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ABSTRACT

The A1 differential display product was initially isolated from thymocytes
undergoing apoptosis, and its expression was shown to increase as function of time in this
model system. In the current research, a more sensitive technique, the Competitive RT-
PCR assay, was employed to examine the expression of the A1 gene in bursal
lymphocytes undergoing apoptosis. This line of investigation demonstrates that there is a
surge in Al expression during the initial phases of apoptosis, indicating that A1 may
represent a critical activation signal in the apoptotic cascade. Furthermore, this study
indicates that agents known to inhibit apoptosis in bursal lymphocytes, such as the
phorbol ester PDBu, also function to moderate A1 expression. Since PDBu activates the
protein kinase C-signaling pathway, this finding suggests a possible link between A1 and
the protein kinase C pathway.
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CHAPTER 1
INTRODUCTION

The Role of Apoptosis

Since its initial characterization, apoptosis has been shown to play a vital role in
diverse cellular processes impacting virtually all multicellular organisms. In many
species, apoptosis is responsible for the demise of autoreactive lymphocytes that arise
during the development of B and T cells (1). Within peripheral lymphoid organs,
apoptosis then functions to regulate the activation of mature B and T cells that participate
in the immune response. In addition, apoptosis is a crucial component in the
morphological development of various body structures, ranging from the deletion of cells
that form the interdigital webbing of the hands and feet during embryogenesis to the
death of myocardial cells during the development of the embryonic chick ventricle (2).

In addition to its role in embryogenesis and immune function, apoptosis also plays
a role in the development of various diseases processes. Specifically, inadequate or
deficient apoptosis may instigate cancer in response to decreased levels of p53, a cellular
protein which functions as a transcription factor that regulates genes involved in DNA
repair and cell division (3). Although the native conformation of p53 typically triggers
apoptosis, a mutation of a single nucleotide may lead to a lack of cell death that, in turn,
promotes cancer. In another diseases process, acquired immune deficiency syndrome
(AIDS), T cells become infected with the human immunodeficiency virus (HIV), which

activates the apoptotic process and results in the depletion of T helper lymphocytes (4).



Much of the current research regarding apoptosis is focused on understanding the
regulation of the cell’s apoptotic machinery within various organisms, with the hope that
this knowledge will provide insights into the prevention and treatment of diseases that are
triggered by cell death. In pursuit of this knowledge, researchers have discovered that
different organisms posses similar genes which mediate apoptosis. For example,
homologous gene sequences of the Caspase Gene Family have been documented in
various mammalian species, as well as in C. elegans and Drosophilia (2). Furthermore,
while the concept of programmed cell death is well accepted in multicellular organisms,
it has also been recently described in some unicellular organisms, including
Trypanosomatids (5-6) and Leishmania (7-8). Nevertheless, the existence of apoptosis in
unicellular organisms remains controversial since these organisms differ in their response
to apoptosis inhibitors and because they lack the characteristic morphological and
biochemical features of apoptosis (9).

Morphology of Apoptosis

Although cell death has long been studied, the term apoptosis was not coined until
1972. Researchers during this time observed a unique form of cell death in various
tissues and cell types that shared common morphological features (10). They utilized
these unique morphological characteristics to distinguish apoptosis from necrosis, which
is an accidental form of cell death that is initiated by a physiological stress and activates
an inflammatory response (11-12). Hence, apoptosis has now been classified as a form of
signal-induced cellular suicide where a target cell activates a genetic program that brings

about its own destruction (13-15).



During the initial phase of the apoptotic process, cells shrink and disconnect from
neighboring cells. This is followed by cell blebbing and condensing of the chromatin,
which is a direct result of alterations in DNA and histone interactions (4). These changes
are accompanied by modifications in the DNA itself, including both single-stranded and
two types of double-stranded DNA breaks. One type of double-stranded DNA break
results in the formation of high-molecular-weight DNA fragments, which may occur after
glucocorticoid or etoposide treatment of cells. These large DNA fragments are generated
by the cleavage of chromatin from the nuclear scaffold. The second type of double-
stranded DNA break involves the cleavage of the DNA into 180 bp fragments, forming
one of the hallmarks of apoptosis, the “DNA ladder,” which can be visualized by agarose
gel electrophoresis. The generation of these smaller DNA fragments is mediated by
nucleases that selectively cleave DNA between nucleosomal units. Recent evidence
suggest that DNA fragmentation factor (DFF)/caspase-activated DNase (CAD) is the
primary nuclease responsible for DNA fragmentation in apoptotic cells (16-17).

In conjunction with the nuclear events associated with apoptosis, a number of
other cellular events accompany this form of programmed cell death. For instance,
apoptotic cells present phosphatidylserine (PS) on the outer cell membrane, which
enables phagocytes to recognize and dispose of them in the later stages of apoptosis
without eliciting an inflammatory response (4, 18). The externalization of PS occurs
early in the apoptotic process and is believed to be caused by an increase in the calcium-

activated enzyme “scramblase” and a decline in aminophospholipid translocase activity.



Genetic Mediators of Apoptosis

From the onset of signaling to the terminal phase of cellular destruction, apoptosis
is a complex process with multiple layers of regulation. Although the intricate
mechanisms of this phenomenon remain somewhat obscure, current insights into the
apoptotic process reveal four families of gene products that are primarily responsible for
mediating cellular death: Death Receptors, Adaptor Proteins, Caspases, and Bcl-2
Proteins (19-20, 22). Members of these gene families interact to promote and regulate
the apoptotic process at various points along the signal transduction pathway.

Death Receptor Gene Family

Death receptor-mediated apoptosis involves the binding of a ligand to the external
domain of a Death Receptor, enabling the apoptotic signal to reach the cytoplasmic
portion of the cell. Death receptors are type-I transmembrane proteins that possess a
membrane-spanning region, a N-terminal domain that binds extracellular ligands, and a
C-terminal intracellular tail (Figure 1) (21). All members of the Death Receptor Gene
Family share significant homology in their ligand-binding region, which typically
contains 1-5 cysteine-rich domains. The intracellular death domain (DD) is responsible
for triggering the death signal, and it is characterized by a homologous 60-80 amino acid
sequence. Currently, six death receptors possessing death domains have been identified,
including Fas, TNF-R1, DR3, DR4, DRS5, and DR6 (Tablel) (22-24).

Adaptor Protein Gene Family

In response to the Death Receptor/ligand interaction, an Adaptor Protein binds to
and simultaneously recruits the upstream components of the caspase-signaling cascade to

further promote apoptosis. In general, adaptor proteins contain modular domains that



allow them to intercede in protein-protein and protein-lipid interactions, and they are
responsible for bringing effector and target proteins into close proximity with each other
(25). To date, many adaptors have been implicated in various biological processes, such
as lymphocyte development and immune cell activation. The most common adaptors
associated with apoptosis are FADD, TRADD, RIP, FLIP, and TRAF2 (Table 2) (22-23,
26-27).

Caspase Gene Family

Following the adaptor-mediated interaction between the Death Receptor and
upstream caspase components, a proteolytic signaling cascade is activated and
subsequently activates downstream effector caspases. The proteolytic activity of these
effector caspases inactivates cellular repair mechanisms and promotes the morphological
changes that accompany apoptosis. This caspase signaling cascade is a complex pathway
that represents the primary mechanism of cell death; however, there is other evidence of
caspase-independent cell death in cases where the cell is severely compromised during
autophagy and proteasomal degradation (28).

Constituents of the Caspase Gene Family are cysteine proteases that cleave
substrates after an Asp residue, hence the origin of their name: cysteine-dependent
aspartate-specific protease (29). Caspases operate as specific proteases, with each
caspase recognizing a specific sequence of four amino acids. Given their preference for
Glu and Asp at positions 3 and 1 respectively, the general caspase specificity can be
described as X-Glu-X-Asp (X-E-X-D). Caspases are synthesized as catalytically
inactive zymogens, which are subject to proteolytic processing during apoptosis (30). At

present, 14 mammalian caspases have been identified and classified as either initiator



caspases or effector caspases (Table 3) (29, 31-32). An extended N-terminal prodomain
of at least 90 amino acids distinguishes initiator caspases from effector caspases, the
latter having only 20-30 amino acid residues in their prodomain sequence. Initiator
caspases are autoactivated upstream of effector caspases and subsequently trigger the
activation of downstream effector caspases. These activated effector caspases are
ultimately responsible for executing programmed cell death. Once activated, the effector
caspases cleave a range of cellular substrates, including the structural components actin
and nuclear lamin, as well as regulatory proteins, such as DNA-dependent protein
kinases.

At the N-terminal region of initiator caspases and caspases-1, -4, and -5, two
types of non-catalytic domains are present: CARD (caspase recruitment domain) and
DED (death effector domain) (29). During activation, these domains are cleaved and the
active, catalytic portion is released (with the exception of caspase-9). Release of this
catalytic portion of the initiator caspase permits the proteolytic activation of downstream
effector caspases. Less is known about whether the effector caspases contain similar
types of non-catalytic domains, although the amino acids within the N-terminal region
appear to be removed during the activation process. Moreover, all members of the
caspase family demonstrate immense similarity in regard to their catalytic units, each
containing both a large (approximately 20 kDa) and a small (approximately 10 kDa)
domain. For pro-caspases to be activated, it is essential that the two subunits dimerize
and undergo proteolytic processing. This proteolytic caspase cascade is triggered by
initiator caspases, which activate intermediate caspases that, in turn, activate executioner

caspases.



Since the initiator caspases are devoid of upstream proteases, how are these
caspases activated? This mechanism is currently unknown, although one theory, the
induced proximity model, proposes that initiator caspases are recruited to protein
complexes whose formation increases the local concentrations of caspase zymogens.
Since these zymogens contain low levels of inherent enzymatic activity, the clustering of
zymogens may allow for activation of the first protease(s) in the casacade (33). At each
step along the cascade, various proteins are known to participate in caspase regulation.
Notably, FLIP (Flice-like inhibitory protein), CrmA, and members of the IAP (inhibitor
of apoptosis protein) family are among the well-recognized inhibitors of caspases (29).

Bcl-2 Gene Family

Another point of regulation along the caspase cascade involves the Bcl-2 Gene
Family. When the upstream caspases are activated, they promote the activation of Bel-2
proteins, which characteristically alter mitochondrial function and allow for the activation
or inhibition of downstream caspases via regulation of caspase-9 (34). Members of the
Bcl-2 Gene Family are classified as either anti-apoptotic (inhibition of apoptosis) or pro-
apoptotic (stimulation of apoptosis) (Table 4) (35-36). Among the members of the Bel-2
Gene Family, there are four homologous regions known as Bcl-2 homology (BH)
domains (35). Typically, the anti-apoptotic proteins contain all four domains, requiring
BH1, BH2, and BH4 in order to inhibit apoptosis. These proteins also contain a
hydrophobic domain (HCD) within their C-terminal region, which is believed to
participate in directing the proteins to intracellular membranes. Conversely, some pro-
apoptotic Bcl-2 proteins also contain a C-terminal hydrophobic domain, whereas other

pro-apoptotic Bel-2 proteins like Bid and Bad lack this domain. All pro-apoptotic



members of the Bcl-2 Gene Family, however, possess a BH3 domain that is necessary for
their apoptotic activity. In addition to the BH3 domain, some pro-apoptotic proteins,
such as Bax, Bak, Bok, and Bcl-X,, contain other BH domains. A new member of the
pro-apoptotic family was recently identified and named Bcl-2 rambo. This protein is
unique because it contains all four BH domains, as well as a novel C-terminal extension
that is required for the promotion of apoptosis, instead of the BH3 domain that is required
by the other pro-apoptotic family members.

It has been reported that the activity of Bcl-2 proteins is regulated by formation of
homodimer and heterodimer complexes between the hydrophobic groove of anti-
apoptotic proteins and the amphipathic BH3 o-helix of pro-apoptotic Bcl-2 proteins (34).
Thus, the relative concentrations of anti-apoptotic and pro-apoptotic proteins influence
whether a cell will undergo apoptosis. For instance, increased levels of Bad foster
heterodimer formation between Bad (pro-apoptotic) and Bcl-x; (anti-apoptotic), which
enables Bax (pro-apoptotic) to be released and bind to Bcl-2 (anti-apoptotic), thereby
promoting cell death (37). Furthermore, post-translational modifications, such as
proteolysis and phosphorylation, in “BH3 domain only” proteins may alter the relative
affinity between anti-apoptotic and pro-apoptotic proteins, therefore regulating the
formation of homodimer and heterodimer complexes. For example, cytokine-induced
phosphorylation of Bad via protein kinase A and Akt inhibits apoptosis (1). In this
scenario, phosphorylated Bad is sequestered by the phosphoserine-binding protein, 14-3-
3, and thereby inactivated. Alternatively, the withdrawal of cytokine signals for cells

may induce apoptosis via dephosphorylation of Bad.



Extrinsic Pathway of Apoptosis

Although apoptosis can be triggered by a wide variety of stimuli, the signal
transduction pathways can be divided into two predominant types, the extrinsic and
intrinsic pathways (Figure 2) (21, 31). The extrinsic pathway is induced by stimuli at the
cell surface, typically involving death receptor ligands, and is frequently referred to as the
death receptor pathway. Conversely, in the intrinsic pathway, apoptosis is initiated by a
disturbance in intracellular homeostasis, which can be triggered by cell damage pathways
such as irradiation and growth factor deprivation. Since the mitochondria are essential
for execution of cell death in the intrinsic pathway, it also known as the mitochondrial
cell death pathway.

Among the death receptors that have been described, perhaps the best understood
extrinsic pathway is that involving the Fas receptor, which belongs to the Tumor Necrosis
Factor Receptor (TNF-R) family of death receptors (38). In this signaling pathway, Fas
Ligand binds to the Fas receptors, which are expressed on the cell surface of activated T
lymphocytes and induces apoptosis. This pathway is activated in virus-infected cells and
cancer cells, and it appears to play a role in the homeostatic maintenance of T and B cell
populations (21). Binding of the Fas Ligand activates the death receptor complex and
enables the adaptor protein, Fas Associated Death Domain (FADD), to bind to the
intracellular domain of Fas (22, 39). Death domains (DD) in the amino terminal region
of FADD and in the cytoplasmic region of Fas bind in a homotypic fashion to generate a
Fas Ligand/Death Receptor complex. This interaction results in the formation of the Fas
Receptor/FADD Adaptor complex, also referred to as the death-inducing signaling

complex (DISC), which initiates procaspase-8 binding to the adaptor protein through
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mutual death effector domains (DED) in the C-terminal region of FADD and the N-
terminal region of procaspase-8. When procaspase-8 is recruited to FADD, an
autoproteolysis step is initiated, resulting in the activation of caspase-8 (22). In turn, this
prompts the activation of downstream effector caspases (capsase-3, -6, and -7) and results
in the characteristic apoptotic phenotype — degraded cytoskeleton proteins (40) and
nuclear lamina (41). In addition, the downstream effector caspases trigger the nuclease
activity responsible for internucleosomal cleavage of DNA (17).

Caspase-8 has long been considered as the primary initiator caspase for the Fas
receptor pathway, yet recent literature indicates that caspase-10 may also function in the
initiation process (42-43). Research demonstrates that caspase-8 and caspase-10 can
function independently of one another, yet the kinetics for DISC recruitment and
processing of both caspases appear indistinguishable from each other. Furthermore,
caspase-10 is highly expressed in primary cells derived from the immune system, and the
studies suggest that caspase-10 is activated by self-aggregation, similar to the induced
proximity model for caspase-8 activation.

Another recent study suggests that there are two types of cell lines that engage in
distinctive CD95 (Fas) signaling pathways (44). When apoptosis was induced in type |
cells, large amounts of DISC were generated and directly activated caspase-8, without
inhibition of cell death by Bcl-2 proteins. In contrast to type I cells, activation of
apoptosis in type II cells was accompanied by a reduction in DISC formation and Bcl-2
proteins were shown to directly regulate the apoptotic process. In addition, there was
evidence that caspase-8 was not activated in type II cells until after modifications in the

mitochondrial transmembrane potential had occurred. However, both types of cell lines
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demonstrate similar kinetics of CD95-mediated apoptosis and both resulted in similar
mitochondrial changes. Therefore, the differences in these two cell lines cannot be
attributed to opposing means of mitochondrial activation; rather, they may differ in their
relative dependence on the mitochondria in the apoptotic cascade.

At present, only a limited number of cells have been classified as type I or type II
cells (31). Among these, peripheral T cells and thymocytes are characterized as type |
cells, whereas the liver and possibly neurons are described as type II cells. While
apoptosis in type I and type II cells are both stimulated by ligand binding to the death
receptors, the Bcl-2 family of proteins regulates the Fas pathway by activating the
downstream effector caspases via mitochondrial involvement following the binding of
FasL to the Fas death receptor in type Il mammalian cells (45). Hence, the extrinsic
pathway in type II cells recruits an intrinsic, mitochondrial pathway. Once caspase-8 is
activated in the death receptor pathway, it cleaves the Bcl-2 protein Bid, yielding a
truncated Bid (tBid) that subsequently binds to mitochondrial-bound Bcl-2 (Figure 2).
Binding of tBid to Bcl-2 inhibits the anti-apoptotic activity of Bcl-2 and promotes the
release of cytochrome ¢ from the mitochondria. Cytochrome c then combines with
procaspase-9, dATP, and Apoptosis Activation Factor (Apaf-1) to form a complex
termed the apoptosome (46). Formation of the apoptosome enables the activation of
caspase-9, which allows the downstream effector caspases-3, -6, and -7 to be activated as
well.

Anoikis, the loss of cell anchorage, has been shown to induce apoptosis and may
also be related to the Fas-receptor mediated signaling pathway (47). When anoikis

occurs in human endothelial cells, it leads to an increase in Fas and Fas-Ligand
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expression, while dramatically downregulating FLIP, an endogenous inhibitor of this
pathway. Furthermore, activation of the death receptor pathway may be a result of a
positive feedback mechanism. When intestinal epithelial cells undergo anoikis, caspase-
2, caspase-9, and cytochrome c are activated prior to activation of caspase-8. Although
the genetic mediators of anoikis are unknown, it appears that cellular detachment is a
critical event in the apoptotic pathway of some cell types.

Intrinsic Pathway of Apoptosis

Unlike the Fas pathway, the intrinsic, or mitochondrial pathway, has only recently
been described in terms of its contribution to apoptosis, and to date, its mechanisms are
less clear. Originally, collapse of the mitochondrial transmembrane potential, caused by
an uneven distribution of protons on both sides of the inner mitochondrial membrane,
was proposed to activate this pathway and was considered to be an irreversible step in
apoptosis (48). It is now believed that cytochrome c, an electron shuttle molecule that
participates in the oxidative phosphorylation pathway, is responsible for activating the
caspases that execute apoptosis (34). Although it has been shown that the disruption of
the mitochondrial transmembrane potential participates in apoptosis, it has also been
demonstrated that, in some cases, cytochrome c release from the mitochondria occurs in
the absence of transmembrane potential collapse (49-51).

Activation of the intrinsic pathway resembles the mitochondrial component of the
extrinsic pathway, since it involves the release of cytochrome ¢ from the mitochondria
and the formation of the wheel-shaped apoptosome (Figure 2). The apoptosome
possesses sevenfold symmetry and is comprised of cytochrome c, procaspase-9, dATP,

and Apoptosis Activation Factor (Apaf-1) (46, 52). Formation of the apoptosome
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triggers the activation of caspase-9, allowing the downstream effector caspase-3, and -7
to be activated as well. In turn, this promotes the activation of caspase-2, -6, -8, and -10,
which results in positive feedback signals that perpetuate the apoptotic cascade (34).

It is undisputed that Bcl-2 proteins regulate apoptosis at the level of the
mitochondria via the formation of homo and heterodimers between anti-apoptotic and
pro-apoptotic proteins. Nevertheless, much controversy exists regarding the means by
which this occurs at the molecular level. One model suggests that opening of the
permeability transition pore (PTP), a protein complex present at interaction sites between
the inner and outer mitochondrial membranes, results in the collapse of the
transmembrane potential, allowing for the release of proteins such as cytochrome c (53).
It has been postulated that members of the Bcl-2 Gene Family regulate the opening of the
PTP by interacting with components of the inner and outer mitochondrial membranes,
including the adenine nucleotide translocator (ANT) and the voltage-dependent anion
channel (VDAC) (34). Pro-apoptotic proteins such as Bax and Bak are believed to
induce PTP opening, whereas anti-apoptotic proteins, including Bcl-2 and Bcl-x;, prevent
the opening of the PTP.

Alternatively, a second model postulates that pro-apoptotic Bcl-2 proteins form
tetrameric channels that enable the release of proteins from the innermembrane space of
the mitochondria. Following the translocation of tBid to the mitochondria, it has been
shown that tBid promotes the release of cytochrome ¢ without disrupting the
transmembrane potential (50-51). Furthermore, tBid may also trigger the translocation
and oligomerization of Bax and Bak in the outer mitochondrial membrane, enabling Bax

and Bak to form ion channels (34). In contrast, anti-apoptotic proteins inhibit the
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conformational change and oligomerization of Bax and Bak, and thereby prevent the
formation of ion channels and the release of cytochrome c. Other pro-apoptotic proteins,
such as Bad and Bim, bind to anti-apoptotic Bcl-2 proteins and induce a conformational
change that transforms the anti-apoptotic activity of these proteins to that of pro-apoptotic
proteins involved in promoting apoptosis via ion channel formation within the
mitochondria.

Another constituent of mitochondria-activated apoptosis is the role of calcium
ions (Ca®) in the signal transduction pathway (54). Under normal conditions, Ca*"
cycles between the mitochondria and the endoplasmic reticulum (ER) by employing the
sarcoplasmic reticulum calcium ATPases (SERCA) that pump calcium ions into the ER.
An overexpression of SERCA increases levels of Ca’" in the ER and sensitizes the cells
to apoptosis. Research has linked the balance of anti-apoptotic and pro-apoptotic Bcl-2
proteins with the modulation of Ca®" load in the ER. For instance, increased levels of
Bcl-2 decreases the Ca®" content of the ER, thus protecting the cells from apoptosis.
Conversely, cell death is induced when there are substantial levels of Bax and Bak, which
promotes the movement of Ca*" into the mitochondria and may form tetrameric channels
in the mitochondrial membrane that promote the apoptotic cascade. Although there is
clearly a correlation between the levels of Ca*" in the ER and the mitochondria and their
effect on apoptosis, the mechanisms dictating these interactions are not completely
understood at this time.

Interactions of Cellular Pathways that Regulate Apoptosis

In addition to the death receptor signaling pathway, numerous other cellular

mediators act on the mitochondria to induce apoptosis, including ceramide, growth
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factors, and cellular products generated during irradiation. Ceramide is a membrane
sphingolipid that is involved in cell differentiation, proliferation, and cell death (55-56).
This sphingolipid is generated by various cellular processes, such as the hydrolysis of
sphingomyelin and metabolic reactions involving sphingosine. Additionally, there is a de
novo pathway of ceramide synthesis that is activated in response to chemotherapeutic
agents, Fas ligand, and TNF death receptor signaling, which leads to an elevation in the
levels of intracellular ceramide and the induction of apoptosis. Recent research suggests
that ceramide may exert its apoptotic effect upstream of Bcl-2 and executioner caspase-9
and -3 (57-58). Other evidence indicates that ceramide has downstream actions involving
the regulation of the Bcl-2 proteins at the level of the mitochondria (59).

Several growth factors have been shown to influence the mitochondrial activation
pathway of apoptosis. For example, treatment of myeloid cells with the hormone IGF-1
and cytokines IL-3 and IL-4 enhances cell survival by inhibiting capsase-3 activation
(60). In the absence of these factors, caspase-3 activation occurs and apoptotic cell death
ensues via the caspase signal transduction cascade. Furthermore, recent research has
indicated that growth factor withdrawal from IL-3-dependent lymphoid cells results in a
disruption in mitochondrial respiratory control (61). Specifically, this process impairs the
ADP/ATP cycle that is necessary for ion exchange, and leads to the overproduction of
reactive oxygen species (ROS), which elicit the activity of apoptotic mediators and
promote cell death (62).

Moreover, growth factor deprivation also plays a role in cellular pathways
involving p53, a tumor suppressor protein that functions as a transcriptional factor to

regulate cell growth, DNA repair, and apoptosis (3). Elevated levels of p53 are generated
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following DNA damage and act as transcriptional activators to increase the expression of
pro-apoptotic Bcl-2 proteins, such as Bax and Noxa (22, 63). These pro-apoptotic
proteins promote apoptosis by triggering the release of cytochrome ¢ from mitochondria.
Furthermore, p53 also engages in the extrinsic pathway by upregulating the expression of
Fas and DR5 Death Receptors. Interestingly, this p5S3-mediated induction of death
receptor expression can be accompanied by an activation of these receptors in the
absence of ligand binding. Nevertheless, with the addition of cytokines, namely IL-6,
p53-dependent apoptosis can be suppressed in myeloid cells (64).

When cells are exposed to irradiation, it promotes apoptosis by simultaneously
activating multiple signaling pathways, including the mitogen-activated protein kinase
(MAPK) cascade (65). The MAPK pathway consists of several cascades that are
characterized by protein kinase activity (66), including the JNK pathway that is believed
to participate in TNF induced apoptosis (67). In addition to irradiation, ceramides and
growth factors can also stimulate MAPK activity and, in turn, promote apoptosis.

Although apoptosis is a natural and often beneficial process, it must be held in
balance by cellular pathways that encourage cell survival. One means of promoting
survival is through the NFxB Kinase Cascade, which collectively comprises several
transcription factors that play a role in inflammation and regulation of the immune
response (38). In most cells, these factors exist in a latent form due to their association
with [-xB inhibitory proteins that influence their cytoplasmic location. After interacting
with TNF receptors, and in some cases CD95, certain [-kB proteins undergo
phosphorylation, which leads to the activation of NFkB. Subsequently, NFkB

translocates to the nuclease and initiates transcription of genes that participate in cell
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survival pathways (21). Conversely, inhibition of NFxB makes the cells vulnerable to
TNF-induced apoptosis.

While the extrinsic and intrinsic pathways, as well as the many other pathways
that influence cell death, are initiated by different mechanisms, they ultimately converge
to produce the characteristic morphological and biochemical alterations of apoptosis.
Furthermore, there is evidence that several of these pathways communicate upstream of
this convergence point. Thus, while these pathways are often described separately for
simplification, in reality, they are integrated in a complex manner, with the extent of their
relationship remaining a tangled web that has yet to be unraveled.

A1l Gene

A number of techniques have been employed to identify genes involved in
apoptosis, including the differential display methodology (68), which involves
amplification of cDNAs using arbitrary primers. In our laboratory, thymocytes were
treated with a glucocorticoid to induce apoptosis and the differential display technique
was used to identify a 479 bp product designated as A1 (69). An autoradiograph
demonstrating A1l expression at zero, one, and four hours following dexamethasone
treatment showed that its expression increased with time (Figure 3).

Furthermore, a ribonuclease protection assay (70) was used to confirm that A1l
expression was induced as a function of the apoptotic process (69). Thymocytes were
treated with either dexamethasone (a glucocorticoid) or A23187 (a calcium ionophore)
over a 0 to 6 hour time period. Both treatments revealed that A1 expression increased as
a function of time, with approximately a two-fold increase following dexamethasone

treatment and a six-fold increase following A23187 treatment (Figure 4).
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These preliminary data have provided potential insights into the role of the A1l
gene in apoptosis. Since A23187 dramatically stimulates A1 expression in thymocytes,
this gene may be regulated by means of an intracellular calcium-signaling pathway.
Moreover, these data indicate that A1 may be induced during the early phase of
apoptosis. When a nucleotide sequence analysis was performed (Figure 5) (69), it
revealed that A1 possesses a putative 82 amino acid open reading frame, which shares
limited homology with Bad (Figure 6), a pro-apoptotic regulatory protein belonging to
the Bcl-2 family.

mRNA Quantitation

In the current work, we were interested in using Competitive RT-PCR
methodology to analyze the expression of Al in bursal lymphocytes. Diverse techniques
have been used historically to measure mRNA expression, including Northern blots, dot
blots, and ribonuclease protection assays. Northern analysis (71) begins with the
separation of mRNA via denaturing gel electrophoresis, which is followed by transferring
the RNA of interest onto a membrane matrix via capillary action. A radiolabeled probe is
hybridized to the immobilized RNA on the membrane matrix. Autoradiography is then
performed to quantitate the hybridization signal. Dot blot analysis (72) resembles
Northern blot analysis, except that dilutions of the RNA samples are applied directly onto
a membrane under a negative pressure using a multiwell apparatus. Once the image is
captured by autoradiography, the degree of hybridization is quantitated by scanning
densitometry. As compared to dot blot analysis, Northern analysis is advantageous

because it provides an indication of the relative size of mRNA.
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Another technique that is used for mRNA quantitation is the ribonuclease
protection assay (70), which also involves hybridizing a radiolabeled probe to the RNA
samples. However, this hybridization step occurs in solution. The RNA is then subjected
to RNase digestion, in which the hybridized strands are protected from RNase action.

The products are subsequently electrophoresed on a denaturing polyacrylamide gel
(PAG) and autoradiography is performed to view the results. While Northern blot
analysis, dot blot analysis, and the ribonuclease protection assay are suitable for mRNA
quantitation, they require relatively large amounts of RNA and are less sensitive than
newer methodologies that utilize reverse transcription and the polymerase chain reaction
(RT-PCR) methodology to quantitate mRNA.

Competitive RT-PCR

One popular technique that is currently used to quantitate gene expression is
Competitive RT-PCR, which is variously termed RNA-phenotyping (73), RNA-PCR
(74), and message amplification phenotyping (75). The interest in this technique for
mRNA quantitation has increased because Competitive RT-PCR, unlike other methods,
enables the investigator to simultaneously examine many samples and/or many different
genes within the same sample (76). Furthermore, since it requires small amounts of
RNA, Competitive RT-PCR is a sensitive technique that permits gene expression analysis
of rare transcripts (76), such as Al.

Competitive RT-PCR involves six basic steps: RNA isolation, conversion of RNA
to cDNA via Reverse Transcriptase, amplification by the Polymerase Chain Reaction
(PCR), agarose gel electrophoresis analysis of PCR products, and quantitation of the

target RNA using an exogenous standard. Quantitation of mRNA using the Competitive
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RT-PCR technique relies on coamplification of a “standard” with the target gene in a
PCR reaction, thus fostering competition between the target and the standard for binding
of the PCR primers. To perform this competition reaction, the standard must possess
similar amplification efficiencies as the target and both should contain the same primer
template sequences. When Competitive RT-PCR was initially described (77-78), two
types of standards were used that differed slightly in size from the target gene. The first
type of standard was a genomic fragment of the gene of interest that contained a small
intron that produced a larger PCR product as compared to the target transcript.
Alternatively, a slightly smaller PCR standard could be generated by engineering a
cDNA with a unique restriction enzyme site that was digested with a restriction enzyme
prior to electrophoretic analysis. These minor modifications in size enabled the standards
to be distinguished from the target without altering the amplification efficiency. Using
these types of standards, Competitive RT-PCR was performed by adding various
dilutions of known amounts of the standard into a series of PCR reaction tubes all
containing equal amounts of the target cDNA.

Since the initial description of Competitive RT-PCR, many variations of this
technique have been developed. For instance, some researchers have reported adding
dilutions of the target to a fixed amount of the standard (79), whereas others investigators
have added the internal standard at the reverse transcription reaction rather than the PCR
reaction (80). Recently, a serial RT-PCR strategy has been developed that involves
adding a series of standards with different sizes and concentrations into one tube
containing a known amount of total RNA (81). This method is advantageous because

multiple RNA standards can be coamplified with the target RNA in a single tube.
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Traditionally, HPLC (82) or gel electrophoresis (83) has been used as an “end-
point” to measure the accumulation of PCR products. However, a more efficient method
known as “real-time” PCR, or Kinetic PCR, has been implemented in the quantitation of
mRNA levels (84). This technique involves the use of a gene specific “TagMan” probe
that consists of two fluorescent dyes, a 5’ reporter dye and a 3’ quencher dye. As long as
the probe integrity is maintained, the quencher dye quenches the reporter dye
fluorescence due to its physical proximity to the quencher dye. However, during PCR
amplification, the reporter dye is cleaved and thereby enables its fluorescent quantitation
with each PCR cycle. The exponential accumulation of the reporter dye during PCR
amplification is proportional to the initial amount of the target gene. Although “real-
time” PCR is a powerful tool for mRNA quantitation, the expense of both the equipment
and the probes limits its use for some laboratories.

Development of a Competitive RT-PCR Assay to Quantitate Gene Expression

Since the Competitive RT-PCR methodology is both cost efficient and sensitive,
we used this assay for mRNA quantitation of A1l. Development of a Competitive RT-
PCR assay involves a series of steps, starting with the isolation of total RNA. There are a
variety of ways to isolate RNA, but a common method involves the use of a guanidinium
lysis buffer (85). This solution is a chaotropic agent that disrupts cells, while
simultaneously inactivating RNases by inhibiting their tertiary structure, thus RNases
cannot compromise the integrity of the RNA sample while in solution. More recently,
the acid-guanidinium thiocyanate-phenol-chloroform extraction (86) technique was
developed as an efficient method for RNA isolation that enables the investigator to

simultaneously isolate DNA, RNA, and protein from the same biological source.
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Although the guanidinium thiocyanate method is very effective for RNA
isolation, minute amounts of DNA contamination may persist. If present in the RNA
sample, DNA contamination may contribute to an overestimation of mRNA expression
using the Competitive RT-PCR methodology. For more accurate results, RNA samples
should be treated with RNase-free DNase prior to RT-PCR (87).

In addition to the target RNA preparation, a standard must be generated for
Competitive RT-PCR assays. Many different types of standards have been reported (88-
90), but RNA standards are advantageous since they can be added to the reverse
transcription reaction. Homologous, external standards are especially beneficial because
they share the same primer binding sites as the target RNA, are most likely to share
similar RT and PCR efficiencies, and have the same sequence, except for a minor
mutation, insertion, or deletion (76). Typically, homologous standards are created by
inserting the standard cDNA into a plasmid, which contains a RNA polymerase promoter
that permits the in-vitro transcription of RNA standard transcripts. An insertion or
deletion of approximately 10% (91) is made to distinguish the standard RNA from the
target RNA (88).

Following RNA preparation, treatment with DNase, and construction of the RNA
standard, a reverse transcription reaction is performed to produce a single-stranded
complementary DNA copy (cDNA) of the RNA (92) using Reverse Transcriptase, a
retroviral enzyme that has RNA-dependent DNA Polymerase activity (76). An
oligonucleotide primer, such as oligo (dT) 2.1, is added to the reaction to initiate cDNA
synthesis (76). Once this primer anneals to the polyadenaylated 3’ tail of mRNA, the

cDNA is lengthened toward the 5’ end of the mRNA via Reverse Transcriptase. To
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normalize this reaction among samples, both the target RNA and the standard RNA are
added together in this reaction to enhance quantification of the target mRNA. Due to the
incredible sensitivity of the Competitive RT-PCR technique, small amounts of RNA can
be added to the reverse transcription reaction. There are reports indicating that amounts
as little as 0.5 attomol of target RNA can be detected by Competitive RT-PCR (93).

The polymerase chain reaction (PCR) (94-95) is used to exponentially amplify the
cDNA product. It is performed with successive cycles, each cycle consisting of three
fundamental components: sample denaturation, annealing of the primers, and elongation.
The denaturation step is performed at temperatures as high as 94°C to separate the double
stranded template so that primer binding is facilitated. In the annealing step, the primers
hybridize to the template within the range of 42-65°C, depending on the melting
temperature (T,) of the primers. A vital component of the annealing step is the primer
design, which is specific for the target and defines the size of the PCR product. Many
rules govern the design of adequate primers, namely the primers should share similar Ty,
and possess approximately a 50% GC content (96-97). The two primers used for PCR
are the upstream (forward) primer, which binds to the newly synthesized first strand
cDNA, and the downstream (reverse) primer, which binds to the 3’ end of the RNA
template. Finally, the elongation step occurs between 68-72°C and relies on Taq
Polymerase, a thermostable DNA Polymerase isolated from Thermus aquaticus (97).
Since this enzyme is active at very high temperatures, it is ideal for PCR amplification.

The accumulated PCR product must subsequently be separated so that the
standard and the target can be differentiated and quantified. As mentioned previously,

there are multiple techniques that can be used for “end-point” measuring, including
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HPLC and agarose gel electrophoresis. Agarose gel electrophoresis (83) is among the
most traditional means of detecting PCR products for quantitation, as it provides suitable
resolution and is relatively easy to perform. Following gel electrophoresis of the
samples, the gel is densitometrically scanned to obtain quantitative values for the target
and the standard PCR products. These values are then used to determine the ratios of the
target and standard, which are plotted on a double log scale graph against the amount of
standard added to the reverse transcription reaction. The relative amounts of PCR
products generated are dependent upon competition between the target and the standard
for PCR primers. Hence, the ratio between the standard and the target templates can be
used to estimate the amount of initial target in the sample when the amount of added
standard is known. Accordingly, as the amount of the standard levels increase, the
amount of the target signal decreases. Quantitation is then determined using the point
where the target and the standard ratio equal one, and ideally there will be data points
above and below this point and a line with a slope of one (76). If the slope is less than
one, the standard has a higher efficiency of PCR amplification. Conversely, if the slope
is greater than one, the target has a higher efficiency of PCR amplification. This strategy
was employed to develop a Competitive RT-PCR assay that was capable of measuring

Al transcripts in the range of 1 to 50 pg when 2.5ug of total RNA was added.



Table 1. Death Receptor Gene Family. Indicated below are members of the Death
Receptor Gene Family, homologues for each gene, and the putative ligand that binds to
the death receptor.

Gene Homologue Death Ligand
Fas Apo1, Cd95, APT1 FasL (CD95L)
TNF-R1 CD120a, p55-R, TNFAR, TNFR6G0 TNF
DR3 APO-3, TRAMP, WSL-1, LARD TWEAK (DR3L, Apo3L)
DR4 Apo2, TRAIL-R1 TRAIL (Apo2L)
DR5 TRAIL-R2, KILLER, TRICK2A, TRICKB TRAIL (Apo2L)
DR6 TR7 unknown

Locksley, 2001
Ozoren N, 2003
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Table 2. Adaptor Gene Family. Indicated below are several members of the Adaptor Gene
Family and their putative function in the apoptosis signaling pathway.

Gene Function
FADD Interacts with Fas to promote apoptosis
TRADD Interacts with TNF-R1 and recruits FADD to promote apoptosis
RIP Recruited through TRAF2 and implicated in NFkB inhibition of apoptosis
FLIP Interacts with DISC to prevent Caspase-8 activation and inhibition of apoptosis
TRAF2 Stimulate pathways that activate MAPK, which can promote or inhibit apoptosis

Ozoren N, 2003
Schulze-Osthoff, 1998
Gupta S, 2003
Krueger A, 2001



Table 3. Caspase Gene Family. Indicated below are the 14 members of the Caspase
Gene Family, the homologues of each caspase, and the putative function of each caspase.
In addition, the sequence of amino acids that represent the proteolytic cleavage site in
target proteins is indicated for each caspase.

Gene Homologue Function Cleavage Site
Caspase-1 ICE Cytokine Activation W/Y EHD
Caspase-2 ICH-1, Nedd2 Apoptosis Initiator DEHD
Caspase-3 CPP32, Yama, Apopain Apoptosis Effector DEHD
Caspase-4 ICErel Il, TX, ICH-2 Cytokine Activation W/Y EHD
Caspase-5 ICErel Ill, TY Cytokine Activation W/Y EHD
Caspase-6 Mch2 Apoptosis Effector I/L/V EHD
Caspase-7 Mch3, ICE-LAP3, CMH-1 Apoptosis Effector DEHD
Caspase-8 FLICE, MACH, Mch5 Apoptosis Initiator I/L/V EHD
Caspase-9 ICE-LAPG, Mch6 Apoptosis Initiator I/L/V EHD
Caspase-10 Mch4 Apoptosis Initiator I/L/V EHD

Caspase-11 ICH-3 Cytokine Activation unknown
Caspase-12 unknown Cytokine Activation unknown
Caspase-13 ERICE Cytokine Activation unknown
Caspase-14 MICE Cytokine Activation W/Y EHD

Nicholson DW, et al., 1999
Ashe PC, et al., 2003
Salvesen GS, 2002



Table 4. Bcl-2 Gene Family. Indicated below are Anti-apoptotic and Pro-
apoptotic members of the Bcl-2 Gene Family. The Bcl-2 homology

domains (BH1, 2, 3, and 4) are indicated for each gene.

Anti-apoptotic

Gene Domain(s)
Bcl-2 BH1, BH2, BH3, BH4
Bcl-XL BH1, BH2, BH3, BH4
Bcl-w BH1, BH2, BH3, BH4
Mcl-1 BH1, BH2, BH3, BH4
Boo/DIVA BH1, BH2, BH3, BH4
A1/Bfl-1 BH1, BH2, BH3, BH4
NR-13 BH1, BH2, BH3, BH4
Pro-apoptotic
Gene Domain(s)
Bax BH1, BH2, BH3
Bak BH1, BH2, BH3
Bok BH1, BH2, BH3
Bcl-XS BH3, BH4
Bid BH3
Bad BH3
Bik/Nbk BH3
Bim/Bod BH3
Blk BH3
Hrk BH3
Nix BH3
BNip3 BH3
Noxa BH3
PUMA BH3
Bcl-rambo BH1, BH2, BH3, BH4

Antonsson, 2001
Cory S, 2002
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Fas TNF-R1 TRAIL-R1/2

C C C
< Extracellular Cysteine-rich Domain

Transmembrane Domain
B Cytoplasmic Death Domain

Figure 1. Structures of Death Receptors. Death receptors are type-I transmembrane
proteins with an extracellular ligand-binding N-terminal region containing cysteine-rich
domains, a membrane spanning region, and a C-terminal intracellular tail containing the
death domain essential for signaling apoptosis. TNF-R1, tumor necrosis factor receptor
1; TRAIL-R1/2, tumor necrosis factor related apoptosis inducing ligand receptors 1 and
2. (Yoon J, 2002)



30

EXTRINSIC PATHWAY

FasL
Growth Factor Deprivation

Irradiation
Fas Receptor
INTRINSIC PATHWAY
ﬁ >
Caspase-8
FADD a — s — py — —>

ATP

Bid tBid
§ /{

[
o:.:- :: Cytochrome ¢

A <= <
Procaspase-3 ‘ [ Apaf-1

Procaspase-8

FLIP

Apoptosome ’ Procaspase-9

ﬂ
Caspase-3 *‘0 T

IAP
ﬂ — crma

Apoptosis

Figure 2. Extrinsic and Intrinsic Model of Apoptosis. In this example, the Fas death
receptor mediates apoptosis. Following Fas Ligand binding to the Fas death receptors,
the adaptor protein FADD interacts with Fas and initiates the activation of procaspase-8.
In turn, Active caspase-8 cleaves Bid to form tBid, which can now act at the level of the
mitochondria to promote the release of cytochrome c. Cytochrome ¢ then combines with
procaspase-9, Apaf-1, and ATP to form the apoptosome, which ultimately enables
activation of the downstream caspases that execute apoptosis. Growth factor deprivation
and Irradiation also activate the intrinsic pathway, while FLIP, IAP, and CRMA function
as inhibitors of this signaling pathway.
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Figure 3. Differential Display Autoradiograph of A1. Enlargement of a portion of the
differential display autoradiograph showing the expression of the differential display
product, Al. The primer combination E-T11-G/E-AP-8 (underlined) was employed in
the PCR amplification reaction. Differential display analysis was performed on duplicate
RNA samples from chicken thymocytes treated in vitro for 0, 1 and 4 h with 1 uM
dexamethasone. The differential display product Al is indicated by an arrow on the right
side of the figure. A radiolabeled 123 base pair marker is indicated on the left side of the
figure. (Thomson JM, 1997)
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Figure 4. Ribonuclease Protection Analysis of A1. Ribonuclease protection analysis was
performed using the radiolabelled A1 probe and RNA samples from chicken thymocytes
treated in vitro for 0, 0.5, 1, 2, 4, and 6 h with a control vehicle, 1 UM dexamethasone
and 1 uM A23187. Ribonuclease protection analysis of the radiolabelled A1 probe in the
presence (probe w/RNases) or absence (probe w/o RNases) of added RNases is shown on
the right side of the figure. Below the ribonuclease protection analysis is a Northern
analysis of the corresponding samples using chicken beta-actin as a radiolabelled probe to
confirm the normalization of RNA samples. These data are representative of three
replicated experiments. (Thomson JM, 1997)
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Figure 5. Nucleotide Sequence and Putative Open Reading Frame for A1. The
nucleotide sequence of the A1 display product is shown above (GenBank accession

Q K N s H L K I C s
CGTGAATTCGCGATGACTTGGCCAAAAAAACAGCCATTTAAAAATATGCA
E-AP-8
P D S ¢ E H C A T L R F G E L T
GCCCTGACAGCTGTGAACACTGTGCAACACTACGGTTTGGTGAACTGACC

G 6 VvV T N A F C R A M R S A L E s
GGAGGAGTAACAAATGCCTTTTGCAGAGCAATGCGGTCAGCACTCGAGTC

vV L G § A G P V S L Q T Q E P S F
AGTTCTTGGCAGTGCCGGCCCTGTTAGTTTACAAACCCAGCACCCTTCTT

P A A E A Q N C G F G S E L R R
TTCCTGCAGCTGAGGCACAAAACTGTGGCTTTGGCAGTGAGTTAACGAGG

vV G D V R § *
GTGGCGAGATGTGAGGTCATAAAATCAGCCGGTGACCTGGAATGCACTGGT
GTTTCCATTGCAGCCTTTGATGTGCATGGCTAAAACAGGGTACCAGEGGC

AGARTCCTCCAGTGACCTTCCAGGGCTGTCAGCTTCAGATTTGATTGTCT

TTTCTATTTGCAGGTAAAGAACCAAATATTTGGGCTGCAAAGGTCTGTAA

GCAATTTGCCAAAAAAAAAAAGAATTCCG

E-T,,-G
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number U93865). The gene fragment is 479 nucleotides in length and is presented in the

sense orientation 5°-3” with the primer set E-AP-8 (modified arbitrary decamer) and E-

T11-G (modified degenerate oligo-dT) shown (underlined) flanking the amplified region.
A putative open reading frame (ORF) consisting of 82 amino acids is indicated above the

nucleotide sequence. The * indicates the putative stop codon. (Thomson JM, 1997)
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A)
Al: 1 QXNSHLKICSPFDSCEH...CATLR..... FGE.::icus. LTGGVTNAFCR 35
+ +S ++I++ +++E+ +AT R ++E +G +++++ +
Bad: 29 AAQSMFQIPEFEPSEQEDASATDRGLGPSLTEDQPGPYLAPGLLGSNIHQ 88
36 AMRSALESVLGSAGPVSLQTQHPSFPAAEAQNCG................ 69
+ R+A +S G+AG+++ +++H+S+PA+++++ G
89 QGRAATNSHHGGAGAMETRSRHSSYPAGTEEDEGMEEELSPFRGRSRSAP 138
70 ipusssws FGSELRRVGD 79
+G+ELRR++D
139 PNLWAAQRYGRELRRMSD 156
B)
BH1
Bcl-2 (Human) 144 WGRIVAFFE- 152
Bax (Human) 107 WGRVVALFY- 115
Ced-9 (C.elegans) 168 YGRLIGLIS- 176
Bad (Mouse) 147 YGRELRRMSD 156
Al (Chickern) 70 FGSELRRVGD 79

Figure 6. Analysis of the Putative Open Reading Frame of A1. (A) The Bestfit
alignment of the 82 amino acid predicted ORF of A1 with the mouse protein, Bad.
Identical amino acids are denoted by letters and the + denotes conservative amino acid
substitutions. (B) The alignment of A1 with Bad and other Bcl-2 gene family members
in the region of the BH1 domain. The underlined amino acids are highly conserved in
this region. The flanking numbers denote amino acid positions of respective proteins and
dashes in the amino acid sequence denote computer generated gaps that maximize
alignment of the proteins. (Thomson JM, 1997)
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CHAPTER 2
MATERIALS AND METHODS

Bursal Lymphocyte Cell Culture

Primary cultures of bursal lymphocytes were prepared from three-six week old
broiler chicks as previously described (98). The tissue was aseptically removed from the
chicken, minced in 4°C DMEM (Dulbeco’s Modified Eagle’s Medium), and gently
homogenized using a loose fitting, glass homogenizer. The tissue was then filtered
through 100 um nylon mesh, centrifuged at 1200 g for five minutes at 4°C, and then
resuspended in DMEM. These same filtration, centrifugation, and resuspension steps
were repeated and the cell concentration was determined using a Coulter Counter Model
F (Beckman Coulter, Fullerton, CA). The isolated lymphocytes were cultured in 80 mm
petri dishes at 37°C in a humidified 5% CO, atmosphere. The cells were cultured at a
concentration of 1.5 x 10° cells/ml in 15 ml of DMEM supplemented with 5% heat-
inactivated newborn calf serum, 5% heat-inactivated chicken serum, 4.5 mg/ml glucose,
50 pg/ml streptomycin sulfate, and 50 units/ml penicillin.

RNA Isolation

Total RNA was isolated from cultured cells (86) using the TRIZOL Reagent (Life
Technologies, Gaithersburg, MD) according to the manufacturer’s instructions.
Approximately 2 x 10’ lymphocytes were mixed with one ml of TRIZOL Reagent and
centrifuged at 12,000 g for 10 minutes at 4°C. The supernatant fraction was extracted

with chloroform, followed by the addition of isopropyl alcohol to precipitate the RNA in
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the aqueous fraction. The sample was centrifuged at 12,000 g for 10 minutes at 4°C, and
the RNA pellet was stored in 75 % ethanol at -20°C. Prior to use, the RNA pellet was
solubalized in nuclease-free water.

DNase Treatment

To remove contaminating DNA in the RNA samples, they were treated with
DNase prior to the Competitive RT-PCR reaction (99). First, the samples were heated at
95°C for three minutes in the presence of 0.1 mM EDTA to dissociate DNA/RNA hybrid
strands and then chilled on ice for 3 minutes. The contaminating DNA was subsequently
removed using a DNA-free™ kit (Ambion, Austin, TX). The samples (25-130 ug of
RNA in a volume of 25 pul) were incubated in a DNase Enzyme Mixture (Ambion,
Austin, TX) at 37°C for one hour. To remove the DNase enzyme, 5 [l of the DNase
Inactivation Reagent (Ambion, Austin, TX) were added and the samples were centrifuged
for one minute at 10,000 g to pellet the inactivation reagent. The DNA-free RNA in the
supernatant fraction was transferred into another tube and quantitated
spectrophotometrically.

cDNA Synthesis

The initial step in the Competitive RT-PCR analysis was a reverse transcription
reaction designed to produce cDNA (92). This step was performed using a 2.5 pg aliquot
of DNA-free RNA sample that had a known amount (1, 10, or 50 pg) of the RNA
standard added (the method for generation of the RNA standard is described below). The
RNA template was combined with 0.25 pg oligo dT (T;s), 0.5 mM dNTP, and 1 ug
random hexanucleotides, in a total reaction volume of 20 pl. The samples were then

incubated at room temperature for 10 minutes, followed by 65°C for five minutes and 4°C
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for two minutes. Subsequently, the samples were equilibrated at 42°C for two minutes,
and the following reagents were added to each sample: RT Synthesis Buffer (50 mM
Tris-HCI pH 8.3, 75 mM KCl, 3 mM MgCl,, and 10 mM DTT), 20 units RNasin
(Promega, Madison, WI), and 100 units of Superscript Il RNase H™ RT (Invitrogen,
Carlsbad, CA). The reverse transcription reaction was performed by incubating the
samples at 42°C for 30 minutes, followed by 50°C for 20 minutes and 70°C for 15
minutes.

Polymerase Chain Reaction

Following the cDNA synthesis reaction, PCR amplification of the A1 transcripts
was performed using the Hot Start PCR method (100). Each PCR reaction contained
20mM Tris-HCI (pH 8.4), 50 mM KCl, 15 mM MgCl, 0.2 mM dNTP, 5 pl of the newly
generated cDNA, 5 units SureStart® 7ag DNA Polymerase (Strategene, La Jolla, CA),
0.2 uM downstream primer, and 0.2 uM upstream primer, in a total reaction volume of
50 ul. PCR amplification involved an initial 15 minute incubation at 94°C to activate the
Hot Start Taq Polymerase, followed by 30 cycles at 94°C for 30 seconds, 58°C for 30
seconds, and 68°C for two minutes. A final PCR cycle was performed at 68°C for five
minutes. An Amplitron II (Barnstead Thermolyne Corporation, Dubuque, 10)
thermocycler was used to execute all PCR reactions.

The primers used for PCR amplification were selected from the coding region of
the A1 display product (69). The nucleotide sequence of the forward primer
(A1.4/GSP/F) is 5~ AGTAACAAATGCCCTCTGC -3’ and the reverse primer
(GSP/A1/RT) is 5’-AAGGTCACTGGAGCATTCTG-3’. Using these primers, an Al

PCR product of 264 base pairs was generated and a 206 bp AA1 (standard) PCR product
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was generated. Both of these primers were synthesized by the University of Georgia
Molecular Genetics Instrumentation Facility, as were the primers used to generate the
RNA standard for the Competitive RT-PCR assay.

Agarose Gel Electrophoresis

A 15 pl aliquot of the PCR reaction mixture was electrophoresed on a 2.5 %
ethidium bromide stained agarose gel, and densitometric scanning of the agarose gel was
performed using a Gel Doc 1000 Image Analysis System and Molecular Analyst software
(BioRad Laboratories, Herculues, CA). The densitometric scanning was further used to
obtain values for each agarose gel band, with the top band representing the transcript
signal (T) and the bottom band representing the standard signal (S). For each sample, a
T/S ratio was calculated and plotted on a double log graph against a known amount of the
standard (1, 10, and 50 pg). Quantitation was then determined at the point where the
target and the standard were equivalent.

Generation of the Competitive RNA Standard

For the quantitation of endogenous A1, an exogenous A1 transcript was needed to
serve as a standard in the Competitive RT-PCR assay. To prepare the Al standard, the
Al display product was cloned into a pGEM-T vector (Promega, Madison, WI) using a
T/A cloning strategy (101). The plasmid DNA from the pPGEM-T/A1 construct was
subsequently isolated using the Wizard Plus Minipreps DNA Purification System
(Promega, Madison, WI) and served as a template for generating the exogenous Al
standard (AA1) (Figure 7). Since A1l possesses an endogenous Bst E II restriction site at
position 331, a second Bst E 1II restriction site was introduced at position 390 via PCR

amplification using the conditions mentioned previously. Using the A1.4/GSP/F (5°-



39

AGTAACAAATGCCCTCTGC-3’) and GSPA1/BSTE (5°-
AAGGTCACTGGAGCATTCTGCCCCTGGTCACCCTGTTTTAGCC-3’) primer
combination, a C was added at position 393 to generate the second Bst EII restriction site
(Figure 8). Consequently, a PCR product was generated that contained two Bst EII
restriction sites spaced 58 nucleotides apart. This PCR product was then T/A cloned into
a pGEM-T vector (Promega, Madison, WI) to create a pPGEM-T/A1-BstEII construct.
This construct was subsequently digested with Bst E II to remove the 58 bp intervening
sequence and a ligation reaction was then performed to generate pPGEM-T/AA1. This
construct was subsequently linearized with Nco I and used as a template to generate a
AAT1 transcript using SP6 RNA Polymerase (Promega, Madison, WI). This AA1
competitor transcript is approximately 22% smaller than the endogenous A1 transcript.

Analysis of A1 Expression in Avian Tissues

To analyze A1 expression in various avian tissues, approximately 100 mg of each
tissue (bursa, thymus, brain, spleen, kidney, heart, liver, testes, breast muscle, pancreas,
small intestine) were collected from three-six week old broilers and immediately
homogenized in the TRIZOL Reagent (Life Technologies, Gaithersburg, MD).

Following RNA isolation, each tissue was treated with RNase-free DNase. RNA samples
(2.5 ng) were reverse transcribed in the presence of 1, 10, or 50 pg of AA1. PCR was
performed to amplify the cDNA and agarose gel electrophoresis was used to analyze the
Al and AA1 PCR products. The expression of A1 was quantitated by plotting the T/S
ratio for each dose of the AA1 standard. Three replicates of each tissue sample were

performed using three separate birds.
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Time Course of A1 Expression in Cultured Bursal Lymphocytes

A time course (0, 1, 2, 4, 6, and 8 hours) was performed to examine the
expression of Al in cultured bursal lymphocytes undergoing apoptosis. Primary cultures
of bursal lymphocytes were prepared from three separate birds as previously described.
For each time point, total RNA was isolated from triplicate cell culture dishes containing
bursal lymphocytes that were pooled together from a single bird. The RNA samples were
subsequently analyzed for Al expression using the A1 Competitive RT-PCR assay.

Thus, for each time point, Al expression was analyzed in bursal lymphocytes generated
from three separate birds and this experiment was performed two times.

Time Course of Cell Viability in Cultured Bursal Lymphocytes

A time course (0, 1, 2, 4, 6, and 8 hours) was performed to analyze cell viability
in cultured bursal lymphocytes undergoing apoptosis. Primary cultures of bursal
lymphocytes were prepared from three separate birds as previously described. For each
time point, duplicate samples were obtained from one cell culture dish per bird. Bursal
lymphocytes were subsequently stained with 0.1 % trypan blue in PBS for five minutes.
One hundred cells were counted for each sample and the percentage of viable cells that
excluded the dye was then ascertained. Hence, for each time point, bursal lymphocyte
viability was determined for each of the three birds.

Time Course of Caspase-3 Activity in Cultured Bursal Lymphocytes

A time course (0, 1, 2, 4, 6, and 8 hours) was performed to analyze Caspase-3
activity in bursal lymphocytes undergoing apoptosis. Primary cultures of bursal

lymphocytes were prepared from three birds as previously described. For each time
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point, the cells (1.5 x 10° cells/ml in 15 ml of DMEM) from one culture dish per bird
were lysed in a buffer containing 10 mM HEPES (pH 7.5), 5 mM MgCl,, 1 mM EDTA,
0.1% CHAPS, 20 pg/ml leupeptin, 10 ug/ml pepstatin, 1 mM AEBSF, and 10 pg/ml
aprotinin. The samples were centrifuged at 15,000 g for 15 minutes at 4°C and the
supernatant fraction was recovered and stored at —20°C. Duplicate 10 pg aliquots of
lysate were incubated for two hours at 37°C in an assay buffer containing the following:
100mM HEPES (pH 7.5), SmM DTT, 10% sucrose, 0.1% CHAPS, and 16 uM caspase
substrate (Ac-DEVD-p nitroaniline). The Lowry procedure (102) was used to determine
the protein concentrations of the cell lysates, with bovine serum albumin as the protein
standard. The relative amount of p-nitroaniline released as a result of caspase activity
was quantitated by measuring the optical density at 400 nm. The caspase-3 activity was
expressed as UM p-nitroaniline released per 10 ug cell lysate protein per hour. Thus, for
each time point, Caspase-3 activity was analyzed in bursal lymphocytes generated from
three separate birds.

Treatment of Bursal Lymphocytes with the Phorbol Ester PDBu

To analyze the effect of a phorbol ester on A1 expression, bursal lymphocytes
were subjected to in vitro treatment with Phorbol Dibutyrate (PDBu) for 0-8 hours.
Primary cultures of bursal lymphocytes were prepared from three separate birds and
treated with 100 nm PDBu. For each time point, total RNA was isolated from triplicate
cell culture dishes containing bursal lymphocytes that were pooled together from one
bird. Subsequently, the RNA was analyzed using the A1 Competitive RT-PCR assay,

where each time point was generated from three separate birds.
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Statistical Analysis

The data are presented as the mean + one standard deviation. ANOVA was
performed using the General Linear Model, and Duncan’s Multiple Range Test was used
to determine statistically significant differences among the means. A P value of < 0.05

was considered significantly different.
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Figure 7. Generation of pPGEMT/AAT1 Construct. The A1 differential display product
was ligated into the pGEMT vector to generate the pGEMT/A1 construct (upper panel).
This construct was used as a template to generate the pPGEMT/A1-Bst EII construct that
contains 2 Bst EII sites in the Al gene (middle panel). The pGEMT/A1-Bst EII plasmid
was digested with Bst EII to remove the 58 bp fragment between the two Bst EII sites
and religated to form the pGEMT/AA1 construct (bottom panel).
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5’ —TTG TGT GAA TTG TAA CGG ATA ACA ATT TCA CAC AGG AAC CAG

CTA TGA CCA TGA TAC GCA AGC TAT TTA GGT GAC ACT ATA GAA TAC

TCA AGC TAT GCA TCC AAC GCG TTG GGA GCT CTC CCA TAT GGT CGA

CCT GCA GGC GGC CGC ACT AGT GAT TAG TAA CAA ATG CCC TCT GCA
A1.4/GSP/F

GAG CAA TGA GGT CAG CAC TGG AGT CAG TCC TGG CAG TGC CGG CCC

TGC TAG TTT ACA AAC CCA GCA CCC CTC CTC TCC TGC AGC TGA GGC

ACA AAA CTG TGG CTT TGG CAG TGA GTT AAG GAG GGT GGG AGA TGT

GAG GTC ATA AAG TCA CCC GGT GAC CTG GAA TGC ACT GGT GTT TGC

ATT GCA GCC TTT GAT GTG CAT GGC TAA AAC AGG GTA CCA GGG GCA

7

GAA TGC TCC AGT GAC CTT ATC CCG CGG CCA GGC GGC CGG GAG CAT
GSP/A1/RT

GCG ACG TCG GGC CCA ATT CGC CCT ATA TGA GTC GTATAC AAC-3’

Figure 8. The Nucleotide Sequence of A1 Demonstrating the Generation of the AA1
Construct. The AA1 construct was generated by introducing a second Bst EII restriction
site via PCR amplification and performing a restriction digest with the Bst EIl enzyme.
The arrow indicates where a C was added to create the new Bst EII restriction site. The
58 bp sequence between the two Bst EII restriction sites (highlighted) was removed to
generate a construct termed AA1.
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CHAPTER 3
RESULTS

Validation of Competitive RT-PCR Assay

To determine the optimal range of AA1 required for A1 quantitation in the
described experiments, a 2.5 g aliquot of total RNA isolated from bursal lymphocytes
was coamplified with a dilution series of the AA1 standard (0, 0.5, 1, 10, 50, 100, and
1000 pg). As shown in Figure 9, the relative intensity of the AA1 standard signal
increased as the target Al signal decreased. This interaction is a function of the
competition between the target and the standard for primer binding during PCR
amplification. When 2.5 ng of total RNA are used in this assay, Al can be quantitated
from 0.5 pg to 1000 pg. The equivalence point, which is approximately 10 pg, is used to
quantitate the amount of endogenous A1 mRNA. For the experiments described herein,
1, 10, and 50 pg of the AA1 standard were selected for the Competitive RT-PCR assay so
that amounts above and below this relative equivalence point could be analyzed.

To further validate the Competitive RT-PCR assay, varying amounts (1, 2.5, and
5 ng) of total RNA from bursal lymphocytes were analyzed for the A1 transcript in the
presence of 1, 10, and 50 pg of the AA1 standard (Figure 10). Similar to the dose
response of AA1 in Figure 9, the same relationship exists between the standard and the
target RNA; as the intensity of the AA1 signal increases, the target A1 RNA signal
decreases. For each dose of total RNA, the amount of A1 was determined by calculating

the T/S ratio (Target/Standard ratio) in the presence of 1, 10, and 50 pg of AA1. When 1,
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2.5, and 5 ug of total RNA were analyzed by the Competitive RT-PCR assay, 2.9, 6.2,
and 12.4 pg of A1 transcript were detected, respectively. These data demonstrate a
proportional dose response for the amount of total RNA and the amount of A1 transcripts
detected. Furthermore, these data indicate that 2.5 pg of total RNA was sufficient to
analyze A1 transcripts over a range of 1 to 50 pg.

Since it is known that DNA contamination of RNA preparations may lead to
erroneous quantitation of transcripts using the Competitive RT-PCR assay, a DNase
treatment protocol was developed to test its effectiveness at removing DNA in RNA
samples (data not shown). The results revealed that contaminating DNA was virtually
eliminated when RNA was treated with RNase-free DNase. Several controls were
consistently implemented throughout the experiments to confirm that the Competitive
RT-PCR assay was quantifying only A1 RNA transcripts and not contaminating DNA.
These controls included samples that were treated with and without DNase, and the
cDNA synthesis reaction was performed in the presence and absence of reverse
transcriptase.

Expression of the A1 Gene in Avian Tissues

The A1 Competitive RT-PCR assay was used to analyze the relative level of Al
expression in various tissues. As shown in Table 5, the levels of A1 expression in all
tissues examined were either below or near the threshold of detection using the A1l
Competitive RT-PCR assay. In the bursa, thymus, testes, and small intestine (jejunum),
less than 1 pg of A1 was detected; whereas, in the breast muscle approximately 1 pg of
Al was detected. Conversely, the Al transcript was undetectable in the kidney, heart,

brain (cerebrum), liver, pancreas, and spleen.
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Time Course of A1 Expression in Cultured Bursal Lymphocytes

A time course experiment was performed to examine the expression of Al in
cultured bursal lymphocytes undergoing apoptosis. In this model, apoptosis is activated
by an endogenous mechanism when these lymphoid cells are isolated from the intact
bursal environment (103). Bursal lymphocytes were cultured in vitro for 0, 1, 2, 4, 6, and
8 hours and the isolated RNA was analyzed using the A1 Competitive RT-PCR assay
(Figure 11). After 1 hour of incubation, A1 expression was elevated over five-fold
compared to levels at 0 hour. The expression of Al then declined at 2, 4, 6, and 8 hours
to levels below those detected at 1 hour.

Time Course of Cell Viability in Cultured Bursal Lymphocytes

To examine the viability of cultured bursal lymphocytes over this time course,
cell viability was determined using the trypan blue exclusion assay as previously
described (103). These results (Figure 12) indicate that the cells were over 95 % viable
from 0 to 6 hours; however, a decline in cell viability was noted at 6 (88%) and 8 (86%)
hours. This decline in lymphocyte viability at 6 and 8 hours may correspond to changes
associated with cells undergoing the latter stages of apoptosis. However, the cell
viability remained high during the first several hours of incubation period when A1
expression dramatically increased.

Time Course of Caspase-3 Activity in Cultured Bursal Lymphocytes

To validate that the lymphocytes were actually undergoing apoptosis in these
experiments, a Caspase-3 assay was performed, since expression of this proteolytic

enzyme is considered to be a hallmark of apoptosis (4). Bursal lymphocytes were
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collected from three birds and grown in cell culture for 0 to 8 hours. Following the
incubation period, cell lysates were prepared and Caspase-3 activity was determined
(Figure 13). The relative level of Caspase-3 activity is low at 0 hour and increases
approximately six-fold at 1 hour. From 2-8 hours, Caspase-3 activity remained at levels
approximately 9-12 fold higher than levels detected at 0 hour. These results clearly
indicated that the cells were undergoing apoptosis in these time course experiments.

Treatment of Bursal Lymphocytes with the Phorbol Ester PDBu

Bursal lymphocytes were treated in vitro with Phorbol Dibutyrate (PDBu), a
known inhibitor of apoptosis, to examine the effect of this agent on A1 expression. As
shown in Figure 14, A1 expression was elevated after 1 hour of PDBu treatment and
maintained this relative level of expression after 4, 6, and 8 hours of treatment. The
pattern of Al expression following PDBu treatment is markedly different when compared
to cells that lack this treatment (Figure 11). After 1 hour of phorbol ester treatment, A1l
expression was elevated approximately two-fold (15 pg); whereas, in the absence of this
treatment, A1 expression was elevated approximately five-fold (26 pg). Thus, it would
appear that PDBu treatment may blunt the elevated expression of A1l that was detected in

the absence of this treatment.



Table 5. Analysis of A1 Expression in Avian Tissues. The
Competitive RT-PCR assay was used to analyze the level of A1
expression in a 2.5 pug aliquot of total RNA from various avian tissues.
These data are representative of 3 separate birds.

Tissue Level of A1 (pg)
Bursa <1
Thymus <1
Brain Undetectable
Spleen Undetectable
Kidney Undetectable
Heart Undetectable
Liver Undetectable
Testes <A1
Breast Muscle 1.24
Pancreas Undetectable
Small Intestine <1




50

2.5 ug of Total RNA

AAl (pg) O 0.5 1.0 10 50 100 500 1000

Figure 9. Dose Response of the AA1 Standard in the Competitive RT-PCR Assay. The
ethidium bromide stained agarose gel shown above demonstrates the competition for
PCR amplification between the target Al transcript (upper band) and the AA1 standard
(lower band). Total RNA (2.5 pg) isolated from bursal lymphocytes was coamplified
with various amounts of AA1 (0, 0.5, 1, 10, 50, 100, or 1000 pg). For this sample, the
ratio between the target and standard was equivalent at approximately 10 pg.
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1 ug 2.5ug S5ug

AAl (pg) 1 10 50 1 10 50 1 10 50

Figure 10. Dose Response of Total RNA in the Competitive RT-PCR Assay. The
ethidium bromide stained agarose gel shown above further demonstrates the competition
for PCR amplification between the target A1 transcript (upper band) and the AA1
standard (lower band). The AA1 standard (1, 10, or 50 pg) was coamplified with varying
amounts of total RNA (1, 2.5, or 5 ug) isolated from bursal lymphocytes. In this dose
response experiment, 2.9, 6.2, and 12.4 pg of the Al transcript were detected in 1, 2.5,
and 5 pg of total RNA, respectively.
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Figure 11. Time Course of A1 Expression in Cultured Bursal Lymphocytes. Freshly
isolated bursal lymphocytes were cultured in vitro for 0, 1, 2, 4, 6 and 8 hours. Total
RNA was then isolated and analyzed using the Competitive RT-PCR assay. The level of
A1 expression is expressed in picograms on the Y-axis. The data represent the means =+ 1
standard deviation from six birds in two separate experiments. Means having different
letters (a-d) indicate a significant difference at the P < 0.05 level.
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Figure 12. Time Course of Cell Viability in Cultured Bursal Lymphocytes. Freshly
isolated bursal lymphocytes were cultured in vitro for 0, 1, 2, 4, 6, and 8 hours. The cells
were then analyzed for cell viability using a trypan blue exclusion assay. The percentage
of viable cells is shown on the Y-axis. The data represent the means * 1 standard
deviation from three birds. Means having different letters (a-c) indicate a significant
difference at the P < 0.05 level.
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Figure 13. Time Course of Caspase-3 Activity in Cultured Bursal Lymphocytes. Freshly
isolated bursal lymphocytes were cultured in vitro for 0, 1, 2, 4, 6, and 8 hours. Cell
lysates were prepared and Caspase-3 enzyme activity was determined. The results are
presented as UM Nitroaniline/10ug lysate protein/hr on the Y-axis. The data represent
the means + 1 standard deviation from three birds. Means having different letters (a-c)
indicate a significant difference at the P < 0.05 level.
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Figure 14. Treatment of Bursal Lymphocytes with PDBu. Freshly isolated bursal
lymphocytes were cultured in vitro for 0, 1, 4, 6 and 8 hours in the presence of 100 nm
PDBu. Total RNA was then isolated and analyzed for A1 expression using the
Competitive RT-PCR assay. The level of Al expression is expressed in picograms on the
Y-axis. The data represent the means + 1 standard deviation from three birds. Means
having different letters (a-c) indicate a significant difference at the P < 0.05 level.
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CHAPTER 4
DISCUSSION

Al was initially identified as a differential display product that was detected in
thymocytes undergoing apoptosis (69). When A1 expression was analyzed via a
ribonuclease protection assay, elevated levels of Al transcripts were detected near the
onset of thymocyte apoptosis and continued to increase as a function of time. In the
current study, a Competitive RT-PCR assay was developed to analyze A1l expression in
bursal lymphocytes undergoing apoptosis. This sensitive assay can readily detect
picogram levels of Al transcripts (Figures 9 and 10). Furthermore, the in vitro culture of
bursal lymphocytes represents an ideal model to analyze A1 expression in apoptotic cells.
This primary cell culture system maintains a relatively high level of cell viability over the
8 hour time course in which cells are analyzed (Figure 12), and cells that are undergoing
apoptosis express Caspase-3 activity, a definitive marker of apoptosis (Figure 13) (103,
104).

When the Competitive RT-PCR assay was used to analyze the expression of Al
in various avian tissues, the levels of Al transcripts were either very low or virtually
undetectable (Table 5). This finding is consistent with the concept that A1 expression is
associated with the onset of apoptosis. Since the cells in these tissues were not
undergoing apoptosis, the levels of Al transcripts were very low. Conversely, basal
levels of A1 expression in cultured bursal lymphocytes were higher than the levels

detected in freshly collected whole tissues. These higher levels of A1 expression may
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reflect the activation of apoptosis in a small population of cells during the lymphocyte
isolation procedure.

When A1 expression was analyzed in bursal lymphocytes undergoing apoptosis
over an eight hour time course, there was a dramatic elevation of A1 transcripts after one
hour of incubation (Figure 11). This observation is similar to that noted for the time
course of thymocyte apoptosis (69) and is consistent with the hypothesis that A1
expression is associated with the activation of apoptosis. However, this initial surge in
A1 expression is followed by a rapid decline in the level of these transcripts at 2 and 4
hours. This pattern of Al expression may indicate that it is a transient signal that
activates apoptosis or it is a message that is rapidly degraded as a function of time in cells
undergoing apoptosis. In contrast, A1 expression in thymocytes appears to increase as a
function of the apoptotic process (69).

The signaling mechanism that initiates the endogenous activation of apoptosis in
cultured bursal lymphocytes is unknown. However, one potential explanation for this
phenomenon is that isolated bursal lymphocytes lack the stimulation by paracrine factors
that are secreted from the bursal epithelium. This concept is supported by studies with
prostatic epithelial cells and uterine epithelial cells that undergo apoptosis in the absence
of gonadal steroids (105, 106). Furthermore, primary cultures of neurons die after the
withdrawal of nerve growth factors (107). Thus, the deprivation of paracrine factors
originating from the bursal epithelial may be a critical signal that activates A1 expression
and initiates the apoptotic cascade in bursal lymphocytes.

Assuming that a surge in A1 expression is a potent activator of apoptosis, then it

would be predicted that agents that protect cells from undergoing apoptosis would
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moderate the expression of Al. The phorbol ester PDBu has previously been shown to
inhibit apoptosis in this model system (103). In this study, the magnitude of A1l
expression at 1 hour was blunted when bursal lymphocytes were subjected to PDBu
treatment, suggesting that phorbol esters can activate signaling pathways that regulate Al
expression and activation of apoptosis. Previous research has shown that PDBu activates
the protein kinase C-signaling pathway (108). It performs this action by directly binding
to protein kinase C without the involvement of cell surface receptor components. In
addition, PDBu also binds to calcium and phosphotidylserine to form an activated protein
kinase complex. This complex then initiates a protein phosphorylation cascade that
allows phosphorylation of transcriptional factors that alter gene expression, and
consequently, alters cellular function (109). Previous research suggests that a protein
kinase C pathway mediates the endogenous activation of bursal lymphocytes (103).
Since the expression of Al was increased following endogenous activation of apoptosis
and was moderated when treated with PDBu, A1 may also be influenced by the protein
kinase C pathway.

The data presented herein indicate that A1 plays a role in the activation of
apoptosis in bursal lymphocytes. Since Al expression may be implicated in the early
phases of apoptosis, it may act at the level of the death receptors to activate the apoptotic
process. Further elucidation of the functional role of A1 in apoptosis will require the
isolation of full length cDNAs that encode Al. This data may help to identify

homologues whose cellular function has been previously characterized.
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