities are that it could mark DNA sites for future cleavage or it could 

be involved in DNA damage-induced cell cycle arrest, which has often 

been observed in cells undergoing apoptosis (Dowd et al., 1991; Yonish

Rouach et al., 1993; Heintz, 1993). 

GIG1, GIG10, and GIG18 all represent novel genes whose induction 

by glucocorticoids may be implicated in apoptosis. Demonstration of such a 

role will probably require isolation of the complete coding regions of these 

long transcripts. I made a preliminary effort to test for a role in apoptosis 

by expressing portions of GIG10 and GIG18 cDNA in the antisense 

orientation. The failure of this experiment means little, since without 

knowledge of the proteins these genes encode, I could not evaluate the 

effectiveness of inhibition of protein expression. Antisense inhibition of 

nur77 was successful in showing that Nur77 is required for T-cell receptor 

mediated apoptosis (Liu et al., 1994). Another attempt at suppressing 

glucocorticoid-mediated apoptosis using antisense inhibition of GIG1, 

GIG10, and GIG18 may be worthwhile once additional cDNA sequences are 

obtained and open reading frames are identified. However, without a way 

to show changes in protein levels, negative results will be difficult to 

interpret. 

An alternative approach to test for involvement of these genes in 

apoptosis is to use regulated expression. Systems using the tetracycline 

repressor or tetracycline activator (Gossen and Bujard, 1992; Gossen et al., 

1995) could be used to express genes like GIG18 without glucocorticoid 

treatment. (This would of course require the entire cDNA.) Stable 
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transfection of WEHI 7.2 cells with a tetracycline regulatable GIG18 eDNA 

would be followed by GIG18 induction and analysis of apoptosis. If GIG18 

is the only GR target gene required for induction of thymocyte apoptosis, 

then GIG18 induction should initiate the apoptotic pathway. For a proper 

test, levels of induction of GIG18 in this system should be similar to GIG18 

induction levels following glucocorticoid treatment of wildtype WEHI 7.2 

cells. 

Expression analysis using tissue RNA slot blots revealed GIG1 and 

GIGlO expression in a variety of cell types, while GIG18 showed expression 

limited to thymocytes (Fig. 24). In regards to glucocorticoid-induced 

thymocyte cell death, this certainiy makes GIG18 the most interesting of the 

three. Nonetheless, GIG1 and GIG10 may still be involved in apoptosis, 

since cell death occurs in many tissues throughout development and into 

adulthood. These genes may be regulated by several different apoptotic 

signals, with induction by glucocorticoids in thymocytes being only one of 

many. 

Intrathymic selection of T -cells: Antagonism between T-cell receptor

mediated and GR-mediated apoptosis 

Glucocorticoids induce thymocyte apoptosis, as do strong 

interactions at the T-cell receptor (such as recognition of self-antigens). 

These two pathways are mutually antagonistic, and this antagonism may 

be crucial for determining which cells are both positively and negatively 

selected (Iwata et al., 1991; Jondal et al., 1995; King et al., 1994). For the TCR

mediated pathway, the induction of nur77 has been shown to be necessary 
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for apoptosis (Woronicz et al., 1994; Liu et al., 1994). For the sake of 

argument, suppose that GIG18 induction is required for GR-mediated 

apoptosis (Fig. 39). There are many potential mechanisms for the 

antagonism between the two pathways. Induction of one pathway may 

suppress induction of key components of the second pathway. Secondary 

messengers such as cAMP or phosphorylation by protein kinase C may be 

involved Gondal et al., 1995). Alternatively, nur77, a zinc-finger DNA 

binding protein, may form inactive heterodimers with GR, negating the 

apoptotic effects of both GR and nur77, although no evidence in support of 

this model has been presented, and TCR stimulation does not appear to 

inhibit GR activity (Zacharchuk et al., 1990). Presuming a role in apoptosis 

for GIG18, it may be involved in antagonism. An interaction between 

GIG18 and a component of the TCR-mediated pathway (such as nur77) 

might prevent both components from functioning, resulting in escape 

from negative selection. Testing of such obviously speculative possibilities 

will first require further characterization of GIG18 (as well as GIGI and 

GIGIO). 

Glucocorticoids induce thymocyte apoptosis. Whether GR does this 

by activating genes, repressing genes, or both, a full understanding of this 

process will require identifying the GR target genes. Once this is done, the 

mechanism of antagonism of GR-mediated and TCR-mediated apoptosis 

can be investigated, and perhaps its importance in T-cell selection can be 

more fully evaluated. I have presented evidence that transcriptional 

trans activation by GR is important for apoptosis, and I have identified 



three unique genes which are induced by glucocorticoid treatment of 

thymocyte cell lines undergoing apoptosis. 
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