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ABSTRACT 

Apoptosis is characterized by a series of well defined morphological 

and biochemical features that allow cells to initiate self-destruction in 

response to a variety of stimuli. CD4^CD8^ is a sub-population of immature 

thymocytes that are especially prone to the action of apoptosis-inducing 

agents and are sensitive to glucocorticoid-induced apoptosis, an event that 

plays a critical role in eliciting the antigen-specific thymocyte repertoire. 

Glucocorticoids induce apoptosis through activation of the GR, a ligand-

induced transcription factor that transduces the hormonal signals into the 

regulated expression of target genes. While much is known about the 

structure and function of GR, key steroid-regulated genes believed to be 

required for thymocyte apoptosis have not been found. Based on the 

transcriptional-regulation of apoptosis by ecdysone-mediated induction of 

reaper gene expression in Drosophila, and p53-mediated transcriptional-

activation of box gene expression in mammalian cells, our laboratory has set 

out to identify GR-regulated genes in a glucocorticoid-sensitive mouse 

thymocyte cell line called WEHI 7.2. Identification of such genes involved 

in this process, and elucidation of the underlying mechanisms by which they 

mediate apoptosis, have prime importance because malfunctioning of this 
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system has been shown to cause severe human diseases and developmental 

abnormalities. 

I have isolated and characterized the full-length nucleotide sequence 

of mGIGl, a novel gene product that had previously been shown to be up-

regulated in thymocytes undergoing glucocorticoid-induced apoptosis. The 

human homolog of the mouse GIGl was also identified and mapped to 

chromosome 8, band q2l. A peptide segment of GIGl protein was expressed 

in bacteria and used to raise antibodies in rabbits in order to dissect its role 

in thymocyte apoptosis. Results of DNA sequence analyses suggest that 

mGIGl may encode a DNA-binding protein that could function as a 

transcription factor in thymocytes. In a second project, I established a 

transient expression cloning system in mouse thymoma cells and isolated a 

cDNA sequence called mArg-2 on the basis of a functional cloning strategy. 

However, determination of the possible involvement of both GIGl and Arg-

2 in thymocyte apoptosis will require further experimentation. Finally, 

spatial and temporal coordination of abrupt changes in mismatch repair 

(MMR) gene expression with the occurrence of apoptosis in mouse 

thymocytes prompted me to study apoptosis in MMR-deficient mice. My 

findings indicate that glucocorticoid and anti-Fas antibody-induced cell 

death machinery is intact and functional in MMR '" mice. 
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CHAPTER I 
INTRODUCTION 

A Historical Perspective on Apoptosis 
The first characteristics of apoptotic cells to be established were 

morphological and came from histochemical studies of changes in 
lysosomes in hepatic ischemia (Kerr, 1965). Upon obstruction of the blood 
flow supplying rat liver, the periportal parenchyma shrinks progressively 
until a new balance is established between parenchymal mass and residual 
blood supply. Throughout this regression, scattered, individual hepatocytes 
are continually converted into small round cytoplasmic masses, some of 
which contain condensed chromatin. These structures are clearly a 
manifestation of cell death, but their histological appearance is distinct from 
that of the necrotic cells brought about by extreme physical or osmotic 
shock, and there is no associated inflanmiation that normally accompanies 
the necrosis (Renvoize et al., 1998). Diffused histochemical staining for acid 
phosphatase indicates that lysosomes in the necrotic cells are ruptured, 
however, lysosomes in the small round masses are stained discretely, 
suggesting that they are still intact. Before the recognition of apoptosis as a 
process with common features in many different cell types, there were 
descriptions of these cells in many different situations. The crucial 
contribution of Kerr et al. (1965 and 1972) was to point out the common 
features of cells in such situations and to recognize in them a process that is 
conceptually quite distinct from passive degeneration by necrosis: active 
self-destruction by apoptosis. 

Apoptosis is a series of morphological changes in which cells actively 
participate in their own death, occurring in a temporally and spatially 
predictable manner in response to a variety of signals (Berges et al., 1993). 
In mammals, for example, apoptosis serves an important role in sculpting 
complex tissue architectures, productive matching of cells during 
development of the nervous and immune systems and defense against 
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intracellular microbes. By implicating its dysregulation in several 
pathological conditions, recent findings suggest that apoptosis serves an 
important anti-cancer mechanism, often occurring spontaneously in 
malignant tumors (Ashwell et al., 1994; Thompson et al., 1995). Many cell 
types undergo apoptotic death in response to DNA damaging agents such as 
chemical mutagens, UV- or Y-irradiation (Mori et al., 1992; Asker et al., 

1999; Wyllie et al., 1999). Thus, apoptosis plays 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, and conversely, inactivation of genes necessary for the 
progression of the apoptotic pathway may result in tumorigenesis. 
Additionally, many viruses including adenovirus and baculovirus have 

evolved mechanisms for preventing apoptosis. Infected host cells often 
respond by rapidly initiating apoptosis, thereby preventing viral replication 
(Clem and Miller, 1994; Viswanath et al., 2000). Lastly, HIV-1 infected 
CD4^ T cells die via apoptosis, thereby weakening the immune system 
(Groux et al., 1992; Jaworowski et al., 1999). 

The active nature of apoptosis is illustrated by the sequential events 
that characterize this type of cell death. Apoptotic cells undergo a series of 
dramatic morphological changes before loss of viability. These include 
chromatin condensation and margination along the nuclear membrane, loss 
of nuclear and cell volume, cleavage of genomic DNA into fragments and 
finally blebbing of the cell membrane to form small apoptotic bodies which 
are phagocytosed by neighboring cells (Renvoize et al., 1998). Apoptosis 
can be triggered by numerous signals and several of these may be active in 
any given cell type. For example, immature murine thymocytes undergo 
apoptosis in response to glucocorticoids (Screpanti et al., 1989), T-cell 
receptor stimulation (Smith et al., 1989; Ashwell et al., 2000), oxidative 
stress (Hockenbery et al., 1993), and low dose gamma irradiation (Cohen et 
al., 1992). One of the best systems for investigating the molecular basis of 
apoptosis is probably the glucocorticoid-induced apoptosis in the murine cell 
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line WEHI 7.2, which is a tissue culture model for irmnature thymocytes 
(Harris et al.,1973). WEHI 7.2 cells possess extremely low-levels of Bcl-2 
(Dowd et al., 1992) and initiate apoptosis in response to the synthetic 
glucocorticoid agonist, dexamethasone (Dex) (Danielsen et al., 1983), 
cAMP analogs, HoOi, calcium ionophore, and ganmia irradiation (Flomerfelt 
et al., 1994). Based on these characteristics, WEHI 7.2 cells undergo 
apoptosis with all the phenotypic hallmarks of double-positive (CD4^CD8^) 
mouse thymocytes in vivo. Our lab has used WEHI 7.2 to investigate events 
in Dex-induced thymocyte apoptosis and has identified several genes whose 
expression was up-regulated during apoptosis. Subtractive cloning (Briehl et 
al., 1990) and mRNA differential display (Chapman et al., 1995) techniques 
were used to clone cDNA transcripts that are rapidly induced by Dex. My 
dissertation project is aimed at extending this previous work by identifying 
new apoptosis-related genes using a transient expression cloning approach 
and by characterizing candidate genes already in hand {GIGl and MSH6). 

Molecular Mechanisms of Glucocorticoid Action 
Glucocorticoids exert their effects on responsive cells by binding to 

and activating the GR protein. Glucocorticoids, being lipophilic in nature, 
enter target cells by passive diffusion. In the resting state, GR exists as a 
large multiprotein complex accompanied by several heat shock proteins. 
Upon binding of the hormone, the complex undergoes transformation, which 
results in the release of the free ligand-bound GR (Miesfeld, 2000). This 
process permits GR to translocate to the nucleus, where its biological effects 
are manifested through its ability to regulate the expression of a network of 
genes (Miesfeld, 1989; McEwan et al., 1997). GR interacts with specific 
DNA sequences termed glucocorticoid response elements (GREs), which 
most often lie in the promoter region of regulated genes. Once bound to the 
GREs, GR modulates (induces or represses) the activity of the target 
promoter (McEwan et al., 1997). Several lines of evidence indicate that 
transcriptional induction of GR target genes is required to commit 
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thymocytes to undergo apoptosis. Dieken et al. (1992) has shown that 
ami no-terminal deletions that reduce GR trans-activation of hormone 
responsive reporter genes also block Dex-induced apoptosis. Furthermore, 
stable expression of GR chimeras containing strong viral transactivation 
domains (VP 16 and El A) in place of mutated GR trans-activation sequences 
restore Dex-sensitivity in GR-deficient thymocyte cell lines (Chapman et al., 
1996). Most convincingly, dimerization-defective GR (GR''"") transgenic 
mice have shown a requirement for a GR transcriptional activation in 
response to glucocorticoids for proper thymocyte apoptosis (Reichardt et al., 
1998a and 1998b). Together, these data made it clear that GR is the critical 
link between glucocorticoids and the cellular response and led to the 
proposal that GC-induced thymocyte apoptosis is the result of specific gene 
activation. 

Glucocorticoid-Induced Apoptotic Genes 
GC-induced apoptosis of some immune cells has been shown to 

require protein synthesis (Wyllie et al., 1984, Cohen et al., 1984). Such a 
requirement was suggested by results demonstrating that the RNA and 
protein synthesis blockers, actinomycin D and cyclohexamide, respectively, 
could prevent steroid-induced death of thymocytes. Harrigan et al. (1989) 
isolated and characterized 11 genes induced in GC-treated WEHI 7TG 
murine thymoma cells, the majority of which showed an increase in RNA 
messages within 0.5 to 1 hr after Dex-treatment. This work was continued 
by Baughman et al. (1991), who reported two more GC-regulated genes 
from WEHI 7TG cells. Seven of these 13 clones have been identified; two 
are repressed in response to the hormone treatment and the remaining 11 are 
induced. The types of induced proteins that were identified include 
chondroitin sulfate proteoglycan core protein, mitochondrial PO4 carrier 
protein, immunoglobulin-related glycoprotein-70, a G-protein-coupled 
receptor, and calmodulin. Interestingly, calmodulin (Cam) gene expression 
was also shown by Dowd et al. (1991), to be induced by GC-treatment of 
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WEHI 7.2 thymocytes, supporting the hypothesis that Ca"^-cahnodulin-
dependent enzymes may be involved in the cell death process. 

The increased expression of tissue transglutaminase is observed 
during prostatic and mammary gland involution, and during apoptosis 
induced by GC-treatment of thymocytes (Fesus et al., 1985). This enzyme 

cross-links proteins and may be responsible for the formation of the 
insoluble protein matrix detected in membrane bound vesicles in apoptotic 
cells, and is probably required to preserve the integrity of apoptotic bodies 
during cell death. Several other genes regulated by glucocorticoids have 
been identified in immune cells (Jehn et al., 1997; Riccardi et al., 1999). 
Unfortunately, there has been no case in which a clear-cut relationship 
between the predicted function of any of these genes and apoptosis has been 
demonstrated, suggesting that the requirement for expression of many of 
these genes may be cell-type specific. Furthermore, subtractive cDNA 

hybridization and differential mRNA display techniques used in these 

studies rely only on induction or repression of gene expression. Hence they 
are not selective for apoptotic genes. Genes induced as a result of stress 
caused by glucocorticoids or genes induced by glucocorticoids but involved 
only in regulation of homeostasis can easily be cloned, making these 
techniques less feasible for a study of apoptosis. The use of expression 
cloning approaches, which selects genes on the basis of their in vivo 
function, in the present case the ability to stop cell death in the presence of 

Dex, can overcome the problems encountered in these techniques 

(Nakayama et al., 1992). 

Pathways for Thymocyte Apoptosis 
Steroid hormones play essential roles in a variety of physiological 

processes including embryonic development, sexual differentiation and 
maturation, and metamorphosis. The homeostatic regulation of metabolism 
and cell turnover that determines tissue sizes and shapes are also under the 
influence of steroid hormones. Apoptosis is involved in many of these 
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phenomena (Ashwell et al., 1994 and 2000). The pharmacological or 
surgical manipulation of animals to change steroid levels often causes 
involution or enlargement of certain tissues partly through the enhancement 
or inhibition of apoptosis. For example, an elevation of blood glucocorticoid 
level, by an injection or by excessive stress, causes thymus involution due to 
apoptosis in cortical immamre thymocytes (Concordet et al., 1993). By 
contrast, adrenalectomy of mice causes not only depletion of glucocorticoids 
from the plasma but also a marked increase in the thymus size. Thus, 
regulated release of circulating adrenal glucocorticoids and controlled intra-
thymic glucocorticoid production may be the major factors that regulate 
differentiation of T cells in thymus (Lechner et al., 2000). Progenitor T cells 
arise in the bone marrow and are transported to the thymus gland where they 
continue to develop. During this period, immature cells of the T cell lineage 
begin to express cell surface markers such as CD4 and CDS. Prior to these 
events, the TCR undergoes rearrangements resulting in the potential 
expression of upwards of 10' different receptors. Therefore, it is important 
that the immune system have the ability to eliminate T cells that recognize 
self-antigens with high affinity. At the CD4^CD8"*^ stage of development, the 
stage when Bcl-2 expression is very low, thymocytes encounter antigen-
presenting cells, which determine their ultimate fate. These double positive 
cells may go on to differentiate into a cytotoxic T cell, a helper T cell, or 
they are deleted by a process called negative selection. Negative selection 
can be a consequence of either lack of self-MHC recognition or high avidity 
recognition of self-peptides, and this deletion process is mediated by TCR 
engagement (Ashwell et al., 2000). 

A gene called nur77 was identified as being up-regulated in 
thymocytes undergoing TCR-mediated apoptosis (Woronicz et al., 1994). 
Nur77 is a zinc-finger transcription factor related to the members of the 
steroid/retinoid/thyroid hormone receptor super-family, except that it has no 
known ligand. Nur77 induction and activity has been shown to be required 
for TCR-mediated apoptosis, both by suppressing its expression using 
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antisense RNA and by using dominant negative Nur77 (Woronicz et al., 
1994). Nur77 seems to be specific to the TCR-mediated pathway, as other 
treatments that stimulate thymocyte apoptosis, such as glucocorticoids, do 
not induce Nur77. Although thymocytes can be induced to undergo 
apoptosis by both GC-mediated and TCR-mediated pathways, these 
processes are mutually antagonistic rather than synergistic (Zarharchuk et 
al., 1990). The presence of both of the 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 that 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 (Ashwell et al., 1996 and 2000). Cells with 

moderate avidity for the MHC complex survive because of antagonism 
between the glucocorticoid signal and moderate TCR signaling. Cells that 
recognize self antigens in the MHC complex die as a result of an 
overwhelmingly strong signal via the TCR pathway. 

Although not involved in intra-thymic selection of developing T cells, 
the Fas-mediated thymocyte cell death constitutes an important aspect of 
thymocyte apoptosis (Nagata, 1999). The Fas ligand (FasL), a 40 kDa cell 
surface protein, binds its receptor. Fas, and transduces a death signal to the 
cell bearing Fas. Fas-mediated apoptosis is important in eliminating 
autoreactive T-cells and B-cells in the peripheral circulation. Activation of 
the apoptotic pathway by Fas and ionizing radiation was shown to be 
mediated through the sphingomyelin signal transduction pathway (Obeid et 
al., 1993). This pathway is initiated by hydrolysis of phospholipid 
sphingomyelin via the action of sphingomyelin-specific forms of 
phospholipase C to generate ceramide. Ceramide then serves as a second 
messenger in this system, leading to apoptotic DNA degradation. The 
apoptotic pathway downstream of ceramide generation is not fiilly known, 
although several distinct immediate targets have been identified. These 
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include ceramide-activated protein kinase, phosphatase and protein kinase 
C-^, but their role in apoptosis remains unknown (Hofmann et al., 1998). 

Studies of p53-deficient transgenic mice have demonstrated that p53 
is required for induction of apoptosis by gamma radiation and some DNA 
damaging drugs in thymocytes (Lowe et al., 1993). Expression of wild-type 
p53 in some p53-deficient tumor cell lines results in spontaneous cell death, 
while in other p53-deficient cell lines it renders cells relatively more 
sensitive to induction of apoptosis by radiation and DNA-damaging 
chemotherapeutic drugs (Lowe et al., 1993). Recently it has been shown that 
p53 increases box mRNA and protein expression. Furthermore, these 
increases in box gene expression are accompanied by simultaneous 
decreases in the steady-state levels of Bcl-2 mRNA and protein (Miyashita 

et al., 1994 and 1995; Cregan et al., 1999). Bcl-2 and box are homologous 
proteins that have opposing effects on cell life and death, with Bcl-2 serving 
to prolong cell survival and Bax acting as an accelerator of apoptosis (Reed, 
1998). The effects of p53 on bcl-2 and bax gene expression are mediated at 
least in part by a cis-acting p53 response element located in the 5' 
untranslated region. 

Possible Mechanisms of Apoptotic Signaling 
At least three different hypotheses have been proposed to explain how 

cell signals induce apoptosis. The first hypothesis states that unrelated death 
inducers all produce the same common death signal. A second hypothesis 
proposes that the various inducers engage separate induction pathways, but 
that these pathways converge to form a single pathway leading to activation 
of cell death. Lastly, different pathways of apoptotic death may be activated 
by mechanisms that are unique to each inducing agent. (Nicotera et al., 
1999; Song et al., 1999). The third hypothesis seems the least likely because 
it would be inefficient for the cell to maintain so many different mechanisms 
to produce the same end result. In addition, some common players, such as 
Bcl-2 and ICE family proteases, have been identified in different pathways. 
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The idea that argues against the common signal hypothesis and that favors 
the convergence hypothesis is that there appear to be genes unique to 
specific pathways. The majority of these genes appear to be transcription 
factors, which suggests a molecular program for the induction of apoptosis. 
Furthermore, although dysfunction and permeability changes in 
mitochondria during apoptosis are central to many signaling pathways 
activated by unrelated stimuli, the early events leading to death are quite 
distinct (Green, 2000; Kroemer et al., 2000). This argues strongly for the 
second hypothesis that various inducers initially send the cells into the death 
program via different routes, but then the pathways converge and share 
distal events. 

The most current models propose that the apoptotic pathway starts 

with 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 associated with mitochondria may 
integrate inputs from a number of different signals. Once the decision to 
undergo apoptosis is made, cell death effectors (sometimes called the 
executioner) take over and execute the steps necessary for the characteristic 
apoptotic cell death (Song et al., 1999). 

Apoptosis in Lower Eukaryotes -Worm and Fly Genes 
A well-established strategy for gene discovery is to investigate biological 

processes in less complex organisms that are amenable to genetic manipulation. 
One such model organism is the nematode worm Caenorhabditis elegans that 
has proven useful in understanding apoptosis. Of the 1090 cells bom in the 
developing hermaphrodite worm, 131 die by a cell-intrinsic death program. The 
same cells die in each worm at a precise time, and all show similar changes in 
morphology as they undergo cell death (Hodgkin, 1999). These deaths can 
easily be identified in living nematodes using Nomarski differential interference 
contrast microscopy. Initially the nucleus of the dying cell becomes 
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increasingly refractive until it resembles a flat button. Subsequently, the nucleus 
of the dying cell decreases in refractivity, begins to appear crumpled, and then 
gradually disappears. The above process is completed in less than 1 hr, making 
screening of large numbers of nematodes feasible for identifying defects in the 
apoptotic pathway (Ellis and Horvitz, 1986; Hodgkin, 1999). Mutations that 
perturb the normal pattern of programmed cell deaths have been obtained by 
treating hermaphrodites with the mutagen ethyl methanesulfonate and using 
Nomarski microscopy to screen their F2 progeny for mutations. 

The mutations identified in this way defined the genes ced-3, ced-4, and 
ced-9 (and seven others) on the basis of their interference with the characteristic 
cell deaths observed in wild-type hermaphrodites (Ellis et al.,1991). Two genes, 
ced-3 and ced-4, are required for the developmental deaths; both of these genes 
must act in the cells that die, and if either is inactivated by mutation none of the 
131 cells dies (Yuan et al., 1990). For example, 10 programmed cell deaths 
generated in the ventral cord and 2 others posterior to the gonad do not occur in 
ced-3 mutants attributing an indispensable function to ced-3 in C.elegans cell 
deaths. Another gene, ced-9, acts to suppress ced-3 lced-4 dependent apoptosis 
(Fig. 1) (Hengartner et al., 1994). In ced-9 gain-of-fiinction mutants no 
programmed cell deaths occur, essentially the same phenotype as ced-3 and 
ced-4 loss-of-function mutants. Conversely, loss-of-fiinction ced-9 mutations 
result in excess cell deaths, even with cells that do not undergo apoptosis during 
normal development. The C.elegans gene ced-9 is homologous to the 
mammalian gene bcl-2, which was first identified at the site of reciprocal 
t(18:14) chromosome translocations in human follicular B-cell lymphomas. 
Expression of bcl-2 suppresses apoptosis in various cell types, both in vitro and 
in vivo. The human bcl-2 gene is even able to inhibit cell death in the worm 
(Vaux, 1992). Overexpression of bcl-2 mimics the protective effects of ced-9 on 
C.elegans cell death and can prevent the ectopic cell deaths that occur in ced-9 
loss-of-function mutants (Hengartner et al.,1994). 
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Apoptotic Pathways 
It is now clear that Bcl-2 is a member of a large family of proteins, many 

of which seem to be membrane-bound. Some members of the Bcl-2 family, 
such as Bcl-2 itself, function as death-suppressors (Fig. I), whereas others, such 
as Bax and Bcl-X^, antagonize this death-suppressing activity (Oltvai et al., 

1993; Reed, 1998). Cell specific and stage specific regulation of Bcl-2 family 
members seems to be important in developmental regulation of apoptosis 
(Nunez et al., 1994). This has been best demonstrated in developing 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'CD8" during the stage of T cell receptor (TCR) 
rearrangements. They subsequently express both markers. These CD4^CD8^ 
(double positive) cells encounter antigen presenting cells and are either chosen 
for positive selection, wherein they become either CD4'CD8^ or CD4XD8' 

(single positive), or they undergo apoptosis. Bcl-2 levels vary during these 

stages. Immature CD4'CD8' cells are protected from apoptosis by high-levels of 
Bcl-2. These levels drop at the double positive stage during the time when 
selection occurs. In positively selected, single positive cells, Bcl-2 levels rise 
(Gratiot-Deans et al., 1994). 

The protein encoded by ced-3 has been found to be homologous to the 

mammalian protein interleukin-1P converting enzyme (ICE) (Yuan et al., 
1993), a cysteine protease that cleaves polypeptide substrates at specific 
aspartate residues. 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. Following the 
identification of ced-3 and its orthologue ICE as cysteine proteases, ten 
additional members of the caspase family have been identified in mammals. 
They make up the effector component of the apoptotic machinery (Los et al., 
1999). Although several caspase substrates have been identified based upon 
the apoptotic phenotype, no consensus has been reached on the universal 
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target(s). IL-iP is not favored; as it is not expressed in many types of cells 

that undergo apoptosis. Another candidate for the protease target is poly 

(ADP-ribose) polymerase (PARP). Nicholson et al. (1995) found that ICE-
like protease CPP-32 (but not ICE) cleaves PARP, and they propose that 
PARP cleavage prevents the polymerase from coordinating DNA repair, 

thereby causing apoptosis. Moreover, the nuclear membrane protein lamin, 
an endonuclease-activated by caspase cleavage, and the actin-regulating 
protein, gelsolin, have been described as caspase substrates (Orth et al., 
1996; Kothakota et al., 1997). 

As previous experiments suggested, a majority of the caspases is 
present as proenzymes in all cells, and is activated by proteolytic processing 
in response to apoptotic signals. While auto-activation has been documented 

in vitro, most studies indicate that activation requires either cleavage by an 
already active caspase or through protein-protein interactions (Thomberry 
and Lazebnik, 1998). Apoptosis-signaling molecules interact with caspases 
through their conserved DED (Death Effector Domain) and CARD (Caspase 
Recruitment Domain) motifs to stimulate processing and activation of 
caspases. For example, caspase 8 (FLICE) is activated in response to the 
stimulation of Fas by Fas ligand and its recruitment into a complex with Fas 
and FADD (Peter et al., 1998). Once activated, caspase 8 activates multiple 
effector caspases, the stage that defines "a point of no return." 

Recendy Apaf-1, a human protein homologous to C.elegans CED-4, 
was purified and shown to participate in activation of a cysteine protease 
(Zou et al., 1997). Caspase 9 is activated by interactions with Apaf-1 (Fig. 
1). Interestingly, cytochrome c has been shown to be critical to this (Liu et 
al., 1996), suggesting that caspase 9 activates apoptosis in response to 
signals which disrupt the mitochondrial membrane or activate cytochrome c 
release. Most interestingly, thymocytes from Casp9''" mutant mice are 
resistant to Dex, y-irradiation, and etoposide treatment, but not Fas 
stimulation, indicating a pivotal role for caspase 9 in glucocorticoid-induced 
thymocyte apoptosis (Hakem et al., 1998; Kuida et al., 1998). Positioned on 
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the outer membrane of mitochondria, Bcl-2 has been shown to intervene 
with events leading to cytochrome c release thereby preventing caspase 9 
activation and protecting immature thymocytes against destructive effect of 
glucocorticoids (Kluck et al., 1997; Yang et al., 1997). Cytoplasmic extracts 
immunodepleted of cytochrome c or caspase 9 have been reported to lack 
caspase-3 activation in vitro, pointing out their involvement in relaying the 
mitochondrial-bom death signal to downstream caspases (Li et al., 1997b). 
However, the fact that caspase-3 is still processed (though to a limited 
extent) in Dex-treated Casp9''' thymocytes (Hakem et al., 1998) and that 
CaspB"'" thymocytes remain sensitive to Dex (Kuida et al., 1996) suggests 
that the road to death by glucocorticoids is not linear, and possibly that there 
are alternative ways to die. 

Drosophila melanogaster is another genetically tractable organism 
suitable for studying apoptosis. The use of Drosophila as an experimental 

model for programmed cell death field resulted from an extensive 
examination of cell deaths that occur during embryogenesis (Abrams et al., 
1993). This study revealed that a large number of cells undergo programmed 
death, and that these cells display characteristic ultrastructural features 
described for apoptosis in other organisms. Although the number and 
location of apoptotic cells changes over the course of embryogenesis, it has 
been found that the overall pattern of cell death is reproducible for any given 
developmental stage. These cell deaths can be rapidly and reliably visualized 
in the embryos with vital dyes. For example, acridine orange specifically 
labels apoptotic cells but not other types of cell death. 

In order to identify genes that are required for programmed cell deaths 
in Drosophila, White et al. (1994) examined the pattem of cell death in 
embryos homozygous for chromosomal deletions. Because more than 50 
percent of the Drosophila genome is represented by such deletion strains, 
they were able to rapidly screen a substantial fraction of the genome for cell 
death genes. This material allowed an assessment of the effect of mutations 
on cell death in many different tissues, and the subsequent identification of 
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genes that are globally required for programmed cell death. Of the 129 
deletion strains examined, only three overlapping deletions produced 
embryos that lacked all acridine orange staining at all stages of development 
and, later, three genes: reaper, head involution defective, and grim were 
identified in this -300 kb deletion region. Recent data suggest these genes 
modulate apoptosis through the mitochondrial pathway (Abrams, 1999). 

Overview of Research Objectives 
The major goal of my research was to isolate and characterize genes 

required for glucocorticoid-induced thymocyte apoptosis. Over the last few 
years our lab has used two strategies to identify genes required for 
thymocyte apoptosis; 1) a genetic approach and 2) differential screening 
techniques. Ethyl methanesulfonate (EMS) mutagenesis of Dex-sensitive 
WEHI 7.2 cell lines, followed by selection for growth in Dex, resulted in the 
isolation of Dex-resistant (Dex") cell lines (Flomerfelt et al., 1994). Some of 
these GR'^Dex'^ cell lines were sorted into distinct complementation groups. 
The next step towards identifying potential apoptotic genes was to isolate 
sequences, which complemented the Dex"^ phenotype of these mutant cell 
lines. This approach is extremely difficult since complementation of Dex"^ 
phenotype results in cell death. As an alternative, gene sequences were 
isolated whose expression increased rapidly and substantially during Dex-
mediated apoptosis using subtractive hybridization and differential mRNA 
display techniques. One such gene identified by differential expression 
cloning was Glutathione-S-Transferase (GST) isoform YGl gene. This gene 
is induced in a variety of cell lines, including GR' lymphocyte cell lines, as a 
result of oxidative stress (Daniel, 1993). These data imply that at least some 
genes induced during GC-induced apoptosis may not be directly involved in 
activating the apoptosis program. During the past few years our lab has 
identified a set of genes whose mRNA message was rapidly accumulated 
after Dex-treatment in WEHI 7.2 thymoma cells. Although these genes are 
up-regulated by Dex, their requirement for apoptosis has not yet been 
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shown. I have cloned, sequenced, and carried out an initial characterization 
of a novel mouse gene, GIGl that had been previously identifled in our lab 
by Mark Chapman (Ph.D. Dissertation, 1995). GIGl was found to contain a 
zinc-fmger motif that suggest it may encode a DNA binding protein. 

In addition, some groups have proposed that some of the apoptotic 
genes are expressed constitutively and that signals, such as GC, act to 
remove the repressors of these genes or activate inactive precursors. If this 
model is true, then differential screening techniques are less suitable for 
isolating this class of apoptotic genes. To isolate new genes involved in 
glucocorticoid-induced thymocyte apoptosis, while avoiding the obstacles 
associated with differential display techniques, I employed a transient 
expression cloning approach, which attempts to identify genes on the basis 
of in vivo function. This strategy potentially circumvents experimental steps 
necessary to attribute a physiological role to newly identified genes. This 
technique has proven very successful in identifying genes coding for some 
enzymes (Bierhuizen et al., 1992; Larsen et al., 1989), cell surface receptors 
and their ligands (Staunton et al., 1989), and mediators of cell death (Deiss 
et al., 1995) in numerous mammalian cell culture systems. In principle, 
expression cloning, also called functional cloning, is based either on random 
inactivation of gene transcripts via the introduction of antisense cDNA 
expression libraries or on phenotypic complementation through expression 
of full-length cDNAs. The specific antisense-mediated inactivation of a gene 
(Erickson, 1993) along the death-pathway is expected to confer survival 
advantage to cells which are continuously exposed to the death signal, Dex. 
This advantage is then used as a powerful forward selection to rescue the 
relevant cDNA. Expression of partial cDNA sequences in the sense 
orientation can also interfere with gene fiinction through dominant negative 
effects (Erickson, 1993). I used a bi-directional cDNA library for expression 
cloning in hopes of strengthen this approach by combining both antisense 
and dominant negative effects. One candidate gene I call Arg-2 was isolated 
by this technique. 
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CHAPTER II 
MATERIALS AND METHODS 

Mismatch Repair-Deficient Mice 
The generation of the lines of Msh2, Msh6 and A//A/-deficient mice 

used in this study has been described previously (Edelmann et al., 1996 
andl997). These mice were of a mixed C57BL76xl29/Sv background and in 
ail cases mismatch repair (MMR)-deficient animals were analyzed in 
parallel with wild-type age-matched (4-6 wk) littermate controls. 
Homozygous knockout and wild-type offspring were identified by PCR-
based genotyping assay. Mice were bred and maintained under specific 
pathogen-free conditions. 

Thymocyte Cell Suspensions and Thymoma Cell cultures 
Single-cell suspensions from thymus were prepared by 

homogenization using a tissue grinder (Wheaton, dounce tissue grinder) 
followed by centrifugation on density gradient of Lympholyte-M 
(Cedarlane, Westbury, NY) and cultured in complete RPMI medium [RPMI 
1640 (Irvine Scientific, Santa Ana, CA) with 10% bovine calf serum 
(Hyclone, Logan, UT) and 50 ^iM P-mercaptoethanol]. WEHI7.2 thymoma 

cell cultures were maintained in Dulbecco's Modified Eagle's Medium 
(DMEM) supplemented with 10% charcoal-stripped, heat-inactivated bovine 

calf serum in an incubator at 37°C, 8% COj, and 90% humidity. 

Antibodies and Flow Cytometry Analysis 
Fluorescein isothiocyanate (FITC)-, R-phycoerythrin (R-PE)- or Tri

color (TC)-conjugated antibodies specific for mouse CD3 (clone CT-CD3), 
CD4 (clone CT-CD4) and CD8a (clone CT-CD8a) were purchased from 
Caltag (Burlingame, CA). Single-cell suspensions prepared from thymus of 
MMR-deficient or wild-type littermate mice were induced to undergo 
apoptosis by treatment with IjxM Dex or 2ng/ml anti-mouse Fas antibody 
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(Clone Jo2, Cat. #154(X)D, Pharmingen, San Diego, CA) for 6 hr. Isotype-
matched hamster IgG (anti-KLH) was used as a negative control (Clone 
Ha4/8, Cat. #I 1140D, Pharmingen) for anti-Fas antibody. Staining for cell-
surface antigen expression was performed at 0.1-0.2 ^g/|i.l final antibody 

concentrations for 30 min at 4°C. The extent of apoptosis in Dex or anti-Fas 

antibody treated cell suspensions were assessed by staining with Annexin V-
FITC (Pharmingen) and propidium iodide (Sigma, St Louis, MO) as 
described previously (Vermes et al., 1995). Cells were analyzed on a 
Becton-Dickinson FACScan with Lysis II software. Forward- and side-
scatter gating was used to exclude dead cells from the analysis. 

cDNA Library Construction and Screening 
Total RNA was prepared from WEHI 7.2 cells treated with Dex for 8 

hr by single-step, guanidine thiocyanate lysis method and was enriched for 
polyadenylated RNA using an oligo(dT) cellulose column (GIBCO BRL, 
Gaithersburg,MD). Universal RiboClone cDNA synthesis system (Promega, 
Madison, WI) and oligo(dT) or mGlGl specific internal 3 primers were 
used to prepare cDNA. Size-fractionated and adaptor-ligated cDNA 
fragments were cloned into the Lambda Zap II vector (Stratagene La Jolla, 
CA) and packaged using Gigapack III Gold packaging extracts (Stratagene). 
cDNA library screening and plasmid excision were performed according to 
the manufacturer's suggestions. Briefly, in each screening approximately 
one million plaques were transferred to Protran nitrocellulose filters 
(Schleicher&Schuell, Keene, NH), denatured by NaOH and UV-cross-linked 
to membranes. Filters were then prehybridized and hybridized with ^~P-
labeled DNA probes at 42 °C in formamide buffer (50% formamide, 5xSSC, 

5xDenhardt's solution, 0.7% SDS, and 100 M-g/ml salmon sperm DNA) and 
washed in 0.2xSSC, 0.1% SDS solution at a final temperature that yielded an 
acceptable background signal. These primary picks were then ftirther 
purified through two rounds of screening to achieve plaque pure clones and 
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the pBluescript SK" phagemid with a cDNA insert was in vivo excised from 
the Lambda ZAP II vector as described by the manufacturer. 

Stable Transfections to Generate WEHI 7.2 Cell Lines Constitutively 
Expressing Polyoma Large T-antigen 

The polyoma large T-antigen expressing WEHI 7.2 cell line (WEHI-
LT) was established by stable transfection of WEHI 7.2 cells with the 
pPSVEl-PyEneo plasmid (pPSVEl-PyE plasmid is a gift of Dr.Minoru 
Fukuda, Bierhuizen et al., 1992). The resulting G418-resistant cell lines 
were tested for their ability to support pcDNAI-CATneo reporter replication. 
For transient and stable transfections, 1x10' WEHI 7.2 cells were 
electroporated with 50 jig of plasmid DNA using a GIBCO BRL Cell 

Porator set at 225 V and 1180 |uF. Cells were allowed to recover for 24 hr in 

liquid media, followed by selection for 48 hr in G418 (400 M-g/ml, GIBCO 

BRL) and they were plated in semi-solid agarose media containing G418. 
Single colonies were obtained 15-20 days following plating. 

Construction of Reporter and Expression Plasmids for the Optimization 
of Transient Expression Cloning System in WEHI 7.2 

pPSVEl-PyEneo, a polyoma large-T antigen expression vector, was 
made by inserting the 2,685 bp neomycin resistance gene from pMAMneo-
CAT (Clonetech, Palo Alto, CA) into the She I site of pPSVEl-PyE plasmid 
resulting in the disruption of tetracycline resistance gene by insertional 
inactivation. pcDNAI-CATneo reporter construct was prepared by inserting 
the 780 bp chloramphenicol acetyltransferase gene from pMAMneo-CAT 
into pcDNAIneo eukaryotic expression plasmid (Invitrogen, San Diego, 
CA). pcDNAl.lpur was made by ligating puromycin-N-acetyltransferase 
(PAC) gene into the Nae I site of pcDNAl.lamp eukaryotic expression 
vector (Invitrogen). pcDNAl.lGTBP*'" was made in a similar way by 
inserting, either in a sense (+) or an antisense (-) orientation, a 900 bp 
fragment from the pBSmGTBP.900 plasmid (provided by Dr. Giacomo 
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Consalez, Corradi et al., 1996) which contains 5' cDNA sequences of mouse 

G/T mismatch binding protein (mGTBP/mA/5f/6). 

RNA Isolation and Northern Blot Analysis 
Total RNA was prepared from cultured cells or primary mouse 

thymocytes by single-step, guanidine thiocyanate lysis method 
(Chomczynski et al., 1987). 10 ^ig of this RNA preparation was 

electrophoresed under denaturing conditions, transferred on to a nylon 
membrane (Duralon-UV Membranes, Stratagene, La Jolla, CA), and 
hybridized to radiolabeled DNA probe (random primer labeled probes were 
made from the plasmid inserts using a Prime-a-gene kit, Promega, Madison, 
WI) in 50% formamide solution. Transcript levels were quantised using a 
Molecular Dynamics Phosphorimager and normalized to histone H3.3 
levels. 

Chloramphenicol Acetyltransferase (CAT) Assays 
Cells were collected and rinsed in IxPBS buffer, resuspended in 150 

M-l 125 mM Tris HCl, pH 7.5, and lysed by repeated freeze-thaw cycles. Cell 

debris was removed by centrifugation and the remaining soluble protein 

fraction was incubated at 65°C for 10 min and centrifuged again to remove 

heat denatured proteins. Subsequently, the protein concentration was 
determined by the BCA calorimetric method (Pierce, Rockford, IL). CAT 
assays were then performed using '"^C-chloramphenicol and 2 |xg protein 

extract for 4 hr at 37°C and the reaction products were separated by thin-
layer chromatography. 

Preparation of Hirt Supernatants from Mammalian Cells 
A modified version of the original Hirt protocol (Hirt et al., 1967) was 

used to isolate low molecular weight, episomally replicating plasmid DNA 
species from WEHI-LT cell extracts. Briefly, cells were collected by 
centrifugation and lysed in 0.6% SDS, 10 mM EDTA solution for 30 min. 
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High molecular weight genomic DNA was precipitated along with 
membranes after a brief centrifugation in the presence of 5 M NaCl. 
Supernatant was cleaned from contaminating proteins by phenol extraction 
and episomal plasmid DNA was recovered by ethanol precipitation in the 
presence of yeast tRNA as a driver. For confirmation of the plasmid source, 
a sample of each Hirt preparation was subjected to Southern blot analysis 
using standard molecular biology techniques. Finally, episomal plasmids 
were rescued by transforming Epicurian Coli Gold supercompetent cells 
(Stratagene, La Jolla, CA) with the Hirt preparations. 

Generation of mGIGl Rabbit Polyclonal Antibody 
A fragment of the mGIGl cDNA encoding the putative zinc-finger 

DNA binding domain of 176 amino acids was found to be highly antigenic 
using MacVector sequence analysis software (Oxford Molecular Group, 
Oxford, UK). It was PGR amplified using primers that inserted a 5' in-frame 

Nde I site and a 3' Xho I site. This PGR fragment was cloned into the Nde I 

and Xho I sites of the pET-20b(+) prokaryotic expression vector (Novagen, 
Madison, WI) and used to produce the 6xHis tagged fusion protein in E.coli 

BL21 to immunize a rabbit. 

Protein Isolation and Western Blot Analysis 
Cultured cells or primary thymocytes were collected, washed once 

with IxPBS, and lysed in 200 jil PBSTDS/protease inhibitor buffer (IxPBS, 

1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 (Ag/ml leupeptin, 

I p-g/ml aprotinin, 1 mM EDTA, 0.5 mM PMSFO- Lysates were cleared by 

centrifugation and 20 ^.g total cell extract/lane were electrophoresed on a 

denaturing polyacrylamide gel, transferred on a nitrocellulose membrane 

(Trans-Blot Transfer Medium, BIO-RAD, Hercules, GA). After blocking in 

TBST (10 mM Tris-HGl pH 8.0, 150 mM NaCl, 0.05% Tween 20) and 3% 
nonfat dry milk for 1 hr at room temperature, the membranes were incubated 

with primary antibody (0.1-1 fxg/ml final) in TBST/0.5% milk solution for 1 
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hr. After 4 washes in TBST incubate membranes with horseradish 
peroxidase (HRP)-conjugated secondary antibody (1:5,000-1:20,000) for 30 
min at room temperature. HRP was detected by enhanced 
chemiluminescence using SuperSignal chemiluminescent substrate (Pierce, 
Rockford, IL). 
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CHAPTER HI 
ISOLATION AND CHARACTERIZATION OF FULL-LENGTH 
GLUCOCORTICOID-INDUCED GENE iGIGl) cDNA FROM WEHI 
7.2 CELLS 

INTRODUCTION 
Cell death occurs continually in many physiological situations. 

Apoptosis is critical to embryogenesis, development of the nervous and 
immune systems, in defense against intracellular microbes and 
metamorphosis of complex tissue structures. Apoptosis is a specialized kind 
of cell death crucial for maintaining homeostasis by providing a 
counterbalance to mitosis in proliferating cell populations (Kerr et al., 1965; 
Wyllie et al., 1999). It is characterized by a series of distinct biochemical 
and morphological changes through which cells actively participate in their 
own destruction. In response to an apoptotic stimulus receptive cells 
promptly react by shrinkage of cytoplasm and nucleus, condensation and 
margination of chromatin along the nuclear membrane, loss of mitochondrial 
function, activation of proteases and finally intemucleosomal fragmentation 
of genomic DNA followed by blebbing of the cell membrane to form small 
apoptotic bodies which are phagocytosed by macrophages or neighboring 
cells. Malfunctioning of this intricately regulated machinery has been linked 
in many instances to severe human diseases and pathological conditions, 

implicating its important biological function in the maintenance and the 
survival of multicellular organisms (Ashwell et al., 2000). 

Steroid hormones play essential roles in a variety of physiological 
processes including the homeostatic regulation of metabolism and cell 
turnover that governs tissue size and shape. Apoptosis is involved in various 
aspects of these phenomena. The pharmacological or surgical manipulation 
of animals to change steroid levels often causes involution or enlargement of 
certain tissues partly through the enhancement or inhibition of the apoptotic 
machinery (Concordet et al., 1993). For example, an elevation of blood 
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glucocorticoid level, by an injection or by excessive stress, causes thymus 
involution due to apoptosis in cortical immature thymocytes. By contrast, 
adrenalectomy of mice causes not only depletion of glucocorticoids from the 
plasma but also a marked increase in the thymus size (Sprent et al., 1988). 
While much is known about the structure and function of steroid receptors 
which are essential elements in coordinated expression of a number of target 
genes through transcriptional control of steroid-regulated gene networks 
(Miesfeld, 2000), relatively few steroid-regulated genes required for 
thymocyte apoptosis have been isolated and characterized (Ashwell et al., 
2000). 

A number of lines of evidence suggest that transcriptional activation 
of certain genes by the GR can initiate thymocyte apoptosis. First, 

glucocorticoid-induced apoptosis of some iirunune cells has been shown to 
require protein synthesis (Wyllie et al., 1984, Cohen et al„ 1984). Such a 
requirement was suggested by data showing that the RNA and protein 
synthesis blockers, actinomycin D and cyclohexamide, respectively, could 
prevent steroid-induced death of thymocytes (Kerr et al., 1972). Second, 
genetic studies in murine thymoma cell lines (Dieken et al., 1992) and in 
dimerization-defective GR (GR''"") transgenic mice (Reichardt et al., 1998) 
have shown a requirement for GR transcriptional activation response to 
glucocorticoids for proper thymocyte apoptosis. Third, molecular genetic 
studies in mouse thymoma cell lines demonstrated that swapping the GR N-
terminal transactivation domain with a more robust viral transcriptional 
transactivators such as VP 16 or El A results in a chimeric receptor which 
can induce apoptosis in thymocytes more efficiently than the wild-type 
(Chapman et al., 1996). Together, these data suggest that glucocorticoids 
exert their pro-apoptotic effect on thymocytes through transcriptional 
activation of one or more target genes. Consistent with these observations, it 
has recently been shown that transcriptional induction of the Drosophila 
reaper gene by the ecdysone receptor is required for activation of the 
apoptotic pathway (Jiang et al., 2000). 
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With the discovery and description of the physiology of apoptosis, 
extensive scientific efforts have been made to identify genes that play a 
critical role in this process. Harrigan et al. (1989) isolated and characterized 
11 genes induced in GC-treated WEHI 7TG murine thymoma cells, the 
majority of which showed an increase of RNA message within 0.5 to 1 hr 

after Dex-treatment. This work was continued by Baughman et al. (1991), 
who reported two more GC-regulated genes from WEHI 7TG cells. The 
types of induced proteins that were identified include chondroitin sulfate 
proteoglycan core protein, mitochondrial PO4 carrier protein, 
immunoglobulin-related glycoprotein-70, a G-protein-coupled receptor, and 
calmodulin. Interestingly, calmodulin (Cam) gene expression was also 
shown by Dowd et al. (1991), to be induced by GC-treatment of WEHI 7.2 
thymocytes, supporting the hypothesis that Ca"^-calmodulin-dependent 
enzymes may be involved in the cell death process. The increased 
expression of tissue transglutaminase was also observed during prostatic and 
mammary gland involution, and during apoptosis induced by GC-treatment 
of thymocytes (Fesus et al., 1985). Our laboratory has used both subtractive 
hybridization (Briehl et al., 1990) and differential display reverse 
transcriptase PCR (Chapman et al., 1995) to also isolate glucocorticoid-
induced mRNA transcripts. Unfortunately, in no case has a clear-cut 
relationship between the predicted function of any of these genes and 
apoptosis been demonstrated, suggesting that the requirement for expression 
of many of these genes may be cell-type specific or that the observed 
changes in gene expression is the result, rather than the cause, of apoptosis. 
In this chapter I report fmdings from my studies of a glucocorticoid-induced 
gene-1 (GIGI) which was previously shown to be up-regulated in sensitive 
lymphocyte cell lines following treatment with the synthetic glucocorticoid 
Dex (Chapman et al., 1995). 
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RESULTS 

GIGl is Rapidly Induced in Mouse Thymocytes Undergoing Apoptosis 
Differential niRNA display (DDPCR) presents a simple and efficient 

approach for the isolation of genes regulated differently in various biological 
systems and under changing cellular conditions (Liang and Pardee, 1992; 
Watson and Reming, 1994). Chapman et al. (1995) employed the DDPCR 
approach to identify short, differentially expressed sequence tags (DESTs) in 
WEHl 7.2 thymoma cells undergoing apoptosis as a result of Dex-treatment. 
Throughout these experiments two independent RNA samples derived from 
the ceils treated with Dex (therefore expected to contain the desired DESTs) 
and two negative controls (-Dex) were used to avoid the pursuit of artifacts. 
WEHI 7.2 cells that overexpress the anti-apoptotic human Bcl-2 protein 
(Wbcl-2 cell line) (Jacobson et al., 1994; Lam et al., 1994; Nunez et al., 
1994) were used as a second source of mRNA to control for downstream 
transcriptional events that are due to the consequences of cell death. 

Figure 2 shows the results of Northern blots using a 295 bp GIG I 
probe prepared from the GlGl DEST (Chapman, Ph.D. thesis, 1995). In 
agreement with the pattern seen in DDPCR gels, my Northern blot analyses 
confirmed a Dex-induced expression pattern in WEHI 7.2 cells. The level of 
niGlGl mRNA in WEHI 7.2 thymoma cells shows a gradual increase in the 
13.9 kb mGIGl transcript, reaching an almost lO-fold induction within the 
first 8 hr of Dex-addition as determined by Molecular Dynamics 
Phosphorlmager 445 SI and Signal Analytics IPLab Gel software. The 
increase in mGIGl mRNA continues as a trend up to the 16 hr time point 
which corresponds to only to an 15-20% apoptotic cell population in cultures 
treated with I (iM Dex as determined by Annexin-V and propidium iodide 
staining followed by FACS analysis (Askew et al., 1999). Analysis of the 
mGIGl message on Northern blots using highly purified polyA^ RNA 
revealed the presence of low molecular weight transcripts that may represent 
mGIGl splice forms (Fig. 2C). 
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Figure 2. Analysis of GIG1 mRNA Transcripts in Thymoma Ceiis 
Undergoing Dex-lnduced Apoptosis. 

mOIGi is rapidly induced in both Wbcl-2 and WEHI 7.2 cells after Dex-
treatment as seen on the original DDPCR gel (A) (Mark Chapman, Ph.D. 
Dissertation, 1995) and a Northern gel (B). Putative mOIGi splice forms 
were detected when polyA+ RNA is used in Northern Wot analysis (C). 
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niGIGl Expression is not Regulated in Apoptosis-Deficient (APT ) 
Mutant Variants of WEHI 7.2 

I next analyzed the mGIGl expression pattern in WEHI 7.2 cells that 
had been shown to be deficient in the Dex-induced apoptosis pathway. The 
isolation and characterization of a panel of GR-positive, Dex-resistant 
mutants (APT3.8, APT4.8 and APT5.8) of the murine WEHI 7.2 thymoma 
cell line has been previously described (Flomerfelt et al., 1994). 
Measurements of caspase activity and cytochrome c release in cytosolic 
extracts of Dex-treated APT" cells indicate that these non-GR, recessive 
mutations may affect steps required for mitochondrial dysfunction (Askew et 
al., 1999). One possibility is that Dex-triggered mGIGl up-regulation seen in 
the wild-type cells would be impaired in Apt" mutant(s) if one of these 
mutations blocks an upstream step required for transcriptional induction of 
mGIGl expression. Figure 3 shows the results of a Northern blot analysis of 

mGIGl in Apt", Wbcl-2, and S49-7r cells. Wbcl-2 cells were able to regulate 
mGIGl gene expression similar to the wild-type parental cells in response to 
Dex consistent with the Bcl-2 block being downstream of mitochondrial 
dysfunction. In contrast, mGIGl expression in S49-7r, a murine thymoma 
cell line which carries a mutation in GR gene and hence is unable to respond 
to glucocorticoids, showed no up-regulation in mGIGl expression as would 
be predicted. Although Apt3.8 and Apt4.8 cells were similar to the wild-type 
and Wbcl-2 cells, Apt5.8 cells failed to induce mGIGl expression during 
apoptosis, suggesting that the unknown gene mutated in this cell line may be 
involved in GR-mediated mGIGl expression. 

The cDNA Sequence of mGIGl Predicts a Novel 566 Amino Acid 
Protein 

Significant and rapid accumulation of the mGIGl transcripts in cells 
undergoing apoptosis and a deficiency of regulation of mGIGl expression in 
apoptosis-deficient cells prompted us to further our efforts to locate the 
coding region of this gene in order to study its function at the protein level. 



44 

Dex 
treatment 

(hrs) 

mGIGi —1 

WEHI7.2 Hbcl-2 S49.7r Apt3.8 Apt4.8 Apt5.8 

H3.3 

Figure 3. Northern Blot Analysis of GIGI mRNA Transcripts in 
Apoptosis-Deficient (Apt) WEHI 7.2 Cell Lines. 

Oex-induced mGIGi mRNA up-regulation observed in wild-type WEHI 7.2 
cells (WEHI) was absent in a variant cell line having an apoptotic defect 
(Apt5.8). Similarly, early blockage of Dex-induced apoptosis through 
receptor inactivation abolished mGIGi up-regulation (S49.7r), in contrast 
to a late blockage, which did not interfere with this process (Hbcl-2). 
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Figure 4. Strand-Specific Northern Analysis of mGIGi 
Transcripts. 

We have determined sense and antisense strands of mGIGi cDNA 
by using DNA probes designed to hybridize with either the template 
or the non-template strand. 
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Initially, we had determined 5' and 3' ends of the mGlGl cDNA by a strand-

specific Northern blot analysis using probes designed to hybridize with the 
sense or the antisense DNA strands. As shown in Figure 4, only the plus 
strand probe hybridized to mGIGl mRNA transcripts. This enabled us to 
focus our search for an open reading frame (ORF) at the 5' end. mGIGl 

cDNA clones obtained after each round of library screening were mapped by 
restriction enzyme digestion and segments from the 5' ends were used as 
probes in Northern blot analyses to ensure that they correspond to the same 
13.9 kb mGIGl mRNA message (Fig. 5). cDNA inserts were sequenced 

either by cleaving them into smaller pieces followed by subcloning into a 

sequencing vector or by using internal sequencing primers designed by using 
Mac Vector sequence analysis software (Oxford Molecular Group, Oxford, 
UK). The primers used in this work were synthesized by GIBCO BRL and 
sequencing was performed both manually in our laboratory and automated at 
the University of Arizona, LMSE sequencing facilities. A cDNA contig was 
generated from overlapping sequences using the AssemblyLIGN multiple 
alignment software (Oxford Molecular Group, Oxford, UK). Ultimately, 
13.9 kb full-length mGIGl cDNA was obtained by sequential isolation and 

characterization of overlapping cDNA fragments obtained from a X ZAP II 

WEHI 7.2 cDNA libraries prepared from mRNAs isolated from Dex-treated 
WEHI 7.2 cells by using either random primers (Chapman, Ph.D. thesis, 
1995) or G/G-specific primers. High quality sequence data were obtained by 
sequencing on both strands of the cDNA inserts. The full-length mGIGl 
cDNA sequence as well as the predicted 566 amino acid ORF, DEST 
sequence identified by DDPCR, mouse B1 repetitive element, CT repeats 
and poly(A) track at the 3' untranslated region (UTR) are contained in 

appendix A. The nucleic acid sequence of the mGIGl ORF was found to be 
1.7 kb long, encoding a protein with 566 amino acid residue with a 
molecular weight of 62 kd (Fig. 6) (U.Kuscuoglu, G.Sen, M.Chapman, and 
R.Miesfeld, unpublished data). A zinc-finger DNA binding motif was 
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Figure 5. The Contig Map and the Northern Blot Analysis of mGIGl 

Clones. 

The mGIGl cDNA clones and the mouse EST clones used to obtain a full-
length contig sequence are shown in A. Various short fragments of new 
isolated cDNA clones were used as probes in Northern blot analyses to 
confirm that they hybridize to the mGIGl 13.9 kb mRNA message (B). The 
295 bp nucleotide long DEST region (Chapman, Ph.D. thesis, 1995) is also 
shown. 
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revealed by protein subsequence searches using MacVector DNA analysis 
software (Fig. 6). 

mGIGl Protein Shares Homology with Proteins Containing Zinc-Finger 
DNA Binding Motifs 

The predicted 566 amino acid mGIGl peptide sequence was used in 
homology searches against the NCBI databases. The BLAST algorithm 
search was performed using the Blosum 62 matrix to find homologous 
sequences in non-redundant sections of the GenBank databases (Altschul et 

al., 1990). These homology searches revealed 42-46% identity to a human 

(Expect value [E]= and a Drosophila (E= 9e''^) protein containing a 
C2H2 type zinc-finger DNA binding motif present in mouse GIGl (Fig. 7). 
According to the limited information provided, the human homolog 
(GenBank Accession number [A]= BAA92056) is composed of 513 amino 

acids, whereas, the Drosophila homolog (A= AAF54472) has 362 residues. 
However, it is currently unknown whether the human and Drosophila 
protein sequences represent the full-length open reading frames, nor is their 
physiological function known in cells. It is also interesting to note that the 
human homolog of the mouse GIGl protein was originally identified by its 
ability to recognize papillomavirus E2 transcriptional binding sites (Boeckle 
et al., unpublished data) suggesting a possible role in transcriptional 
regulation. Given the presence of the zinc-finger DNA binding motif I 

propose that mGIGl is highly likely to function in cells through its capacity 
to bind DNA. 

With the discovery of novel human and Drosophila proteins, which 
share significant homology with mouse GIGl, I next determined the 
chromosomal location of these genes. A knowledge of the physical location 
of a gene may provide insights into known mutations and cytogenetic 
aberrations in that region. Armed with this information, one can then 
ascertain mutant phenotypes and make predictions about the proposed 
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ATG CAG GCC AGG CGC CTG GCC AAG CGC CCC AGC CTG GGC 

M Q A R R L A K R P S L G  

AGC CGC CGC GGG GGC GCT GCG CCC GCT CCC GCC CCC GAG 

S R R G G A A P A P A P E  

GCC GCC GCT CTG GGG CTC CCG CCC CCC GGC CCC AGC CCG 

A A A L G L P P P G P S P  

GCC GCC GCA CCG GGA AGC TGG AGG CCG CCG CTG CCG CCG 

A A A P G S W R P P L P P  

CCG CGC GGG ACC GGC CCC TCG CGC GCT GCC GCC GCC TCG 

P R G T G P S R A A A A S  

TCG CCG GTC CTG CTG CTG CTG GGC GAG GAG GAC GAG GAC 

S P V L L L L G E E D E D  

GAG GAG GGC GCG GGC CGA AGG CGC AGG ACG CGC GGG CGG 

E E G A G R R R R T R G R  

GTA ACG GAG AAG CCC CGA GGG GTC GCG GAG GAG GAG GAC 

V T E K P R G V A E E E D  

GAC GAC GAG GAA GAG GAC GAA GAG GTG GTT GTC GAG GTG 

D D E E E D E E V V V E V  

GTG GAC GGC GAC GAG GAC GAC GAG GAC GCT GAG GAG CGC 

V D G D E D D E D A E E R  

TTC GTG CCC CTC GGA CCC GGC CGT GCG CTT CCC AAG GGC 

F V P L G P G R A L P K G  

CCC GCC CGA GGC GCG GTG AAG GTG GGG AGT TTT AAG CGG 

P A R G A V K V G S F K R  
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157 

GAG ATG ACC TTC ACG TTT CAA TCA GAG GAC TTC AGA CGT 

E M T F T F Q S E D F R R  

GAC TCC AGT AAG AAG CCG TCT CAT CAC CTG TTC CCA CTG 

D S S K K P S H H L F P L  

1 8 3  

GCC ATG GAG GAA GAC GTG AGA ACA GCA GAC ACC AAA AAA 

A M E E D V R T A D T K K  

1 9 6  

ACC AGT CGG GTC CTT GAC CA_A GAJi AJLA GAA ACT CGG TCT 

T S R V L D Q E K E T R S  

2 0 9  

GTT TGT CTT CTT GAG CAG AJ^G CGG AAA GTA GTT TCT TCT 

V C L L E Q K R K V V S  S  

222 

PAT ATC GAT GTC CCT CCT GCA AGA AJSA TCT TCA GAG GAJi 

N I D V P P A R K S S E E  

2  3 5  

CTG GAC ATG GAC AAG GTG ACT GCA GCC ATG GTA TTG ACC 

L D M D K V T A A M V L  T  

2 4 8  

AGC TTG TCA ACC AGC CCT TTG GTC CGA AGC CCT CCT GTG 

S L S T S P L V R S P P V  

2  6 1  

CGG CCT A_AT GAG GGT CTC AGC GGG TCC TGG AAG GAJ^ GGT 

R P N E G L S G S W K E G  

2 7 4  

GCA CCA TCC AGC AGC AGC AGC AGT GGC TAC TGG AGC TGG 

A P S S S S S S G Y W S W  

2 8 7  

AGC GCT CCG AGT GAC CAG TCC AAC CCA TCC ACG CCC TCT 

S A P S D Q S N P S T P S  

3 C 0  

CCA CCA CTG TCA GCT GAC AGC TTC AAG CCC TTC CGC AGC 

P P L S A D S F K P F R S  
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313 

CCC GCC CCA CCT GAC GAT GGC ATT GAC GAG GCA GAC GCC 

P A P P D D G I D E A D A  

3 2 6  

AGC AAC CTG CTC TTC GAT GAG CCC ATT CCG AGG AAG AGA 

S N L L F D E P I P R K R  

3 3 9  

AAG AAC TCC ATG AAG GTG ATG TTC PJiP. TGC CTT TGG AAA 

K S S M K V M F K C L W K  

3 5 2  •  

AGC TGT GGC AAG GTG CTG AAC ACA GCT GCC GGC ATC CAG 

S C G K V L W T A A G I Q  

3 6 5  •  

AAG CAC ATC CGG GCT GTC CAC CTC GGG CGA GTT GGG GAG 

K H  I R A V H  L G R V G E  

3 7 8  •  A  

TCT GAC TGC AGT GAT GGG GAA GAA GAC TTC TAC TAC ACG 

S D C S D G E E D F Y Y T  

3 9 1  

GAG ATC AAG CTC AAC ACG GAT GCC ACG GCT GAA GGC CTC 

E I K L N T D A T A E G L  

4 0 4  

AAC ACT GTG GCC CCG GTT TCA CCC TCC CAG TCT CTG GCT 

N T V A P V S  P S Q S L A  

4 1 7  

TCA GCC CCT GCG TTT CCC ATC CCA GAC TCC AGC CGA ACA 

S A P A F P I P D S S R T  

4 3 0  

GAA ACT CCT TGT GCC AAA ACA GAC ACT AAG CTG GTG ACG 

E T P C A K T D T K L V T  

443 

CCA CTG AGC CGC TCA GCC CCC ACC ACC CTC TAC CTC GTG 

P L S R S A P T T L Y L V  
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4  5  6  

CAC ACT GAC CAT GCT TAC CAG GCC ACA CCC CCG GTG ACG 

H T D H A Y Q A T P P V T  

4  6 9  

ATT CCT GGA TCC GCT AAG TTC ACC CCC AAT GGC AGC AGC 

I  P G S A K F T P W G S S  

4 8 2  

TTC AGC ATT TCC TGG CAG TCT CCC CCA GTC ACT TTC ACT 

F S  I S W Q S P P V T F T  

4  9 5  

GGC GTT CCG GTG TCT CCT CCA CAT CAT CCC ACA GCG GGC 

G V P V S P P H H P T A G  

5 G S  

TCA GGA GAG CAG AGA CAG CAC GCC CAC ACA GCC CTG TCC 

S G E Q R Q H A H T A L S  

5 2 1  

TCC CCG CCC AGA GGG ACA GTC ACC CTA AGG PJKG CCC AGA 

S  P P R G T V T L R K P R  

5 3 4  

GGA GAA GGC AAA A^.G TGC CGC AAG GTT TAT GGG ATG GAA 

G E  G K K C R K V Y G M E  

5 4 7  

AAC AGG GAC ATG TGG TGC ACC GCC TGC CGC TGG AAG AJKG 

N R D M W C T A C R W K K  

5 6 0  

GCC TGC CAG CGG TTC ATT GAC TGA 

A  C  Q  R  F  I  D  •  

Figure 6. The Amino Acid Sequence of the mGlGl Open Reading 
Frame. 

1.7 kb long mGIGl ORE encodes a 566 amino acid residue protein with an 
estimated molecular weight of 62 kd. A putative C2H2 type zinc-finger 
DNA binding motif is also marked. 



Figure 7. Multiple Sequence Alignment of mGlGI and the Putative Human Homolog. 

The highlighted residues indicate amino acid identities and arrows show the putative zinc-fmger 
motif. The box contains the highly conserved C-terminal region. The GenBank accession numbers 
of the mouse GIG I is AF292939 and the human homolog is BAA92056. 
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Figure 8. Chromosomal Localization of the GIGl Human Homolog. 

The human homolog of GIGl gene localizes to chromosome 8 band q21. 
The other genes, including three mitochondrial cytochrome P450 genes 
(CYPl IB), mapped within the same band are also indicated. 
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function of a missing protein. A search of the NCBI's UniGene system, 
which partitions GenBank sequences into a non-redundant set of gene-
oriented clusters, resulted in the physical mapping of the GIG I human 
homolog to chromosomal location 8q21 (Fig. 8). A number of mutations and 
cytogenetic aberrations that result in well defined clinical phenotypes were 
closely linked to the locus 8q21. Most of these abnormalities involve gross 
chromosomal changes affecting multiple genes, thus complicating the 
interpretation of these phenotypes. Insufficient mapping data are currently 
available to suggest a link between a mutation mapped to 8q21 and a disease 
phenotype that would be caused by a mutation in hGIGl. Moreover, no 
known apoptotic-associated human disorders map to 8q21. 

A Rabbit Polyclonal Antibody Shows Strong Avidity for Mouse GIGl 
Protein 

In an attempt to study mGIGI at the protein level we had antibodies 
raised against a portion of the GIGl ORF. The antigen was prepared and 
purified for injection as described in Materials and Methods and shown in 
Figure 9A and 9B. A total of 1.4 mg purified 176 amino acid mGIGI antigen 
was injected into two rabbits at the facilities of Alpha Diagnostics (San 
Antonio, TX) and the bleeds were collected at days 0 (preimmune) and 63 
(antisera). The preliminary results indicate that the rabbit antiserum has a 
strong avidity for the mGIGI antigen purified from bacterial lysates. The 
rabbit antisera diluted at 1:1,000 were able to detect as low as 20 ng antigen 
on Western blots using bacterial extracts (Fig. 9B). The same Western 
analysis indicates the presence of an approximately 68 kdalton protein as a 
contaminant in the antigen preparation used to inject rabbits, however, this, 
should not interfere with Western analysis in eukaryotic cell extracts since 
the contaminating protein originates from E.coli cells. Preliminary Western 
blots using extracts from Dex-treated WEHI 7.2 cells failed to identify a 
unique -62 kdalton protein corresponding to mGIGI using these two anti-
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Figure 9. The Purification and The Western Analysis of a Fragment of 
GIGI Protein. 

The 176 amino acid mouse GIGI antigen (-20 kDa) (A) was overexpressed 
in E.coli and then purified from the lysates as detailed in Materials and 
Methods (B). The rabbit antisera diluted at 1:1,000 were able to detect as 
low as 20 ng purified antigen on Western blot (C). 
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GIGl antibodies. Optimization of immunoblotting conditions for these 
reagents are currently underway. 

DISCUSSION 
Glucocorticoids profoundly influence cellular growth and 

differentiation via a complex signaling mechanism mediated by GR. GR 
activates transcription of target genes by binding to specific DNA consensus 
sequences located in the regulatory regions of the target genes (Miesfeld, 
2000). The binding of GR to a response element is believed to transduce the 
hormonal signal to the transcription machinery and chromatin template via 
co-activators that directly interact with the ligand receptors (Rogatsky et al., 
1999). In CD4^CD8^ double positive thymocytes, one of the outcomes of 
this GR-mediated target gene activation is the initiation of apoptosis. The 
aim of this study was to understand the molecular mechanism of GR-
mediated thymocyte apoptosis in WEHI 7.2 cells. 

DDPCR technique was used to isolate novel genes required for 
thymocyte apoptosis (Chapman et al., 1995). This method is quite effective 
in identifying genes which are expressed differentially, even in cases where 
they are expressed as rarely as one in a million molecules of total mRNAs 
(Ozaki et al., 1996). In recent years, use of DDPCR has led to the discovery 
of many novel genes in such systems as dendritic cell differentiation 
(Fritsche et al., 2000), control of chemoreception in the brain (Shimokawa et 
al., 2000), retinoid effect on gastric cancer cells (Huang et al., 2000), and 
lung development (Saito et al., 1999). Glucocorticoid-induced thymocyte 
apoptosis is an ideal application for the DDPCR technique because relatively 
few changes in gene expression occur during this process and these changes 
are rapid and the control point is known to be transcriptional (Chapman et 
al., 1995). My research has led to the characterization of a novel mouse 
protein, GIGl that encodes a zinc-finger motif. I propose that 
glucocorticoid-induction of GIGl is a contributing factor to glucocorticoid-
induced apoptosis in WEHI 7.2 cells. 
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Northern blot analysis confirmed a 10-fold increase in the steady state 
mGIGl mRNA level in WEHI 7.2 cells treated with Dex for 8 hr. mGIGl 
mRNA had an estimated molecular mass of 13.9 kb when compared to the 
molecular weight of the standard RNA marker. The fiill-length cDNA was 
cloned by sequential library screening through several lambda ZAP II cDNA 
libraries. The predicted GIGI ORF is 566 amino acids (Fig. 6). The ATG at 
nucleotide position 367 in the mGIGl cDNA contig shown in figure 6 is 
presumably the initiation codon, since it precedes the longest ORF found on 
the entire GIGI cDNA contig and obeys the Kozak rule (Kozak, 1984). The 
GIGI sequence in this region is GGCAUGC compared to Kozak motif of 
ACCAUGG. The predicted protein contains a C2H2 type zinc-finger DNA 
binding motif, potential protein kinase C (positions 93 and 153) and casein 
kinase II phosphorylation sites (position 269) and potential phosphorylation 
sites of cAMP- and cGMP-dependent protein kinase (positions 173 and 
229). Additionally, N-glycosylation (position 294) and N-myristoylation 
sites (position 18) were found at multiple locations scattered throughout the 
mGIGl protein. 

The mGIGl protein sequence was used to search for homology in the 
EMBL/GenBank databases using the BLAST server. The mGIGl protein 
revealed strong homology to some putative DNA binding proteins. The 
strongest homology was obtained to the papillomavirus regulatory factor, 
PRF-1, which has been cloned recently by Steger and colleagues (Boeckle et 
al., 2000, unpublished data) and to the CGI 1676 gene product from 
Drosophila (Adams et al., 2000) (Fig. 7). On the basis of the strong 
homology of 46% to the amino acid sequence of mGIGl, and the presence 
of well conserved C2H2 type zinc-finger DNA binding motifs, we suggest 
that PRF-1 is the human homologue of GIGI protein. The locus of the 
probable human GIGI gene was assigned to 8q21 by extensive computer 
searches using the Unigene clusters of GenBank sequences at the NCBI. 
This region is often associated with chromosomal rearrangements in various 
genetic disorders. A human disorder stemming from a failure in apoptotic 
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machinery would be supportive evidence that hGIGl is involved in 
apoptosis. However, we were unable to find such a mutant phenotype in the 
genome databases that mapped to 8q21 locus. 

In conclusion, I isolated the full-length sequence of a novel 
glucocorticoid-regulated mRNA transcript, GIGl, which had previously 
been shown to be up-regulated by glucocorticoid treatment in a model cell 
line for thymocyte apoptosis. On the basis of the GenBank data and the 
analysis of the amino acid sequence of the putative protein, we identified the 
mouse homolog of human and Drosophila GIGl. Although the biological 
function of the mGIGl is currently unknown, its differential expression in 
thymocytes undergoing apoptosis, and loss of this regulation in apoptosis-
resistant variants of thymocytes suggest that mGIGl might be an important 
member of the thymocyte apoptosis pathway. Further investigations need to 
be pursued to clarify the possible role of the GIGl protein in Dex-induced 
thymocyte apoptosis. 
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CHAPTER IV 
ANALYSIS OF GLUCOCORTICOID- AND FAS-INDUCED 
THYMOCYTE APOPTOSIS IN DNA MISMATCH REPAIR-
DEFICIENT MICE 

INTRODUCTION 
Apoptosis is a programmed cellular processes that permits cells to 

initiate self-destruction in response to a variety of stimuli (Kerr et al., 1972; 
Jacobson et al., 1997). The CD4"^CD8^ subpopulation of immature 
thymocytes are especially prone to the action of apoptosis-inducing agents 
and promptly respond to glucocorticoids by undergoing apoptosis, an event 
that plays a critical role in eliciting the antigen-specific thymocyte repertoire 
by antagonizing T cell antigen receptor/(TCR)-mediated activation (Sprent 
et al., 1988; Vacchio et al., 1999; Jamieson et al., 2000). Upon treatment 
with Dex, a synthetic glucocorticoid, CD4'^CD8'^ double-positive cells 

respond by loss of mitochondrial function, activation of cysteine-containing, 
aspartate-specific proteases called caspases and develop classic apoptotic 
cell morphology, including cytoplasmic and nuclear condensation, 
membrane blebbing, and intemucleosomal fragmentation of genomic DNA 
(Cohen et al., 1992; Penninger et al., 1998). Glucocorticoids exert these 
cytotoxic effects through activation of the GR, a ligand-induced 
transcription factor that transduces the hormonal fluctuations into the 
meaningful changes in the expression of target genes (Baxter et al., 1971; 
Sibley et al., 1974; Yamamoto, 1985; Beato et al., 1995). Studies in murine 
thymoma cell lines and in dimerization-defective GR (GR''"") transgenic 
mice have shown a requirement for the GR transcriptional activation 
response to glucocorticoids for proper thymocyte apoptosis (Dieken et al., 
1992; Chapman et al., 1996; Reichardt et al., 1998). This contrasts with the 
results obtained from human leukemia and osteosarcoma cell lines which 
suggest that transcriptional repression by GR is the most important aspect 
for glucocorticoid-induced apoptosis (Helmberg et al., 1995; Rogatsky et al.. 
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1999). The paradigm points out species- and cell type-specific differences 
responsible for the distinct GR fiinctions required for the execution of cell 
death program in human versus murine cells. 

The components of the signaling cascade and their molecular actions 
leading to thymocyte apoptosis triggered by GR activation are not 
completely understood. Lines of evidence suggest that upstream events in 
the cell death cascade culminate in mitochondrial dysfunction that manifests 
itself through decrease in mitochondrial transmembrane potential and 
cytochrome c leakage into cytoplasm (Li et al., 1997a; Bossy et al., 1998). 
Release of cytochrome c further amplifles the hormonal signal impinging on 
the cell and propagates itself by activating caspase-9, an upstream apoptotic 
protease which is known to cleave and activate other downstream 
^'executioner caspases" (Li et al., 1997b). Thymocytes from Casp9mutant 
mice fail to execute the cell death program, indicating a pivotal role for 
caspase-9 in glucocorticoid-induced thymocyte apoptosis (Hakem et al., 
1998; Kuida et al., 1998). Bcl-2 is positioned on the outer membrane of 
mitochondria, and been shown to intervene with events leading to 
cytochrome c release thereby preventing caspase-9 activation and protecting 
immature thymocytes against the destructive effect of glucocorticoids 
(Kluck et al., 1997; Yang et al., 1997). Cytoplasmic extracts 
immunodepleted of cytochrome c or caspase-9 have been reported to fail to 
show caspase-3 activation in vitro, pointing out their involvement in relaying 
the mitochondrial-bom death signal to downstream caspases (Li et al., 
1997b). However, the fact that caspase-3 is still processed (though to a 
limited extent) in Dex-treated Casp9'''" thymocytes (Hakem et al., 1998) and 
that Casp3"'" thymocytes remain sensitive to Dex (Kuida et al., 1996) 
suggests that the road to death after mitochondrial dysfunction is not linear 
and possibly there are alternative ways to die. 

While recent work in the apoptosis field sheds light on mitochondrial 
dysfunction and downstream events, our understanding of early steroid-
regulated gene networks and the signaling steps responsible for 
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mitochondrial dysfunction in thymocytes remains limited. Our lab has used 
differential screening approaches to isolate cDNA sequences encoding 
mismatch repair (MMR) genes mMshl and mMsh6. Expression analysis of 
MMR gene regulation in WEHI7.2 thymoma cell lines revealed that 
transcript levels of these genes are modulated by Dex-treatment, Using 
immature thymocytes derived from MMR mutant mice, we sought to learn 
the potential role of mMshl, mMsh6, and mMlhl gene expression in 
apoptosis. Our results suggest that glucocorticoid- and anti-Fas Ab-induced 
cell death machinery is normal in MMR mutant mice, suggesting that 
differential expression of mMSH6 gene in WEHI 7.2 cells is likely not 
required for apoptosis. 

RESULTS 
MMR Gene Expression Patterns Show Significant Changes During Dex-
Induced Thymocyte Apoptosis 

The DDPCR approach was chosen as a means to identify and isolate 
short, differentially expressed sequence tags (DESTs) from WEHI7.2 
thymoma cells that are undergoing apoptosis as a result of Dex-treatment. 
Our laboratory (Chapman et al., 1995) previously reported detailed 
experimental conditions and use of proper controls to minimize the number 
of false positives. Mouse mismatch repair gene Msh6 (also known as G/T 
mismatch binding protein; GTBP) was isolated by DDPCR and mRNA 
transcript levels were shown to increase significantly following Dex-
treatment (Chapman, Ph.D. thesis, 1995). Figure 10 shows a Northern blot 
of the mMSH6 message in WEHI7.2 thymoma cells treated with Dex for 0, 
2, and 8 hrs. The results show a gradual increase in mMSH6 transcript levels, 
reaching 5-fold induction within 8 hr as determined by Molecular Dynamics 
Phosphorlmager 445 SI and Signal Analytics IPLab Gel software. This 
increase in mMSH6 mRNA levels was linear up to 16 hr, at a time which 
corresponds to a 15-20% apoptosis in the cell population based on Annexin-



63 

V and propidium iodide staining followed by FACS analysis (data not 
shown). 

mMSH6 protein forms a heterodimer in vivo with mMSHl protein to 
bind and repair base-base and single-nucleotide insertion-deletion 
mismatches (Drummond et al., 1995; Palombo et al., 1995), In contrast with 
the 5-fold increase in mMSH6 in apoptotic thymocytes, mMSH2 mRNA 
levels are reduced 2-fold within the same time frame (Fig. lOB). mMLHl, 
another MMR protein that plays a critical role in the mMSH2-mMSH6 
pathway and interacts with this complex in the presence of ATP (Habraken 
et al., 1998; Nakagawa et al., 1999), shows no regulation by Dex in 
WEHI7.2 cells (Fig. IOC). The temporal coordination of abrupt changes in 
MSH2 and MSH6 gene expression with the occurrence of apoptosis in mouse 
thymocytes prompted me to further study the role of these genes in 
apoptosis-resistant thymoma cell lines. 

Apoptosis-Deficient (APT') Mutant Variants of Thymocyte Cells Fail to 
Regulate mAfSH6 Gene Expression 

Our group had previously described the isolation and characterization 
of a panel of GR-positive, Dex-resistant mutants (AEH^S.S, APT4.8 and 
APT5.8) of the murine WEHI7.2 thymoma cell line (Flomerfelt et al., 1994). 
Measurements of caspase activity and cytochrome c release in cytosolic 
extracts of APT" cells indicate that these non-GR, recessive mutations affect 
steps upstream of mitochondrial dysfunction (Askew et al., 1999). Dex 
responsiveness of mMSH6, as opposed to mMSH2 gene expression was 
observed in wild-type WEHI7.2 cells but not in APT" mutants (Fig. 11) 
indicating that an intact pre-mitochondrial apoptosis pathway is crucial for 
mMSH6 up-regulation. As anticipated, a murine thymoma cell line S49-7r, 
which carries a defect in GR and hence is unable to respond to 
glucocorticoids, behaved identically with the APT" mutants in its regulation 
of the mMSH2 and mMSH6 gene expression. Interestingly, Dex-resistant 
WEHI7.2 cells that overexpress human Bcl-2 protein (Wbcl-2 cell line) were 
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Figure 10. Expression of MSHz, MSH6, and MLHi mRNA 
Transcripts in Dex-Treated WEHI 7.2 Cells. 

The expression patterns of mouse mutS homologs MSH2 and MSH6 
(GTBP) and mutL homolog MLHi genes were examined in WEHI 7.2 
cells treated with 1.5x10-6 M Dex. MSH6 mRNA levels increased (5-fold) 
within 8 hr (A), whereas, MSH2 mRNA levels decreased (2-fold) within 
the same period (B). MLHi, mRNA levels did not change (C). 
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Figure 11. Northern Analysis of mMSH2 and mMSH6 
Messages in Apoptosis-Deficient Mutant Variants of WEHI 7.2 Cells. 

Apt3.8, 4.8 and 5.8 cells were derived from WEHI 7.2 after EMS 
mutagenesis. They have normal GR content but are resistant to a variety 
of apoptosis-lnducing agents including Dex and anti-Fas antibody. MSH 
transcript levels were not affected by Dex-treatment in these cells. This 
is similar to what we see in GR-deficient S49-7r cells. Ectopic expression 
of human bcl-2 gene in WEHI 7.2 cells (Wbcl-2) did not change wild-type 
MSH regulation by Dex, although apoptosis was greatly diminished. 
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shown to have mMSH6 gene expression similar to that of WEHI 7.2 parental 
cells. This result suggests that post-mitochondrial events during thymocyte 
apoptosis are not required for the differential mMSHl and mMSH6 gene 
regulation. 

mMSH2 and mMSH6 Protein Expression is Unchanged During tlie 
Early Phases of Thymocyte Apoptosis 

Mouse monoclonal antibody raised against hMSH2 (Cat. #NA27, 
Oncogene, Cambridge, MA) and rabbit polyclonal antisera to mMSH6 
(Palombo et al., 1995) were used to determine the steady-state levels of 
MMR proteins in thymoma cells undergoing apoptosis. Western blot 
analyses of mMSH2 and mMSH6 proteins from WEHI7.2 cell extracts reveal 
no significant changes in the abundance of these proteins during the first 10 
hr of Dex-induced apoptosis (Fig. 12). Similarly, a Western blot analysis of 
mMSH2 and mMSH6 proteins in APT" mutants, S49-7r, and Wbcl-2 cell 
lines failed to detect an abrupt change in protein levels following Dex-
treatment. (Fig. 13). 

Immature thymocytes freshly isolated from mouse thymus and grown 
in suspension culture are very sensitive to apoptotic agents. Once treated 
with 1 fiM Dex they initiate a robust reaction leading to more than 90% 

Annexin-V positive cell population after 8 hr in comparison with less than 
10% Annexin-V positives in WEHI7.2 cell cultures (unpublished data from 
our lab). In order to address this difference between cell line and primary 
cell culture systems, and its potential impact on the regulation of the MMR 
pathway during apoptosis, we have also analyzed mMSH2 and mMSH6 
protein expression patterns in freshly prepared primary cell suspensions in 
the presence or absence of various apoptotic agents. Protein extracts from 
cells treated with Dex, staurosporine and Ca^'^-ionophore ionomycin 
contained comparable amounts of mMSH2 and mMSH6 proteins (Fig. 14) at 
various time points as determined by a Western blot analysis. Note that the 
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Figure 12. mMSHz and mMSH6 Protein Expression in 
Glucocorticoid-Treated Apoptotic WEHI 7.2 Ceils. 

in contrast with the abrupt changes in mRNA levels, mMSH2 and 
mMSHS protein expression is not significantly altered during the first 
10 hr of the Dex-induced WEHI 7.2 thymocyte apoptosis. 
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Dexamethasone treatment (hrs) 
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Figure 13. Western Blot Analysis of mMSHs and mMSH6 Proteins in 
Apoptosis-Deficient Mutant Variants of WEHI 7.2 Cells. 

Western blot analysis of mMSH2 and mMSH6 proteins in APT- mutants 
of WEHI 7.2, S49-7r, and Wbcl-2 cell lines failed to detect an abrupt 
change in MSH2 and MSH6 protein levels during Dex-induced apoptosis. 
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Figure 14. Western Blot Analysis of mMSH2 and mMSH6 Proteins in 
Primary Thymocytes. 

Pattern of mMSHl and mMSH6 protein expression was analyzed in protein 
extracts prepared from cells treated with Dex, Staurosporine (Sta) and Ca*^-
ionophore (lono). 



70 

degradation of mMSH2 and mMSH6 proteins as seen at the 6 hr time point 
coincides with that of the loading control a-tubulin, a strong indication of a 

massive cell death taking place in cultures treated with Dex for 6 hr. 

Dex- and anti-Fas Antibody-Induced Thymocyte Apoptosis Pathways 
are Intact in MMR'^' Mice 

In order to find a definitive answer to the involvement of MMR genes 
in thymocyte apoptosis while avoiding the drawbacks associated with the 
circumstantial evidence, we decided to study thymocyte apoptosis in MMR-
deficient mice. Using immature thymocytes derived from MMR knockout 
mice, we investigated the potential role of mMSH2, mMSH6, and niMLHl 
proteins in apoptosis. Single-cell suspensions from the thymus of wild-type 
and the MMR '' mice were prepared and maintained in culture as described 
in the Materials and Methods section. Throughout these experiments MMR-
deficient animals were analyzed in parallel with age-matched (4-6 wk) wild-
type littermate controls. In addition to glucocorticoids. Fas and the related 
receptors of tumor necrosis factor (TNFR) super family also induce the 
apoptotic pathway in thymocytes. Unlike the GR-mediated apoptotic 
pathway. Fas- and TNFR-mediated apoptosis occur in the presence of 
inhibitors of either RNA or protein synthesis (Yonehara et al., 1989; Itoh et 
al., 1991). Enucleated cells have been shown to undergo apoptosis upon Fas 
activation (Schulze-Osthoff et al., 1994), suggesting that all of the 
components necessary for apoptotic signal transduction are present and that 
Fas activation simply triggers this machinery. Therefore, we wanted to 
compare the impact of MMR deficiency on these two distant pathways. To 
test directly whether mMSH2, mMSH6, and mMLHl play a significant role 
in the induction of apoptosis in vivo, we analyzed the prevalence of 
apoptosis by FACS after exposure to Dex and anti-Fas antibody. Figure 15 
and Table 1 summarize the results of these experiments. Thymocytes of both 
wild-type and the MMR"'* mice responded to Dex and anti-Fas antibody by 
undergoing apoptosis as determined by Annexin-V and propidium iodide 
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Figure 15. FACS Analysis of Dex- and Fas-Induced Apoptosis in 
M M R-/-Thy mocytes. 

Thymocytes prepared from MMR-/- mice responded to Dex (A) and anti-Fas 
antibody (B) by undergoing apoptosis as determined by Annexin-V staining 
and FACS analysis. Table 1 summarizes results of the same experiment. 
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Percent Annexin-V Positive Cells 

Dexamethasone anti-Fas Antibody 

MSH2 +/+ 46.1 8.9 
42.9 ± 4.3 7.6 ± 0.7 

MSH6 +/+ 43.2 25.9 
-/- 37.9 ± 4.8 20.7 ± 4.5 

MLH1 +/+ 62.8 19.6 
-/- 66.1 ±2.1 17.1± 4.8 

Values are means ± SD. 

Table 1. FACS Analysis of Dex- and Fas-Induced Apoptosis in MMR'^' 
Thymocytes. 

No significant difference has been detected between the wild-type and the 
MMR thymocytes in their susceptibility to Dex and anti-Fas antibody 
treatments. 
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staining. There was no significant difference between wild-type and MMR 
thymocytes in terms of their sensitivity to inducers of apoptosis. 

It is important to note that our single-cell suspensions prepared from 
the thymus of MMR '" mice are a mosaic of cells from various stages of 
thymocyte maturation. Hence, a potential caveat in these experiments is that 
a sub-population of thymocytes may actually respond to the inducers of 
apoptosis differently than the rest of the cells in culture. To rule out this 
possibility we have analyzed Dex- and anti-Fas antibody-induced apoptosis 

in MMR' thymocytes as a function of developmental stage. Our results 
indicate that CD4^ and CDS"^ single positives and CD4'^CD8"*^ double 
positives, as well as CD3^ and CDS" thymocytes from both wild-type and the 
mutants, are equally sensitive to Dex and anti-Fas antibody (Fig. 16 and 
Table 2). We concluded that the thymocyte apoptosis machinery is intact 

and fully functional in MMR-deficient mice. 

DISCUSSION 
Steroid hormones play an essential role in a variety of physiological 

processes including glucocorticoid-induced thymocyte apoptosis, which is 
critical for the development and maintenance of a functional inmiune 
system. While much has been learned about the structure and function of 
steroid receptors, relatively few steroid-target genes required for thymocyte 
apoptosis have been isolated and characterized. In order to understand 
glucocorticoid-induced thymocyte apoptosis, we have utilized a DDPCR 
technique to isolate novel genes required for this process to take place. The 
mouse MMR gene MSH6 was detected in these experiments based on 
differential up-regulation of its mRNA in thymocytes undergoing Dex-
induced apoptosis. mMSH6 protein forms a complex in vivo with mMSH2 
and MLHl proteins to repair nucleotide mismatches. The level of mRNA 
messages for the mouse mismatch repair protein MSH6 was shown to 
increase 5-fold, whereas, the mRNA level of MSH2, a heterodimeric partoer 
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Figure 16. Analysis of CD3, CD4 and CDS Cell Surface Antigens of MMR-/-
Thymocytes Undergoing Dex-lnduced Apoptosis. 

The number of CD3/CD4 single positives and CD4CD8 double positives remained 
the same after 6 hr of Dex or anti-Fas antibody (data not shown) treatment in 
suspension cultures prepared from wild-type and MMR mice. 
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Percent Apoptotic Thymocytes in 
Different Devefopmental Stages 

CD4 CDS CD4/CD8 

Wild-type 14 11 71 

MSH2-/- 24 12 62 

MSH6-/- 15 11 68 

MLH1-/- 21 7 68 

Table 2. Analysis of CD4 and CDS Cell Surface Antigens of MMR'^' 
Thymocytes Undergoing Dex-Induced Apoptosis. 

The number of apoptotic CD3 or CD4 single positive and CD4CD8 double 
positive thymocytes remained the same after 6 hr of Dex-treatment in 
suspension cultures prepared from wild-type and MMR deficient mice. 
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of MSH6, was shown to decrease 2-fold in the steady state level in WEHI 
7.2 cells treated with Dex for 8 hr 

Structural abnormalities produced by nucleotides that are either 
unpaired or paired with mismatched partners are recognized and corrected 
by proteins encoded by the mismatch repair genes ( Kolodner et al., 1999; 
Buermeyer et al., 1999). Mutations in MMR gene homologs, MSH2, MSH6, 
MLHl, PMSl, and PMSl, have been found to be associated with the 
development of cancers, the best characterized being the hereditary and 
sporadic colorectal cancers (Leach et al., 1993; Miyaki et al., 1997; 
Peltomaki et al., 1997). Moreover, recent data suggest that MMR function is 
also lost in other types of sporadic tumors, supporting the notion that loss of 
MMR may play a general role in mmor evolution (Buermeyer et el., 1999). 
The accumulation of damaging genetic changes in the genome that confer 
proliferative, invasive, or metastatic potential to the cell is one way in which 
loss of MMR results in malignancy (Vogelstein and Kinzler 1993). 
However, recent findings have raised the possibility that MMR deficiency 
may predispose to cancer not only by failing to repair DNA damage but also 
by failing to engage apoptosis and eliminate damaged cells (Toft et al., 
1999; Hickman and Samson, 1999; Wu et al., 1999). These studies point out 
that a variety of DNA-damaging agents trigger apoptosis in cells through 
activation of p53, a p53-related protein p73, and c-Abl tyrosine kinase in a 
manner dependent on functional MMR proteins (Gong et al., 1999). 
Although insights into the molecular mechanisms of MMR-activated 
apoptosis in DNA-damaged cells are rather limiting, this finding highlights 
an important aspect of MMR, that is, it can conmiunicate a catastrophe to the 
players in cellular suicide. 

The intemucleosomal cleavage of genomic DNA into multiples of 
180-200 bp fragments is a relatively late event during execution of apoptosis 
(Zakeri et al., 1993; Cohen et al., 1994). In addition, MMR proteins are 
known to recognize structural distortions in DNA created by nucleotide 
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mismatches rather than simple double strand-breaks observed in apoptosis. 
Moreover, to our knowledge there is no increase in nucleotide mismatches 
associated with the occurrence of apoptosis. Therefore, it is highly unlikely 
that the regulation of MMR messages in WEHI 7.2 cells, which are treated 
with Dex is a response to DNA damage. Is it possible that the MMR system 

has evolved in such a way as to communicate cellular conditions other than 
DNA damage, such as hormonal fluctuations, to apoptotic machinery? The 
analysis of thymocyte apoptosis in MMR '" mice does not support this 
hypothesis. Our results indicate that Dex- and anti-Fas antibody-induced 
t h y m o c y t e  a p o p t o s i s  p a t h w a y s  a r e  i n t a c t  a n d  f u l l y  o p e r a t i v e  i n  M M R m i c e .  

The observed changes in the level of MMR transcripts may be part of 
a general 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 (Daniel et al., 
1993; Flomerfelt et al., 1993). Activation of the mechanisms to handle stress 
by glucocorticoids, while initiating apoptosis in thymocytes, would be 
beneficial to cells at times when they have to abort the apoptotic program 
and revert their fate via a survival signal. The steady-state levels of MMR 
protein expression could be due to the followings. First, changes seen in the 
level of mMSH2 and mMSH6 transcripts during thymocyte apoptosis may 
translate into small changes at the protein level and this can have important 
physiological consequences. We believe that such small changes would 
remain undetectable due to limitations in the sensitivity of quantitative 
Western analysis. Second, significant changes in the level of MMR proteins 
may escape detection by a Western analysis because these can take place 
within a narrow time frame after treatment with apoptosis-inducers. Given 
the fact that we had only 0, 2 and 6 hr time points to catch any change in our 
Westem blots, it is highly likely that such a short living change would 
remain undetected. 
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CHAPTER V 
DEVELOPMENT OF A FUNCTIONAL CLONING STRATEGY TO 
IDENTIFY APOPTOSIS-ASSOCIATED GENES EXPRESSED IN 
WEHI 7.2 THYMOMA CELLS 

INTRODUCTION 
Over the last decade our lab has used two strategies to identify genes 

required for thymocyte apoptosis; a genetic approach and differential 
screening techniques. Ethyl methanesulfonate (EMS) mutagenesis of Dex-
sensitive WEHI 7.2 cell lines, followed by selection for growth in Dex, 
resulted in the isolation of Dex-resistant (Dex*^ Apt ) cell lines (Flomerfelt et 
al., 1994). Some of these Dex'^Apt" cell lines were sorted into distinct 
complementation groups on the basis of heterokaryon cell fusion studies. 
However, since complementation of Apt' phenotype in these cells result in 
cell death they have not been useful for gene isolation. Subtractive 
hybridization, differential mRNA display, and microarray techniques have 
led to the identification of GR-regulated genes, whose expression increased 
rapidly and substantially during Dex-mediated apoptosis. Characterization of 
these genes has shown that many are not essential for the execution of 
apoptosis despite their differential regulation during cell death process. 
Although the ligand-activated transcription factor OR and its transcriptional 
activation function is necessary for initiation of thymocyte apoptosis, the 
recent research indicates that some of the apoptotic genes such as caspases 
can be expressed constitutively and that apoptotic signals act to remove the 
repressors of these genes or activate inactive precursors. To isolate new 
genes involved in glucocorticoid induced thymocyte apoptosis, while 
avoiding these obstacles I employed an expression cloning approach, that 
identifies genes on the basis of their ability to block WEHI 7.2 cell survival 
in the presence of Dex. 

In this chapter, I describe the establishment of a WEHI 7.2 mouse 
thymoma cell line capable of supporting the replication of a polyoma virus-
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based episomal vector, and my efforts to clone novel apoptotic genes by 
using transient expression cloning approach. 

RESULTS 
WEHI-LT Cells Support the Replication of Episomal Vector 
pcDNAIneo 

Episomal replication of the polyoma-based vector pcDNAI requires 
eukaryotic cellular factors in addition to the polyoma large T-antigen 
encoded by the polyoma early gene (Staunton et al., 1989). To develop a 
polyoma replication vector system in WEHI 7.2 cells, the reporter gene, 
chloramphenicol acetyl transferase (CAT), was substituted into pcDNAIneo 
and co-transfected into WEHI 7.2 cells together with the polyoma large T-
antigen expressing plasmid called pPSVEl-PyE. By measuring the amount 
of CAT activity in cells co-transfected with and without pPSVEl-PyE, I 
found that WEHI 7.2 cell lines possess cellular factors required for T-
antigen-mediated pcDNAI-CATneo replication. Figure 17 shows the results 
of these experiments confirming that pPSVEl-PyE is required for higher 
CAT activity (compare Fig. 17B with 17C). One interpretation of these CAT 
assays is that increased reporter gene expression is due to increased plasmid 
copy number as a result of DNA replication. 

Constitutive expression of polyoma large T-antigen is essential in 
order to support long-term maintenance of a episomal-based cDNA 
expression library in WEHI 7.2 cells. Therefore, polyoma large T-antigen 
expressing WEHI 7.2 thymoma cell lines (WEHI-LT) were established by 
stable transfection of WEHI 7.2 cells with the pPSVEl-PyE neo plasmid 
construct that carried a large T-antigen gene in cis with a neomycin 
resistance marker. The resulting G418-resistant cell lines were picked from 
soft agarose plates and tested for their ability to support high level 
expression of CAT activity from the transiently transfected pcDNAI-
CATneo reporter plasmid. Fig 18 (lanes 3-12) shows an increase in CAT 
activity in most of the WEHI-LT cell lines compared to the control (lane 1) 
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Figure 17. pPSVEl-PyE is Required for Increased Levels of CAT 
Activation in pcDNAl Transfected Cells. 

pPSVEl-PyE (A) and CAT reporter (B) plasmid transfections alone. CAT 
activity was enhanced in WEHI 7.2 cells co-expressing polyoma large T-
antigen and CAT reporter construct (C). 
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WEHI-LT Cell Lines 
Transfected with pcDNAI-CATneo 

WEHI 7.2 Cell Line 
Co-transfected with pcDNAI-CATneo 

and pPSVEI-PyE 

WEHI 7.2 Cell Line 
Transfected with pcDNAI-CATneo 

Figure 18. Chloramphenicol Acetyitransferase Assay in WEHI 7.2 and 
a Polyoma Large T-antigen Expressing Variant WEHI-LT Cell Lines. 

Transient transfections with the pcDNAI-CATneo reporter plasmid give 
rise to a significant increase in CAT activity in most of the WEHI-LT cell 
lines compared to the WEHI 7.2 parental cell line. 
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and the co-transfected sample (lane 2). Those WEHI-LT cell lines showing 
the highest CAT activity were chosen for further characterization. 

Polyoma Large T-antigen is Compatible with WEHI 7.2 Cells 
Treatment of viral T-antigen expressing cell lines with Dex has shown that 

the thymocyte cell death pathway is still intact in these cells making the 

expression cloning of anti-apoptotic cDNAs possible (Fig. 19). Dex caused a 
sharp decrease in survival rate in WEHI-LT cell culmres, similar to its effect 
on wild-type WEHI 7.2 cells (Fig. 19). In addition, the presence of the large 
T-antigen did not interfere with the normal growth rate of WEHI-LT cells. 

The silencing of stably integrated transgenes into eukaryotic genomes by 

flanking sequences is a well known phenomena (Chen et al., 2000). 
Therefore, we sought to leam whether the large-T antigen expression in 
WEHI-LT cells is persistent over a period of time. A Northern blot analysis 
of the polyoma large T-antigen message in WEHI-LT thymoma cell lines 
after 2-4 weeks of continuous culture (approximately 10 generations) clearly 
indicated that T-antigen mRNA was produced at a substantial level in 
WEHI-LT cells (Fig. 20). Even though all of the WEHI-LT cell lines 

maintained their neomycin resistance phenotype throughout the experiment, 
some of the WEHI-LT cell lines failed to express any detectable amount of 
T-antigen transcript (Fig. 20, cell lines 3, 6, and 7). This was likely due to 
gene silencing or disruption of the T-antigen gene during recombinational 
integration of plasmid DNA into WEHI 7.2 genome. WEHI-LT cell lines 
displaying a strong T-antigen message in Northern blots along with a high-
level of reporter activity in CAT assays were selected for further 
characterization. 

The pcDNAl Expression Vector Replicates Episomally and Supports an 
Efficient Transcription from cDNA Inserts 

The prerequisite for the success of this project is that the polyoma ori^ 
pcDNAI vector should direct high-level expression of sense and antisense 



WEHI 7.2 Wbcl-2 LT-1 LT-2 LT-3 LT-3 

Figure 19. Dex-Induced Apoptosis in Polyoma T-antigen Expressing 
Cell Lines. 

The level of apoptosis in WEHI 7.2, Wbcl-2, and T-antigen expressing 
WEHI-LT cell lines (LT-1-3) treated with 1 jiM Dex for 16 hrs. Dex-
treatment causes a sharp decrease in survival rate in WEHI-LT cell cultures, 
similar to its effect on wild-type WEHI 7.2 cells 
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Figure 20. Polyoma Large T-antigen Expression in WEHI-LT Cells. 

A Northern blot analysis of the polyoma large T-antigen message in 
WEHI-LT thymoma cells which were propagated in liquid culture media 
for more than ten generations. Most of the lines retained high-levels of 
T-antigen mRNA message. 
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rtiRNA transcripts as a result of episomal replication. Before initiating a 
large-scale functional cloning effort to isolate cDNAs that disrupt Dex-
induced WEHI 7.2 apoptosis, we tested the feasibility of our system in a 
pilot experiment. pcDNAmGTBP"^''' constructs were made by cloning the 
900 bp 5' coding region of the mouse mismatch repair gene 

mA/5//6/mGTBP into the Eco RI cloning site of pcDNAl.lpur eukaryotic 

episomal expression vector in a sense (+) or an antisense (-) orientation. 
Puromycin-resistant colonies were picked from soft agarose plates after the 
transient transfection of WEHI-LT cells with the pcDNAmGTBP^ or the 
pcDNAmGTBP" plasmid. Extra-chromosomal episomal DNA was prepared 
by Hirt protocol as described in Materials and Methods. Southern blot 
analyses of mGTBP and puromycin (Fig. 21A and 2 IB, respectively) 
sequences in Eco RI digested Hirt preparations suggest that 
pcDNAmGTBP^'" constructs are able to replicate at high copy numbers in 
WEHI-LT cells as extra-chromosomal episomal elements. Northern blot 
analysis of mGTBP mRNA message in puromycin-resistant WEHI-LT cells 
demonstrate the abundance of truncated sense and antisense mGTBP 
transcripts (Fig. 22) as well as the wild-type form. Together these results 
show that the level of episomally expressed transcripts is comparable to the 
level of native transcripts. 

Isolation of mArg-2 Via Functional Cloning 
A bi-directional WEHI 7.2 cDNA expression library was prepared in 

pcDNAl.lamp, an E.coWmmmQ shuttle vector that contains a strong CMV 
promoter for high-level expression of cDNA sequences, a poly adenylation 
site for mRNA stability in manmialian cells, and polyoma origin of 
replication for autonomous plasmid replication in permissive cells. The 
cDNA expression library, made by using cDNAs prepared from Dex-treated 
WEHI 7.2 cells (Chapman, Ph.D. thesis, 1995), was electroporated into 

WEHI-LT cells. Selection in 1 ^M Dex to enrich for apoptosis-resistant 

WEHI-LT cells was started after 24 hr and continued for 6 days. This step 
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Figure 21. Detection of Episomal Vector pcDNAmGTBP +/- in Hirt 
Supernatants. 

Southern blot analyses of mGTBP (B) and puromycin (C) DNA 
sequences in purR WEHI-LT cells indicate episomal replication and 
transmission of pcDNAmGTBP+ (+) and pcDNAmGTBP- (-) 
constructs. The faint pcDNAI vector backbone in A and the truncated 
mGTBP insert seen in B are the result of non-specific hybridization. 
The plasmid map of pcDNAmGTBP+/- is shown in panel A. 
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mGTBP 

Figure 22. Northern Blot Analysis of mGTBP mRNA in 
Puromycin-Resistant WEHI-LT Cells. 

Both pcDNAmGTBP+ (+) and pcDNAmGTBP- (-) constructs led 
to high-levels of expression of truncated sense (+) or antisense (-) 
mGTBP mRNA (shown as mGTBP-900) in puromycin-resistant 
(purR) WEHI-LT cells, although some purR lines failed to express 
mGTBP-900 mRNA (cell lines 1 and 4). The endogenous wild-type 
mRNA message (shown as mGTBP) was present in all cells. 
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presumably eliminates cDNAs from Hirt supematants because DNA 
degradation is characteristic of WEHI 7.2 apoptosis (Dowd et al., 1992). 
Low molecular weight plasmid DNA was prepared by the Hirt protocol from 
WEHl-LT cultures after 6 days of Dex-treatment. To remove contaminating 
plasmids coming from dead cells, the plasmid pool was digested with 

restriction enzyme Dpn I, which cuts methylated pcDNAl.lamp at 13 
different sites. Since the transfected pcDNAI was prepared from E.coli 

extracts, it carries the Dpn /-sensitive methylation pattern. However, that 
methylation pattern is lost after replication in manmialian cells, and 
replicated pcDNAI should become resistant to Dpn I digestion. Plasmid 
DNA was rescued by transforming supercompetent E.coli cells with the Dpn 
/-treated material. Individual amp"^ colonies were isolated and the plasmid 

cDNA inserts were characterized by DNA sequencing and database 
searches. 

A 281 bp cDNA insert that survived through 6 days of Dex-treatment 
and Dpn I digest was identified in these expression cloning experiments 
(Fig. 23). 1 tentatively named this cDNA fragment mArg-2. The mArg-2 
cDNA sequence was used for homology searches against the nucleotide 
sequences deposited at the NCBI. The BLAST algorithm search was 
performed using the Blosum 62 matrix to find homologous sequences in the 
Gen Bank databases. These homology searches failed to yield a significant 
similarity to known sequences deposited in databases, nor did translation of 
the 281 bp cDNA sequence reveal an ORF. Moreover, Northern blots using 
WEHI 7.2 RNA probed with niArg-2 did not identify any transcripts in these 
cells. Our effort to clone the full-length mArg-2 cDNA were also hampered 
by the lack of additional niArg-2 clones in the X ZAP II WEHI 7.2 cDNA 

library. 1 also attempted to confirm that mArg-2 conferred Dex resistance on 
transfected WEHI-LT cells using a transient transfection strategy, however, 
the results were ambiguous. The fact that we were not able to obtain a 
previously known pro-apoptotic (caspases, Bax, Apaf-l) or anti-apoptotic 
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1 GGGGTGCTAG ATCAGTTTTC CCGATGAATG TAGAGGTGCA 

41 GTGGCTACCC TAGATGCTCA CCAAAGCCTG CTAGCAACTG 

81 GCAATAAGAA CAGAGAGAAG GGAGTATAAA TAGCAGTCCA 

121 GACTCCAAAG GACACAAATC TCGTAGGTAA TGGTAGAGTA 

161 ATTAACTGAA AGTAGTTTTG GGGATAAGCA AAGCATTTCA 

201 TATTTTCAAC ACAGAAATAA GATCGTCAAA GAATAAACAG 

241 CATCTAAGCG GGCATAGAGT TGTTTCTTCA GAATCTAAGC 

281 G 

Figure 23. mArgs cDNA Sequence. 

mArg-2 cDNA insert has 2 additional Dpn I restriction enzyme 
recognition site in addition to 13 sites already present in the 
pcDNAI .lamp. The resistance of pcDNAI .1amp/mArg-2 plasmid 
to Dpn I digestion and DNA degradation during Dex-induced 
apoptosis suggests that it replicated in Dex-resistant WEHI-LT 
cells. 
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(BcI-2, Bcl-x, lAP) genes during these experiments, suggests that some 
component(s) of the expression cloning scheme may be less than optimal. 

DISCXrSSION 
The importance of isolating novel genes by expression has been 

highlighted in recent years by the success of cloning cDNAs inserted into 
the vector pcDNAl.l, or one of its derivatives, and transiently expressing 
such inserts in large T-antigen expressing COS-1 cells (Staunton et al., 
1989). Numerous cDNAs have been cloned by transiently expressing cDNA 
libraries within eukaryotic cells, followed by selection of those cells 
expressing the desired cDNA based upon bio-activity or reactivity to 
antibodies specific for the gene product. Expression cloning using cDNA 
libraries has led to the isolation of cDNAs coding for such molecules as 
interleukin-6 receptor (Yamaski et al., 1988), ICAM-2 (Staunton et al., 
1989), endothelial leukocyte adhesion molecule-1 (Bevilacqua et al., 1989), 
DAP-1 and DAP kinase (Deiss et al., 1995), and metalloprotease disintegrin 
(Fritsche et al., 2000). Here we report the establishment of a thymocyte cell 
line that stably expresses the polyoma large T-antigen as a first step in 
establishing an expression cloning system for apoptosis-associated genes. 

The basic features of the pcDNA 1.1 shuttle vector include a strong 
CMV promoter for high-level expression of cDNA sequences, a poly-
adenylation site following the cDNA insert for mRNA stability in the 
mammalian cell, and polyoma virus origin of replication for autonomous 
plasmid replication in permissive cells (Aruffo et al., 1987). The ability of 
the pcDNAl.l plasmid to replicate in cells expressing polyoma large T-
antigen, in combination with efficient transcription of cDNA inserts, results 
in high-levels of protein expression in transfected cells (Yamaski et al., 
1988). 1 set out to adapt the pcDNAl.l expression-cloning system for use in 
mouse thymoma cell line WEHI 7.2 in an effort to clone cDNAs encoding 
pro- or anti-apoptotic proteins involved in glucocorticoid-induced thymocyte 
apoptosis. To test the feasibility of this approach, I established a WEHI 7.2 
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cell line (WEHI-LT) expressing the polyoma virus large T-antigen and 
examined pcDNAl.l plasmid replication in transfected cells. Results 
indicate that the pcDNA 1.1 expression cloning vector can replicate 
efficiently in mouse thymoma cell line WEHI-LT. This implies that the 
replicative components of polyoma can act in a cooperative manner with the 
necessary host cell factors (i.e. DNA polymerase I and a primase complex) 

of thymoma cells to elicit replication. Furthermore, plasmid replication in 
WEHI-LT cells was associated with elevated CAT activity using a reporter 
gene inserted into a pcDNAl.l derivative. Importantly, I found that large T-
antigen expression in WEHI 7.2 cells did not interfere quantitatively or 
qualitatively with the Dex-induced apoptotic pathway (Fig. 19). 

Our success in achieving high-level plasmid replication in WEHI-LT 
cell line may be due, in part, to the use of the pPSVEl-PyE vector. Polyoma 
virus is known to auto-regulate its production of large T-antigen during its 
lytic cycle (Cogen et al., 1978). In order to avoid transcriptional repression 
of large T-antigen expression as a result of this feedback loop, pPSVEl-PyE 
was constructed such that the 5' upstream large T-binding auto-regulatory 

sites were removed. This modification may be a contributing factor to the 
higher levels of plasmid replication and protein expression we observed. 

In conclusion, I applied an expression cloning strategy in an attempt 
to identify genes that function as specific mediators of thymocyte apoptosis. 
In these experiments I isolated a DNA fragment from Dex-treated WEHI 7.2 
cells under conditions that enrich for replicated plasmids (Dpn-I resistant). 
The preliminary homology searches failed to identify any signiHcant 
similarity to a known sequence present in the GenBank databases. Our 
attempts to identify an ORP within this sequence also failed. Understanding 
the mArg-2 function in mouse thymocytes has to await cloning and 
sequencing of the full-length cDNA. 
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CHAPTER VI 
CONCLUSIONS 

Perhaps the most important achievement of the past decade in the 
field of ceil biology has been the molecular characterization of apoptosis as 
a key master switch in cellular homeostasis. Our insights into the 
understanding of its biochemical mechanisms have evolved rapidly, and 
multiple pathways that trigger removal of unwanted cells through apoptosis 
have already been revealed. Although there is still much to leam about this 
tightly controlled mechanism of cellular suicide, the field of apoptosis is 
now unequivocally moving towards the development of therapeutic 
strategies for manipulating the progression of cell death program in hopes of 
intervening in the pathogenesis of many devastating human diseases 
stemming from malfunctioning of apoptosis. 

Over the last decade our laboratory has intensified its efforts to 
understand the molecular mechanisms of glucocorticoid-induced thymocyte 
apoptosis by targeting the missing step(s) between GR-mediated 
transcriptional activation of unknown gene(s), and the following molecular 
events that culminate in mitochondrial dysfunction, which seems to be 
central to the progression of apoptosis. Two strategies, EMS mutagenesis 
and differential mRNA screening, have been employed to identify novel 
gene products whose proper functioning is critical for transducing the 
glucocorticoid-signal into the controlled activation of an array of proteases 
that leads to cellular demise. My work focused on two specific aspects: the 
isolation and characterization of mRNA sequences that are differentially 
expressed during Dex-induced thymocyte apoptosis, and the establishment 
of a cell culture system to potentially isolate novel apoptotic genes based on 
their pro- or anti-apoptotic function in vivo. The following discussion aims 
to summarize my work and attempts to place my flndings within the context 
of the current literature. 
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Mitochondrial Control of Cell Death and Putative GIGl Function 
The regulatory mechanisms underlying various apoptotic pathways 

are initiated by diverse stimuli that appear to converge on a step 
characterized by selective mitochondrial membrane permeabilization 
(Kroemer and Reed, 2000). Apoptotic mitochondrial permeabilization, 
triggered by pro-ap)optotic members of the Bcl-2 family in response to 
environmental cues, results in the release of proteins which are normally 
confined to the mitochondrial intermembrane space and the associated loss 
of mitochondrial transmembrane potential. The released proteins known to 
play a role in apoptosis include cytochrome c, certain pro-caspases (cysteine 
containing proteases with specificity for aspartic acid residues) and 
apoptosis-inducing factor (AIF) (Green, 2000). Cytochrome c binds and 
activates a cytosolic protein Apaf-1 (apoptotic protease activating factor) 
through oligomerization, which in turn recruits and activates an initiator 
protease called pro-caspase-9. A cascade of caspase activation as illustrated 
in Figure 24 eventually leads to the activation of executioner caspases 3 and 
7, which in turn seek out their proteolytic targets and carry out cellular 
destruction. Anti-apoptotic proteins Bcl-2 and Bcl-xL as well as the 
members of the inhibitors of apoptosis (lAP) family of proteins can block 
death by preventing the mitochondrial release of the inter-membrane 
proteins, including cytochrome c. A recent addition to the list of proteins 
released from mitochondria upon membrane permeabilization is a protein 
called Smac/DIABLO (Du et al., 2000). Smac/DIABLO is released from the 
mitochondria along with cytochrome c during apoptosis and functions to 
promote caspase activation by associating with the Apaf-1 apoptosome and 
inhibiting lAPs. 

Most of the components of this mitochondrial cell death pathway are 
also conserved in thymocytes (Ashwell et al., 2000). We now know that 
glucocorticoid-induced thymocyte apoptosis is mediated via the 
mitochondrial pathway, inhibitable by Bcl-2 and Bcl-xL, and require Apaf-1 
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Figure 24. The Mitochondrial Caspase Activation Pathway and GlGl, 
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(Yoshida et al., 1998). Furthermore, thymocytes from Casp9"'' mutant mice 
fail to execute the cell death program, indicating a pivotal role for caspase-9 
in glucocorticoid-induced thymocyte apoptosis (Hakem et al., 1998; Kuida 
et al., 1998). The putative human homolog of mouse GIGl is found on 
chromosome 8q21. Interestingly, this region is rich in mitochondrial 

cytochrome P-450 family of genes CYPl IBl, CYPl 1B2, and CYP7B1, 
whose in vivo function is essential for the maintenance of mitochondria and 
under certain circumstances, such as treatment with long-chain fatty acids, 
the mediation of apoptosis. Recent studies suggest that arachidonic acid, 
eicosapentaenoic acid and decosahexaenoic acid are able to induce apoptosis 

in tumor cells over expressing cytochrome P450 in a Bcl-2 inhibitable 
manner (Rizzo et al., 1999; Shiba et al., 1999). 

It is clear that GlGl is not a member of cytochrome P-450 family 
proteins since we found no significant homology at the protein level. 
Moreover, we have no evidence that the GIGl protein localizes to 
mitochondria. This notwithstanding, the possibility that GIGl protein is 
involved in the biochemical processes in mitochondria that might be 
modified to induce critical changes in membrane permeability during 
apoptosis induction remains as an attractive scenerio (Fig. 24, box B). GIGl 
antisera recently produced in rabbits should allow us to determine the 
subcellular localization of GIGl before and during apoptotic progression. A 
strong indication of GIGTs involvement in the mitochondrial aspects of 
cellular death would be indicated if the GIGl protein translocates from the 
mitochondria to the cytoplasm during the coarse of cell death. The same 
antisera preparation can also be used in co-immunoprecipitation experiments 
to unravel the cellular counterparts of GIGl. 

Transcriptional Regulation of Thymocyte Apoptosis by GR 
It has been known for some time that DNA damage can cause p53 to 

trigger apoptosis in T and B lymphocytes (Lowe et al., 1993; Strasser et al., 
1994) through a transcriptional activation function (Attardi et al., 1996) that 
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is sensed and transduced by the Apaf- l/caspase-9 component of the 
mitochondrial cell death pathway (Soengas et al., 1999). Similarly, 
ecdysone-triggered apoptosis induction that regulates salivary gland 
demolition in Drosophila larvae is achieved by transcriptional activation of a 
family of zinc-finger transcription factors (DiBello et al., 1991) that activate 
reaper and head involution defective components of the salivary gland cell 
death pathway (Jiang et al., 2000). 

Analogous to the DNA damage- and steroid hormone ecdysone-
triggered transcriptional hierarchies that govern the decision to live or die, 
the studies in murine thymoma cell lines and in dimerization-defective GR 
(GRd'm) transgenic mice have shown a requirement for GR transcriptional 
activation in response to glucocorticoids for proper thymocyte apoptosis 
(Chapman et al., 1996; Reichardt et al., 1998). Furthermore, this process 
requires ATP and is prevented by inhibitors of protein synthesis, pointing 
out a requirement for active gene expression at least during the initial pre-
mitochondrial stages of thymocyte apoptosis. Once released from 
mitochondria, cytochrome c initiates a cascade of caspase activation 
reactions, which is known to self-propagate even in the absence of RNA and 
protein syntheses. Therefore, we postulate that the GR-regulated gene 
network(s) is required to carry out the early (possibly pre-mitochondrial) 
aspects of the Dex-induced apoptosis. 

GlGl transcripts start to accumulate in mouse thymoma cells as early 
as 30 min following Dex addition, suggesting a function required promptly 
in cells initiating apoptosis. The biological function of the mGIGl is 
currently unknown. However, the presence of a putative zinc finger DNA 
binding domain and a strong homology to zinc finger motif containing 
transcription factors, together with its differential mRNA expression pattern 
in thymocytes undergoing apoptosis and loss of this regulation in apoptosis 
resistant variants of thymocytes led us to postulate a second scenerio for 
GIG I function in apoptosis. According to this scenerio, GlGl protein, being 
a primary or a secondary GR target gene, is rapidly accumulated in cells 
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preparing to commit a suicide. GlGl then activates or represses other down
stream target gene(s) possibly through a direct interaction with their 
promoters (Fig. 24, box A). I propose that these changes in gene expression 
preceding the mitochondrial dysfunction are critical in making a justified life 
or death judgement by cells that encounter glucocorticoid hormone signal. 
T wo lines of evidence give support to this presumption. First, the GIG I 
carboxyl terminus shares 50% identity at the protein level with a family of 
HMG-box transcription factors. These proteins are known to serve as DNA-
bending factors that can be recruited to chromatin for transcriptional 
regulation (Bianchi et al., 1998). Second, evidence comes from the 
preliminary cell culture experiments that suggest a decrease in viability in 
cells transiently expressing the GFP/G/G7 fusion protein as determined by 
FACS analysis of GFP positive cells (George Sen, UA Honors Thesis, 
2000). Further investigations will be needed to clarify the possible role of 
GIG I in Dex-induced thymocyte apoptosis. 

Mismatch Repair Genes are not Required for Dex- and Fas-Induced 
Apoptosis in Mouse Thymocytes 

The temporal coordination of abrupt changes in MSH2 and MSH6 
gene expression with the occurrence of Dex-induced apoptosis in mouse 
thymocytes prompted me to examine the possible involvement of MMR 
proteins in thymocyte apoptosis. Initially, we were highly encouraged by the 
finding that suggested a loss of the wild-type pattern of MMR expression in 
mutant variants of thymocyte cells, which are resistant to the Dex-induced 
apoptosis. Furthermore, the recent findings have already raised the 
possibility that MMR deficiency may predispose to cancer not only by 
failing to repair DNA damage but also by failing to engage apoptosis and 
eliminate damaged cells, (Toft et al., 1999; Hickman and Samson, 1999; Wu 
et al., 1999). This highlights an important aspect of MMR, that is, it can 
relay the signal of catastrophe to the cellular suicide machinery and it was 
one of the major thrusts of the pursuit of this project. 
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I set out to analyze Dex- and Fas-induced pathways of thymocyte 
apoptosis in MMR mutant mice to answer the following question: can the 
murine MMR system modulate glucocorticoid-induced apKjptosis? My 
results indicate that Dex- and anti-Fas antibody-induced thymocyte 
apoptosis pathways are intact and fully operative in MMR"'" mice, suggesting 

that MSH2, MSH6, and MLHl genes are not required for apoptosis. It is 
possible therefore that the observed changes in the level of MMR transcripts 
during thymocyte apoptosis may be part of a general stress response to the 
initiation of apoptosis and it might be beneficial to cells at times when they 
have to abort the apoptotic program, rather than as direct modulators of the 
pathway. 

Molecular Genetic Strategies to Isolate Apoptosis-Related Genes by 
Functional Cloning 

I have used an expression cloning approach in order to identify novel 
genes involved in the glucocorticoid-induced thymocyte apoptosis. 
Successful use of this approach to identify genes required for different 
physiological processes has been previously described (Yamaski et al., 1988; 
Staunton et al., 1989; Bevilacqua et al., 1989; Deiss et al,, 1995). 

I have established a WEHI 7.2 thymoma cell line that stably expressed 
the polyoma large T-antigen protein as a first step towards identification of 
novel apoptotic genes. My results show that the pcDNAl.l expression-
cloning vector can be maintained efficiently in mouse thymoma cell line 
WEHI-LT. Using this cell culture system I isolated a cDNA fragment called 
mArg-2. Genebank searches did not identify a significant similarity to 
known genes or expressed sequence tags deposited in the non-redundant 
portion of the databases. This system also failed to identify the known 
components of the Dex-induced thymocyte apoptosis pathway (such as OR, 
Bcl-2, APAF-1, and caspase-9). This failure suggests that some 
component(s) of the expression cloning scheme, such as the pcDNAlamp 



99 

cDNA expression library and episomal replication of pcDNAlamp vector 
may be less than optimal. 

In summary, I made a progress in studying the early events in the 
glucocorticoid-induced thymocyte apoptosis, but my work has also raised 
new questions: 1) what is the cellular function of GIGH 2) is up-regulation 
of GlGl a necessary step in thymocyte apoptosis? and 3) what explains the 
MSH6 induction at the mRNA level in WEHI 7.2, is it a direct or an indirect 
GR target gene? It is my hope that I have contributed to our understanding 
of T-cell apoptosis and that my work will stimulate new projects in future. 
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APPENDIX A: 

NUCLEOTIDE SEQUENCE OF THE FULL-LENGTH mGIGl cDNA 

20 40 60 
* * * 

GCCCAGGACA CCGCGGTAGG CCTTGAGCGC GCGGGCGCA6 GGCCCGGA6A GGCGCGCGCC 

80 100 120 
* * * 

GGCCCGGCCG CCGGCCGCAT GGAGCGCAGC GCAGCCCGCG GCTCCCGGGA G6CGCAGGCG 

140 160 180 
* * * 

GA6GTAGCGG CAGCGGGAGC AGCGCGCTC6 CTCACACCCA CCCCCGCCCG CGGCCGGCGC 

200 220 240 
* * * 

GCCGCCCCGC CGTAGCCGCC GGCGTCCCCG CGGGCCCGGC CAGCGAAGGC GGCGTCCGCG 

260 280 300 
* * * 

CGTCTGCCAG CCAGCAGCGG CGGCCAGCCC GGGAGGCGGC CCC6CAAGCC CCGCAGCCGC 

320 340 360 
* * * 

GCGTCTCCGG GCCCAGCCGC AGCCCGCGAG GAGCCCGGCG CTCCGGCCCG CAAGCCCGGC 

380 400 420 
* * * 

GCAGGCATGC AGGCCAGGCG CCTGGCCAAG CGCCCCAGCC TGGGCAGCCG CCGCGGGGGC 

440 mGIGl ORF 460 480 
* * * 

GCTGCGCCCG CTCCCGCCCC CGAGGCCGCC GCTCTGGGGC TCCCGCCCCC CGGCCCCAGC 

500 520 540 
* • • 

CCGGCCGCCG CACCGGGAAG CTGGAGGCCG CCGCTGCCGC CGCCGCGCGG GACCGGCCCC 
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560 580 600 
* * * 

TCGCGCGCTG CCGCCGCCTC GTCGCCGGTC CTGCTGCTGC TGGGCGAGGA GGACGAGGAC 

620 mGIGl ORF 640 660 
* * * 

GAGGAGGGCG CGGGCCGAAG GCGC3U3GACG CGCGGGCGGG TAACGGAGAA GCCCCGAGGG 

680 700 720 
* * * 

GTCGCGGAGG AGGAGGACGA CGACGAGGAA GAGGACGAAG AGGTGGTTGT CGAGGTGGTG 

740 760 780 
* * * 

GACGGCGACG AGGACGACGA GGACGCTGAG GAGCGCTTCG TGCCCCTCGG ACCCGGCCGT 

800 mGIGl ORF 820 840 
* * # 

GCGCTTCCCA AGGGCCCCGC CCGAGGCGCG GTGAAGGTGG GGAGTTTTAA GCGGGAGATG 

860 880 900 
* * * 

ACCTTCACGT TTCAATCAGA GGACTTCAGA CGTGACTCCA GTAAGAAGCC GTCTCATCAC 

920 940 960 
* * * 

CTGTTCCCAC TGGCCATGGA GGAAGACGTG AGAACAGCAG ACACCAAAAA AACCAGTCGG 

980 mGIGl ORF 1000 1020 
* * * 

GTCCTTGACC AAGAAAAAGA AACTCGGTCT GTTTGTCTTC TTGAGCAGAA GCGGAAAGTA 

1040 1060 1080 
* * * 

GTTTCTTCTA ATATCGATGT CCCTCCTGCA AGAAAATCTT CAGAGGAACT GGACATGGAC 

1100 1120 1140 
* * * 

AAGGTGACTG CAGCCATGGT ATTGACCAGC TTGTCAACCA GCCCTTTGGT CCGAAGCCCT 

1160 mGIGl ORF 1180 1200 
* * * 

CCTGTGCGGC CTAATGAGGG TCTCAGCGGG TCCTGGAAGG AAGGTGCACC ATCCAGCAGC 

1220 1240 1260 
* * * 

AGCAGCAGTG GCTACTGGAG CTGGAGCGCT CCGAGTGACC AGTCCAACCC ATCCACGCCC 
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1280 1300 1320 
* * * 

TCTCCACCAC TGTCAGCTGA CAGCTTCAAG CCCTTCCGCA GCCCCGCCCC ACCTGACGAT 

1340 mGIGl ORF 1360 1380 
* * * 

GGCATTGACG AGGCAGACGC CAGCAACCTG CTCTTCGATG AGCCCATTCC GAGGAAGAGA 

1400 1420 1440 
* * * 

AAGAACTCCA TGAAGGTGAT GTTCAAATGC CTTTGGAAAA GCTGTGGCAA GGTGCTGAAC 

1460 1480 1500 
* * * 

ACAGCTGCCG GCATCCa^GAA GCACATCCGG GCTGTCCACC TCGGGCGAGT TGGGGAGTCT 

1520 mGIGl ORF 1540 1560 
* * * 

GACTGCAGTG ATGGGGAAGA AGACTTCTAC TACACGGAGA TCAAGCTCAA CACGGATGCC 

1580 1600 1620 
* * * 

ACGGCTGAAG GCCTCAACAC TGTGGCCCCG GTTTCACCCT CCCAGTCTCT GGCTTCAGCC 

1640 1660 1680 
* * * 

CCTGCGTTTC CCATCCCAGA CTCCAGCCGA ACAGAAACTC CTTGTGCCAA AACAGACACT 

1700 mGIGl ORF 1720 1740 
* * * 

AAGCTGGTGA CGCCACTGAG CCGCTCAGCC CCCACCACCC TCTACCTCGT GCACACTGAC 

1760 1780 1800 
It n * 

CATGCTTACC AGGCCACACC CCCGGTGACG ATTCCTGGAT CCGCTAAGTT CACCCCCAAT 

1820 1840 1860 
* * * 

GGCAGCAGCT TCAGCATTTC CTGGCAGTCT CCCCCAGTCA CTTTCACTGG CGTTCCGGTG 

1880 mGIGl ORF 1900 1920 
* * * 

TCTCCTCCAC ATCATCCCAC AGCGGGCTCA GGAGAGCAGA GACAGCACGC CCACACAGCC 

1940 1960 1980 
* * * 

CTGTCCTCCC CGCCCAGAGG GACAGTCACC CTAAGGAAGC CCAGAGGAGA AGGCAAAAAG 
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2000 2020 2040 
* * * 

TGCCGCAAGG TTTATGGGAT GGAAAACAGG GACATGTGGT GCACCGCCTG CCGCTGGAAG 

2060 mGZGl ORF 2080 2100 
• * * 

AAGGCCTGCC AGCGGTTCAT TGACTGAGCC ATTCCTGCCT CTCCTTCCAA AGGAAGCTAC 

2120 2140 2160 
* * * 

TCAAGGCCCA GGGAAGGCCC TGCCTGGAAT CCCAGGAATA TAATTCCTTG GTGGAATTAA 

2180 2200 2220 
* * * 

AGCAAAAAAA AAAACAAAAA CAAAAACAAA AACACJiGCAA AAAATCAGCA CTGCACTGCT 

2240 POLT(A) TRACK 2260 2280 
* * * 

CTGAGAACCA GGCGAGAGCG CCAAGGAGGA CCTTTTTCCT TCGAAGGAAA AGCCCGCTTC 

2300 2320 2340 
* * * 

CTTAGCTCTC AGTCTGGTCT TAAAGCTGGT CTTCTGTAGC AGCTTAGCCA ACCAGGCCCA 

2360 2380 2400 
* * * 

TTTCACCTAG AGAGAAGGCA CATTTTGATA AGCTTTCTGA ACTCTGGCAT TTTCGAGGGT 

2420 2440 2460 
* * * 

TTTTGACACT GAAAACAATA TGCCCATAAG CTACACAATA TACCCATAAG CTACACAGTC 

2480 2500 2520 
* * * 

TGAGGTAGCA TTTGTATAAA GGATAGTACC TACCTTGTGA ATAGGCATCT CTCTGTTTTT 

2540 2560 2580 
* * * 

CCGTGCGACT CCTTGGATCA GTCTGATCAT GATGTATTTC AAAAAAGAGT TTTTCTATGT 

2600 2620 2640 
# * * 

CTGTTTTGTT TTCAAGAAGG ACCCCAAGTG GAACCATTGT AAAGATGTTA GCTTGGAGGC 

2660 2680 2700 
* * * 

CCTGAGTAAC TTACATAAGG CCAAAAGTGA TTGACAGTGA GTGGGAGTCA CCTCAGCCAT 
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2720 2740 2760 
* * * 

CACCTGAGGT CAGGACACCA AGAGGCACTG CAGAAAGCAT CTGAAAATCG TCCTTGGATC 

2780 2800 2820 
* * * 

CCATGTGAGT GGTGGCACCA CTAAGTCTCT GCCTGCCATG GCTCAGACGA GAGCT6GCGC 

2840 2860 2880 
* * * 

TAGTAGCAAT CTGGTAAACC TTGATGCTGC TTTCAGGGAT ATCACACACA CTGCAGCCTG 

2900 2920 2940 
* * * 

GATAGTGT6T CCT6CTTGGT TCTGCCAAGA CCATAGCCAG GACTCTGGGT TAGCATTCTG 

2960 2980 3000 
* * * 

CTCTCCAACC CCGCCCAGGT AGAAAACTCC AGACTGGCCT GCAGGTTTGC TTCCAGCAGA 

3020 3040 3060 
* * * 

GCATAGCTGT GGGAAAGATC CACTAGGGCA TCAAGCCAAC TTCCATTGTG AGTGCACTTT 

3080 3100 3120 
* * * 

TCTAGATGGC GTGGGGATGG CTAGGGGATA AGTTAGTGGA CTCGGTGACA TATATGGATA 

3140 3160 3180 
* * * 

ATGGAACGCT AAACTTTGTT 6TCTTATAGG AATATTGAAA CTATGAATTA AGAATTTGCT 

3200 3220 3240 
* * * 

CAGAAACTAA CTTACAGGAT GCCCAAAGGC AGATGCATCT TGGTATAGGA CTCTCTCCAT 

3260 3280 3300 
* * * 

TGAGTAGGGC CAAGGCTTAG GCTGGGTTCC AGCCATTGGA ACCTGATGTA CTTGGCTGTT 

3320 3340 3360 
* * * 

GGAAGGGTGG AGCTTGGAGC AGCTATCAAG CCTTGTAAGG ACTTATTCTG TCTGCCCTGC 

3380 3400 3420 
* * * 

TTAAGAGAGG AGTGTCCTGT ACCTATGCAT GGTAAGAGCA CCTTATAGGA GCCACTAGGT 
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3440 3460 3480 
* * * 

A6GGATGGGG AACATGGT6T CAGCAATAT6 AATGTTAAAT GAACTTGCAC AGAGGAAAAC 

3500 3520 3540 
* • • 

TTAATATATG TTTAAAGATT GTACATAGT6 CTTTTTTACA GAGTAGAGAA GGCATGTAGG 

3560 3580 3600 
* * * 

CGTCTGAGAC ACCTCTTTGT ATATAAGGGG TGTATATGGA GGCTCTACAG CGGAACACCC 

3620 3640 3660 
* * * 

TTAACTGGTG CGTTCATGTA TTTTGGCAAT TTTATTTTTT AAATTCATGT GGCTTTTTAC 

3680 3700 3720 
* * * 

CACGGAAATC AAGGJUUU^CG GGAAAGAGAT GCTGATCTTT TCCTTTGGAT ACTTAAAAGG 

3740 3760 3780 
• * * 

AAAACAAAAC ACTTACTTCA AGAGAAAAGA GAAAGCTTTC TCTGATTTCC CTGTAGGTTG 

3800 3820 3840 
* * * 

ATAACCAACA TCAGCCATAC CACCTGTTCC AGATGCTTTT ACCTGCAACC AGGAAACAAC 

3860 3880 3900 
* * * 

TTTTTGCTTT TAAAGTCCAG AGCTAGATTT CTTTCCCCTG GGCATGTCCT CTCCTTATCT 

3920 3940 3960 
* * * 

CCTGTAGCCT CACTCCCTGA AATGGTGTTC TAGCTGCTCC AAGAGGCCCT GAGCAACGTG 

3980 4000 4020 
* * * 

GAGATTGAGA CATCAACTGT TTGGTCAAGT TCACCATGTG CTTAAATAAC AGATGGATCC 

4040 4060 4080 
* * * 

TAGGCTAGAG GGTTTTCTCC TCAGCAAAGC TCCCTTAATT TTTAAAATCT CAGATGAAGA 

4100 4120 4140 
* * * 

CTTTAATCAA AACATTAAAG TGATGTGAAA TTCAATCCAC CTTCTCTTGA AGAACTTGGA 
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4160 4180 4200 
* * * 

GGTGAAGGAA TGCTGTCGTC TGTGTGAGAG AGAGCAGTCC TTAGGTGCTG AGCTGTCGCC 

4220 4240 4260 
* * * 

CCCAGAAACA CAGCCTAAGG GCAGGTCTGA GCCCGCTTAG CTGCATATTG TCAGCACAAT 

4280 4300 4320 
* * * 

CGTGACACCA AATGCACCTG ACCTGAGTCC CTCGTTTTCT CAGAAACCTC CATCGTGCCA 

4340 4360 4380 
* * * 

GCTCGT6TGC ATCCCCAGCC CACCTAGGGC CCTCATCTCC AGGCCAGCCT TAGGCACTGA 

4400 4420 4440 
* * * 

ACATTTCCTT ATCTGGCTTC CAAGGTGCAG GCAAATCCTG AGTGCAGCTC TGGACACATG 

4460 4480 4500 
* * * 

CCCATTCCCT GTGTGGAAGG GTGTAATGCC AGGGACCGGA AGCTCTGAAT TGCAACATAC 

4520 4540 4560 
* * * 

AGTTAACTGA TTATATGAGT TACTTTTTGT GTGAGTTACA TTTCTTAAGT AGTTATTTTG 

4580 4600 4620 
* * * 

TTATTTGGGG ACCCAAACAA AGTGCCAAAT GAAGCCTGAC TTTTCATTTC ATGCCATGTC 

4640 4660 4680 
* * * 

CATGAAACTA AGTTCTTTTT GTGTCTTCAT TTTGTGGAGA AACAGAAAGC ATGAGAGTTG 

4700 4720 4740 
* * * 

GTGAGCTGGC TGCTAGCCTG AGGCTCTGTG CACCCCAGGG CTTCCAGCCC TGTCTGTCAA 

4760 4780 4800 
* * * 

AGGAGCAGTG ATGTAATGAA TTCTTGTCCA TGGAAATGTC TAGTTCTTCT TCTTCCATGA 

4820 4840 4860 
* * * 

TGCCCATTCT TACAAAAAAG GTTTCTCATT TCTCCCGGAA AAAGCATGTC ACAGTGACTA 
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4880 4900 4920 
* * * 

GCAGGACATT CTCCAGCCAG CTAGGAAGCA AT6T6TGCAA CAGGCAATA6 TTTCCAGCCT 

4940 4960 4980 
* * * 

TAGCCTTCCT GGAATATGGA CACTTATTTT 6TGAAAATCT GTGAGATAAC GTGGAGAAAC 

5000 5020 5040 
* * * 

CCCCAGGTAG CATATGTGTC AAGGGGGCAG TGCGGGAGAC CTGCACACCC CTATCTTCTG 

5060 5080 5100 
* • * 

CTCATCTTCT TGGGCTGCTC AGCTAGGACT CCTCCAT6TC TGCTGTAGAT GTCTGACACA 

5120 5140 5160 
* * * 

AGACAGGAGC TGCTTCGGCC AGGAACTATC CATCAGGCTC ACCTGCCACC TTATGTCTGG 

5180 5200 5220 
* * * 

GAAGTTAGGT TCTCTGGATT AGCAAAAGCT AGCGCCAGGA AGAAGACAGT GGGTTTCCAA 

5240 5260 5280 
* * * 

ACCAGAGTGG ACCTCTCGTG CACGTTGATA GTACCATGTC CAGGAGGCTC CCTTATGAAC 

5300 5320 5340 
* « * 

CTCCCATGAC CAAGCTATAA AGGACGATCA TCTCTAGAGA AAAACATTAC TGTTGAGCTC 

5360 5380 5400 
* * * 

TCCAAAAATT CCTTCAGACT TCATGTATGT TGGAAAAATT ATTTGAAGCC AAATTGTTCC 

5420 5440 5460 
* * * 

CCATTGCAAT TGAAGATGAC AAGATTTGGA GTCTGCCATC TCTGGTATCC AAGAACAAGT 

5480 5500 5520 
* * * 

ACGTCACACT TTGCCAGAAG CCCTGGGCTT AAAGTGAGTA GTGAGCCCCT ATAAAAGAGT 

5540 5560 5580 
* * * 

CTGTTTCATC TCTCACTTCA GCTGCCCTGC AAGACAAAGG TGGCATTCAC CGGAGAAGGT 
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5600 5620 5640 
* * * 

TCTGAGAAAA GAGGTGAGAA CT6TACXTAC AAGAATCTGT TGAGCATAGC AGCAGAATAC 

5660 5680 5700 
* * * 

TGTAAATACT ACTCATTTCC TCAGGGAGAC AAGGATGCTG TGGGAAGAGA TCTGGAGAAC 

5720 5740 5760 
* * * 

CCCGAGACCA GGAGGATTTT TATCTCCTCA AGTCTTTTCT TGTCAGAACA AGTTTTTCTT 

5780 5800 5820 
* * * 

TAT6TAACTC TCCGT6TCAT TTCAAAACAA ATCCGT6TTC AGCTGGACAG GCAGACGACT 

5840 5860 5880 
* * * 

TCCATGAGGT GTGGCAGA6G GACTGTCTGT TCGTAGCTGC CCTAAAGCTG ATTGAGGTTT 

5900 5920 5940 
* * * 

GAGCCACAGG TGAAGAGCCT GCTGGGCATC CATAGACATG GTGAGGCTTC CTCTGAATGT 

5960 5980 6000 
it * * 

AATTGGGAAC AAAAAGCCTT GCTGTTCCTT GTTGTAGTTC CTCAGTCTGG ATGCTGTTTA 

6020 6040 6060 
* * * 

TTATACACAG CATCCTCTAA GGGAGGAAAA GCTGGCCACG ATGTGTGGTT TGCTTTAGTG 

6080 6100 6120 
* * * 

GCATGTTCAG GAGCACACTG CCATGGACTC TGGTGGACAA GGTGCTGTCT TTGCTCTTGT 

6140 6160 6180 
* * * 

CCGTAGGATT TCCACCACCC ACATCAGCTG TGGCATTGAC CTGTGTGAAT ATGTGCGGAT 

6200 6220 6240 
* * * 

GAGTGGAGCC AGCATGGCCC GTCAGTATGA CAGCGTTGGG AGCGTGGGTC ATTTTGAAGG 

6260 6280 6300 
* * * 

GCATGTTAGG CATATGAGTC AACTGGCAAT TCTATTTCTG TAAGAAAGAA ACCTACCAGC 



109 

6320 6340 6360 
* * * 

AGCACACAGG TGCCACCAAT CCTCCCACGT GGAGGGATTT CTCCATGTTA CGATTTCATC 

6380 6400 6420 
* * * 

CTGTATTTTC TGCATTGTAA GTAGCCACA6 GGGAAGTTAG TAAATAAGAT GAGGTTAGCA 

6440 6460 6480 
* * * 

CTTTTAGGTA CCAGTTGTCC TGAGTAACT6 TACTCCAACA GAGCAAGGAC ATATGAAATG 

6500 6520 6540 
* * * 

TACTCAAGAC TTGCTTCTGG TGACAGACTT GGAAAAGGCC CATTTCCAAT GACACACATG 

6560 6580 6600 
* * * 

CTTTAAAGAG TGTACCTATC ACAGGACCA6 GAATCAAAAC GGGAATTTTA TCTCCTGTCC 

6620 6640 6660 
* * * 

TGTTTTGTAA GTAGCTTTTT TTTCCTAAGA CAATCTCATG TTTTATAACT TGTTGTGTGT 

6680 6700 6720 
* * * 

6TCTGAGAAT CATAATGGTA ATGTGTTATG GTAAATGTAA TCTTAAATAC AATAATAATT 

6740 6760 6780 
* * * 

ACAACTTAAA TTTCCAAATG AAAGAAATAC ACTGCTTAGG CTTCTGCAAG AGACATGACA 

6800 6820 6840 
* * * 

CTTTTATAAT AAGCATTAGT ACTTCTCAAG TTTAACAGAA CTGGAAATAT TTTACAAGAT 

6860 6880 6900 
* * * 

ACCGCGTTTT GTAATCACAG AGAACATGAA CACTTTGTGG GAAATGACCT TGGTTTTATA 

6920 6940 6960 
* * * 

CATTGTAGCT TATTTTTTTA AAATGCAGTA TTTTAACTGG CAGGAAGTGT AGATATGGCA 

6980 7000 7020 
* * * 

CACAGTTCCT GTCCCTCAAT CCAAGGGCTA TGCCTCTTTT AAGCAAGTGT TTTGATGCGT 



110 

7040 7060 7080 
* * * 

ATCTTTTCAA TTAACCCTCT GAGCAAGGGT AGAAATGGAG ACCAGATAGC AAGGTCATTT 

7100 7120 7140 
* * * 

GCAAGAGAAT CAATGAAGCA GCAACTATTC CCTCATGACC AGT6TGTATT CAAAGCATCT 

7160 7180 7200 
* * « 

TTGTGGGGGC AGGGGGCATG TCACATGAAG ATTCACCTTC TATATTTTAA ACCCAAGAAA 

7220 7240 7260 
* * * 

AGATGCTAGC ACATAGGCTT CTAGGCCAA6 GAAGAAATAT CCCTTTAGT6 TGGTATGAGT 

7280 7300 7320 
* * * 

TTTCTTATGA GTTTTCACCT ATCA6AACTA CATGCCTGCA TTTTATAAGC AAGCGTCATT 

7340 7360 7380 
* * * 

TGGTGGCACT GTCTAAAACT GTAGTATATA TGCCCAAAGA ACCTTTAAAC GGTCAGCAGT 

7400 7420 7440 
* * * 

GTTTGTGATT TTGTTGTTCT TACCACCGCC AACTGAGAAA CTTCCTCATC AGGACCGTTT 

7460 7480 7500 
* * * 

GACTTTTGTT TGTTTTTCAC TATGGAAAAC TCACAGGCAC AGAAGGTTGT GAGCAGAAAA 

7520 7540 7560 
* * * 

ATGACAGAAT TCCCATGGGA CGTAAGAAAT GGGAGCCACA TACACAGTGT GAGCACTGCC 

7580 7600 7620 
* * * 

AAGGCTATTT TAAGCTGTCC CACATCAACA AGCCCACTCG CTGTTAAGAA AACATCTTCC 

7640 7660 7680 
* * * 

CAAGAGTTTA TTGACTCAAA AAGCTAGGCC AGTTAGCCAC GTATGCGACA GTTTCAGAGT 

7700 7720 7740 
* * * 

AGAAGCTGAG GTGGGGCAGC TGTGTACCT6 CCAGGTAACT GTACCAGTTA CTGAGAGGCC 
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7760 7780 7800 
* * * 

ATTCTAGCTT TTCTAGCCGT ATCTTCCATG TACGGCTGAC AGTCTGTTAG ACGGGAACTA 

7820 7840 7860 
* * * 

TAAAGGCATT GTATGAGGGA ACAGGGGGTT GTGCAGCCTT GCACCCAGTG CCTGAGTGGG 

7880 7900 7920 
* * * 

CTGGCTTGCA GCTAGCTCGC CATTGCCATC CCCTAGGATA GTACCACTGA TGGATGGCAT 

7940 7960 7980 
* * * 

TCAGGTGCCC AGCAGGTTTT CACTGCCACA TGGTTTTGAA CTATGTGCGA CTTACTCCAC 

8000 8020 8040 
* * * 

CTGTGCGTGG AGGCTTCCTT CCAGAGACTG TGTGCGCATT TAGACACTTT AGAACAGCTG 

8060 8080 8100 
* * * 

GAAAAGGACT GCAGATGTTC AGGGCGTGTC AGGACCAACA ACGGTGTTGG ACTAGACAAC 

8120 8140 8160 
* * * 

TGACATCTAC CGAACAGGAA GGACCCTCAC TCAGCTTTTG ACAATCAGGC CAGGTTGCCA 

8180 8200 8220 
* * * 

GATCCAAACT GGAGACATGG CACCACCCAA CAATTCAGTG TTGACCACTA ACATACGTTC 

8240 8260 8280 
* * * 

TCAGCCAATC CTGCAGACCA AGAAAAGCTG TGTGGGGGCA GAGGCATCCT GTGGCCACAG 

8300 8320 8340 
* * * 

TATCAGCTAT GGCAAACTTC CACACTTGTG AGCTAACAGG CCCAGATTCC TCCATGAGCA 

8360 8380 8400 
* * * 

TCTTAGACTC ATGTGCTGCC ACGATCTGAA CAGCAGACAT TTCAAAAGAG GGAAGACACT 

8420 8440 8460 
* • * 

ATTCCTCCCT AGAGGATATC CTCATGGAAG ACAAAAATAG AAATGTCATC TCTTCAGCTT 
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8480 8500 8520 
* * * 

AGCATTGCTC CTGATCAGAA TGCACTAAGT TGTCACCCGG CTCTTGCAAG AGCTGCCTCC 

8540 8560 8580 
* * * 

TGCCATACCC AGGCCACACC CCAAAGTACT GAATAGCTGT AACCCTGATA CT6TGTCTGC 

8600 8620 8640 
* * * 

TACCGTGACC ACTGTGATGA AGGGCAGAGG GAGGGAGGAA GGAAGGGAAA GAGGGAGGCA 

8660 CT REPEAT 8680 8700 
* * * 

GGAAGGAAGG AAGGAAGGAA GGGAGGAAGG AAGGAAGGAA GGAAGGGAGG AAGGGGGACA 

8720 8740 8760 
* * * 

AAGTAATCGG GAGCCTTTGA TTTGGCAGCC GGGTACCCTG GTGCTTTACA GTAGCACATG 

8780 8800 8820 
* * * 

GCCCCTCCCA TGCCAGCGCC CTCTGCCTAC GCTTTGTGCT CCCTAGCTTC CTAGGCCATC 

8840 8860 8880 
* * * 

TCTCTCCTTG TCCCACTATA AATGTATATA TAATTTCACC TCTGATCTGG TAAGGCCCCT 

8900 8920 8940 
* * * 

GCTTCAGAAC TAGCAGGCAC TTAGGTGTTT TCAGGAGTCC ATTCACCTTA AAGGAAGTTT 

8960 8980 9000 
* * * 

TTCCACACAG GCAACCTCAG TCTCTTTCTC GCAGGGTGAA ATAAAACTGA GAATAACTTT 

9020 9040 9060 
* * * 

GTCACATGAG TGGAGGGCTA CACACATTAG ACTTTCATTG TTCTGAGAAA GTACATTATT 

9080 9100 9120 
« * * 

TTAAACTCTG TCTTCTATTG AAGTCTATTG AAGTTCTGAT GTCACAGGGA GAGTTCTGTA 

9140 9160 9180 
* * * 

TGGTAAAGTA TGTGTCATTC AGACATTACT TCCTTTGATC TTCATATGAA TCTAGTATAG 
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9200 9220 9240 
* * * 

AAAACAAGTC CTAAGGCCAC TAATAGCCAT GCCAAGACAC TGGCTCAAAC CTATGAGTCA 

9260 mGIGl DEST 9280 9300 
* * * 

GCACCGTCAT TACCTGCAGA GAGAGACCTG GCCCAGCTGG CCTCCGCTGT GACTCAGCCG 

9320 9340 9360 
* * * 

TGGATTCCCT GGGCCCACCX TGTTCTCAGC CCAGAAGTAA AGAGCACCCT CATTCATGTC 

9380 mGIGl DEST 9400 9420 
* * * 

ACTAAGTGCA AGTTTAATCA TCCCC3UU5TT CCGTCCAGTG AAATGGTAAA GTGTAGGAGG 

9440 9460 9480 
* * * 

AGTTTGTTAG CTAAAGCAAT ATTCTGATAA AAATGTTGAC TTCTTAGGAA AAAATAGCTT 

9500 9520 9540 
* * * 

GCTTCTGGCC TCTGGCCTTT CAGACTCTAA CTTTAAGCTG ATGCTGGATG GTGGTTAACA 

9560 9580 9600 
* * * 

ACCAGCTCAG AATTACCATG TGTAGAGACG ACTCAAAACG ACCTGCAAGC ATGCTGCAGT 

9620 9640 9660 
* * * 

GCCTAGGTCA GTTAAGTTGT ATGTGTCTGA ATGCAGTTTC TGCTGGCAAG CTTTGACATT 

9680 9700 9720 
* * * 

GCTCCCACTG TGGATGATGA TAAGGCTGTC CAGTATATGA ATACACTCCA TCCAAGGCTT 

9740 9760 9780 
* it * 

CCAGGGTGTC AGGTGAGCAT CCTGAGTTCA GAGGAAAGCT CTCACAAGGA ATCCTGTCAT 

9800 9820 9840 
* * * 

AAGACCAGAA GGAACCCCCA GAAAGCTAGA CTGGCCAGTT CCCTAGCTGA TGAGCAGGGA 

9860 9880 9900 
* * * 

GGCAGTTAGT TTGCCCCTTT CTCCTATGAC AAAAGGCAGT GGGCTGTATG GTTTGGCTGC 
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9920 9940 9960 
* * * 

CTGTGCTTGG CTGGCAGTGC ACAGAAAGGG CCTAGTGTTA GCAAGGGAAA AAACAAAGCG 

9980 10000 10020 
* * * 

CATACCAGAT ACTGAAGGAT TGGGTTAGAG TCAAATAGTA GTTGGTTCTT TTTAAAAATG 

10040 10060 10080 
* * * 

TTCCTTTTCA GTGGGGATTG CTGCACTGTG ACCCTCCGAG GAGAACACCC TTTGATGTGA 

10100 10120 10140 
* * * 

CAAGGCCACC TGAGCGATCC CTAAGACTGA TTAACTACTT CACTTTCTAT TACAATCAGT 

10160 10180 10200 
* * * 

CTTCCCAAAA TGTTCATTCA GAAAATAGCC AAAGCAGAGC ATGGCAGCCC CTAGAAAGGA 

10220 10240 10260 
* * * 

CAAGAAAGGT ATTACTAAAG AACGGAACCG AGCCAGACGT GGTGACGCAC ACCTTTAATC 

10280 10300 10320 
* * * 

CCAACACTTG GGAAGCAGAG GCCAGCCTGG TCTACAAAGT GAGTTCCAGG ACAGCCAGGG 

10340 B1 REPETITIVE 10360 10380 
* ELEMENT * * 

CTACACAGAA AAACCCTGTC TCAAAAAACC AAAAAAAAAA AAGAAAAAAA AGAACAGAAC 

10400 10420 10440 
* * * 

TGTTGGGGAA ACACAGCTGT CTCCTGTTTT GTCTCTATCT GTGACTGGAA ACAGAAACCA 

10460 10480 10500 
* * * 

ACACTCTGGA GAAGACATAA CTTTAAGTGA GAGTCTGAAA GAAGACTCCC CATCTAGTGC 

10520 10540 10560 
* * * 

CATCTGAGCA GATAGTTGGG TAGACACTTT CTTTCCCTTC TTGATTCTCA TCTCCTAACC 

10580 10600 10620 
* * * 

CGGAAGCCAA ATGTGTTTGT TGCCAGATCC AGAGACAGCT ATTATTGTTA CTTGGTTGCT 
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10640 10660 10680 
* * * 

GAATGCTT6C TCTGAAGTCA ACACCCCAGT ACATGGATGC TTCCCTCTAG ACACTCATTC 

10700 10720 10740 
* * * 

TGCTCAGCGA GTGGCTACCC TCCCTGCAAG AGAAAGCCGT TCTCTGTCTG AGCAGATGTA 

10760 10780 10800 
* * * 

GTCTCTGGGC TATGAGGACA GGGTCTGCAT TGGCACCACC CTGCCACACT CAGCCCACGG 

10820 10840 10860 
* * * 

CAAAGCAGCA GCTACTCACG TCCATGTGCC TTAAGACACT CAGTGTGGTC ACCTAGCCAG 

10880 10900 10920 
* * * 

AGCTAGAGTC AGCAAGACAG GATGCTGTGT TAGGGTGGAA GAGAATCCAA GAGGGCTCAG 

10940 10960 10980 
* * * 

ACTAAATCCT TCCAGGCTCT GTCCCCTCCC TGCCGCCCTG CTCAAGGATT CAAGGGGATG 

11000 11020 11040 
* * * 

GGATTGGCCT TCTCCACGTG GCGATGGAGT TTAGTTGCTC CTGTTATATA TCTCTGGAAA 

11060 11080 11100 
* * * 

GCAAACACTG CTTCCATTTG CTTACCTGTC AAACATTCAT TCCTTGGCCC AGGACAGGCT 

11120 11140 11160 
* * * 

CATCCCTCAT TTCAGGCACA GACAGCAAGA CAGAGTGGAC AGAGGGCTCC CTGAGGGCTT 

11180 11200 11220 
* * * 

GTGATTGTTT GTGGGTTTGA GCTGCCCCTC AGGGATCTGT CCCTGCATGG GGGAAGGATG 

11240 11260 11280 
* * * 

CCTAATGTGG CAGATTGCAC TCAGAGAGAG GGATAACTTT TAGGCCCTTA CTCTATATCC 

11300 11320 11340 
* * * 

TTACTGGAAG TATGTGGCTG TGACATGGCA TACCAGCAGG AGCTGATCAC AGGGAGAAAG 
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11360 11380 11400 
* * * 

CTTCAGGTGA AACCTAGATG TTTGAGAAAA CACGTCACAC TCCTAAAGCA TGCTATTTCC 

11420 11440 11460 
* • * 

ATGGCTTCCA AAACTAAAAG CACCTGTGGC TCAGCTAGCG CATGAACATG CCAGTAGTCA 

11480 11500 11520 
* * * 

CGGTTTCCTA TCGTGCACCC TGAAATCCCT ATTTTTGTAG TTTATGATTA GACTGTGGTC 

11540 11560 11580 
* * * 

AGTCACTTAA ATAAACACTC TTATGAATTA ACTAGTATAC CCTAGTATA6 TTTCCAAAAT 

11600 11620 11640 
* * * 

ATATCATACT GTATAGCCCT ATGTGCATGA AGATCTCAGG GGGAGGAAGT ACACGCTAGG 

11660 11680 11700 
* * * 

TCCCAAAGGG TCCAGACTAT CATCAAAAGC GCATGCCAAG TGGCCTGAGG CCACTGCTCA 

11720 11740 11760 
* * * 

TACACGAGGG GGCGGGGGAG GGGATATGGG CTGCAGCCCC TCAGCTGCCC TTAGTGGTGG 

11780 11800 11820 
* * * 

GAATCAGCAT GGTCGCTGTT AAAGGTAAGC CATCTTTTGA ATTTTTCAAC ACCAAATCTT 

11840 11860 11880 
* * * 

AAAGTATCAA AAAAAGTTAC CGAATGTTAA AAGTGGGGTC GTTAGTGGAA ATGTTGTCTG 

11900 11920 11940 
* * « 

TAGGAAGTTT TTCTCATAGT GTTTGATAAA AACAACAAAA GCCAAACTGA AGCCCAAGAA 

11960 11980 12000 
* * * 

GTGTCCTCTG GGGGACACTG GCATTAGGGT GGTCGATGAC TGAAGGATAC AGCAGTGCTG 

12020 12040 12060 
* * * 

TCCTGTACAC AGAGCTCTTT TGAGGTACAA TCTTTCCATC GTTTCAGGGG TAAGTACTTC 



117 

12080 12100 12120 
* * * 

CTTACAAAGT CTTTAATAAT GAATGAATGT ATAAATTTAT AAACTATGCA TTTTCAGAGA 

12140 12160 12180 
* * * 

GAAACATGTA TTTTGTATCA AATCCGAGTA CTTTTTTTTT TCATAGAGAT TTATCACAAC 

12200 12220 12240 
* * * 

TACAGATTAT TCAAAATAAA TGAGAATGCC AATCCTCATA AGGGTGTGGG GTGCCTTTGT 

12260 12280 12300 
* * « 

TTTTCACTCT GATGGTTTCA AGACCATGCA TCCAGACTTT GATCTGAAAA GCTAGCCAGT 

12320 12340 12360 
* * * 

ACAGTAGGCG AAGGATGATT CGCCTTCTCC TGGAGGGGAC CACTCGCACA CCACCCAGTT 

12380 12400 12420 
* * * 

CTTAGGGATG GATAATTTAG TAACACTGGG TTAGCGGATA GAAGGGCCAG GGTGTGGCTT 

12440 12460 12480 
* * * 

ACAGATAGAG CCCTGGCCTC ACGTGTGTGA AGGCCTGGGT TCAGTCTCCA GTACCCAAGT 

12500 12520 12540 
* * * 

AGTAACAATA AGCAGGCAGG CAACGCTGTT ACCATAGTAA CATTACATTA CCATTGTTAC 

12560 12580 12600 
* * * 

CATTGCATCG GCTAAAGATG ACCCAGCTTA GGTAGTTGTG GCTAATTGTC GATCCAACTG 

12620 12640 12660 
* * * 

TGGGTGAGGA AGAGTTTAGG TTATAGTTTT CAAAGAACAA AATATAAAGT TATTGTCTGA 

12680 12700 12720 
* * * 

CAAGGCAAAT AATTGTTTTT TTTTTTCAAA ATTACTTGGA GGTGATCTCT TATAGAAAAT 

12740 12760 12780 
* * * 

GTAGACTATA CCCAGATTTC TCCAGCCTTG TGCTGATAGG CCTTTTCACG GAGCCTTTCC 
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12800 12820 12840 
* * * 

CACT6GTAAT TGTTCTTTCC TCCTTGGTCA GTACTCACCT CATCACTCCA GCAGCCTCCC 

12860 12880 12900 
« * * 

CGCTATCTGA CAAGGAGGAA GTGAACCCCA TTTCTTTGCT GTTCCGGTTC TCTTTCTGTA 

12920 12940 12960 
• • * 

TCTGTCGAGG AGGTTTCTAG GCTGTCTATA AAATATGGGG AAACACATTT CTAACCCTGG 

12980 13000 13020 
* * * 

TACTTATGGT CATACAAGAT ATGTTTGCTC CCTAAGTAGG AGCTAGAGGG GAGGGCAATG 

13040 13060 13080 
* * * 

T6TCTTTTTA CATGATTTTT AGCCAAATCC AGCTGTTCTG ATACTATGTT TCTGAATCCT 

13100 13120 13140 
* * * 

TTTCTGACTG TAAATACTGC CTGCAGAGGT CCCGGTTGAC AGCCTTTTCT GAGACTGGTC 

13160 13180 13200 
* * * 

CTCAGCCATG CTCCTTGCCA GCTGTTGGCA CATTGTACAT AGATGCGTCG AGTGTTTCAA 

13220 13240 13260 
* * * 

TGATGTTGGT TTTCTAAATG CTATTCTCTA ACACATTTTT TGAAAAAAAA AATGTCTTTG 

13280 13300 13320 
* * * 

TTGTTCTGGA CTTTGTGTGT TCGTTTTACA AA2iACATTTC CTAAGATTTA ACACCAGGAA 

13340 13360 13380 
* * * 

AAAATATTTT AAAATACACT GGTGCTAATT GGAAAAGAAG AAAATTTTTA ACTTCAAGAT 

13400 13420 13440 
* * * 

TTACAAAAGA AAATGATCAC AGCAGTTAAC TGCACTTTCC CACGGGGATG GCTGCTGTCC 

13460 13480 13500 
* * * 

ACTTACAATG GGCATCAAGA GGACCAGCAA AAGTTTACAG TAGTGATGAC CCATTGATGT 
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13520 13540 13560 
* * * 

GTCATAGAGC AAGGAGTCCT TGTCCCCCAG AGAGGAGGAT TTGCTGGGTA GTCCTCAAAG 

13580 13600 13620 
* * * 

CATGTAGTAG AGAAGGGATA TAGAGTTAAC TCTTTAGAAA TAGTCTTCTG GTCCTTGGAC 

13640 13660 13680 
* * * 

TTTCATGTTC TGTAATTCTT AGCTGTAACA ATGAATATGG TGTTGCCAAT CTAGTCTGAC 

13700 13720 13740 
* * * 

TTCATTGTCA ACCTGTACTG ACTCTGTGTA TGGCTCTGTC CTTGGCTTGC ACTGGCACAA 

13760 13780 13800 
* * * 

ACCAAGCCAG AACACAAGTC TTTCAGAAAG ACCATTCTGA TTTCTATGAT GTTCACACAC 

13820 13840 13860 
* * * 

ATGAATTTAG ATGCACTTGT AACTGGTTAA TTACCATGAA GTAAGTCTAA CTTCCACTTA 

13880 
* 

ATAAAAGTTT TTTTGTGTAA AAAAAAAA 
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