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ABSTRACT
Interleukin 2 (IL-2), one of the most important lymphokines sccreted by activated helper T-cells,
plays a pivotal role in the generation and regulation of the immunc response. The role of protein
kinase C (PKC) in the signal transduction of IL-2 and the mechanisms of PKC activation were
. investigated in the cytotoxic T-cell line, CTLL-2. It was initially cstablished that CTLL-2 cells
constitute 2 relevant in vifro model to study the role of PKC in IL-2 signaling. It was demonstrated
that IL-2 is critical for CTLL-2 cell survival and cytolytic activity. It was then shown that CTLL-2
cells possess measurable levels of PKC activity and this activity was responsive to IL-2
withdrawal and addition. The IL-2 stimulated PKC activation was not due to the PKC
translocation from cytosol to the membrane, but rather from the activation of inactive PKC already
resident on membranes. Secondly, it was demonstrated that IL-2’s ability to maintain ccll viability
was dependent on PKC activity since specific PKC inhibitors were able to block IL-2’s ability to
suppress apoptosis. It was also shown that an early and transient PKC activation was nceded for
the IL-2 induced suppression of apoptosis. Finally, the mechanism(s) responsible for the IL-2
induced activation of PKC in CTLL-2 cells was investigated. It was shown that while tyrosinc
kinases were activated after IL-2 stimulation, it was unlikely they were linked to the activation of
PKC. On the other hand, a pertussis toxin sensitive-G-protein was likely involved in PKC
activation since pertussis toxin blocked IL-2 stimulated PKC activation. The obscrvation that
DAG, but not IP; and intracellular calcium, increased after IL-2 stimulation, indicated that DAG
was unlikely generated from the breakdown of PI, but more likely via the PC-PLC or PC-PLD
pathways. It was also shown that the increase in DAG by IL-2 was likely responsible for the PKC |
activation since exogenously applied DAG stimulated PKC activation in both intact cclls and in

isolated membranes. IL-2 also stimulated the levels of AA in CTLL-2 cclls, This increase likcly
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resulted from increased PLA; activity since PLA; inhibitors effectively blocked the IL-2 stimulated
activation of PKC. As was the case with DAG, the addition of exogenous AA to intact cells and to
isolatcd membranes causcd a rapid increase in membrane PKC activity, suggesting that the
endogenous production of AA by IL-2R stimulation was likely linked to PKC activation in CTLL-
2 cells. The possible involvement of a cytoplasmic factor in IL-2 stimulated PKC activation was
investigated. This compound, designated factor X, is likely a protein(s) with a molccular weight of
less than 10 kDa. Factor X was rapidly generated following IL-2 stimulation of CTLL-2 cells, and
the cytosolic fraction isolated from IL-2 treated, but not control cells, potently stimulated PKC
activity in isoluted membranes. Its role in the pathway leading to PKC activation after IL-2R
stimulation is unclear, although it appears not to act upstream or to be linked to the G-protein or
the generation of AA and DAG.

In summary, IL-2 stimulated PKC in CTLL-2 cells, not through the translocation of
cytosolic enzyme to membrane, but via activation of inactive membrane associated PKC. This
PKC activation was involved in IL-2’s ability to suppress apoptosis in these cells. The
mechanism(s) of PKC activation by IL-2 is substantially more complicated than we initially
thought, and it likely involves multiple second messengers, including G-proteins, DAG, AA and

factor X.
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GENERAL INTRODUCTION

Having caught measles as a child you became sick. As you obviously survived, you
are no longer afraid of catching measles, although you may catch chickenpox, The protection
afforded by the immune system is specific to those dangerous antigens you have previously
experienced and survived. The basic unit of this specific immune response is the lymphocyte.
Lymphocytes differentiate from precursor cells (derived from the yolk sac, fetal liver and
bone marrow at different stages of development) which fnigrate to the so-called central
lymphoid organs, i.e. the thymus and the bursa (or its bone marrow equivalent in mammals).
When their differentiation is complete, lymphocytes migrate to and populate the peripheral
lymphoid organs, i.e. blood, spleen, lymph nodes, Peyer’s patches, lymphoid appendix, etc.
There are two types of lymphocytes, the B cells and the T cells, and they are responsible for
humoral and cellular immunity, respectively. The immune responses are essential for
survival, for they constitute the principal means of natural defense against infection by
pathogenic microorganisms,

1. Interleukin-2

Interleukin-2 (IL-2), one of the first lymphokines to be identified, plays a pivotal role in
the generation and regulation of the immune response (Taniguchi et al., 1986, Smith 1988a).
Antigen-specific, clonal proliferation of T cells is initiated via a processes of signal transduction,
where the binding of T-cell receptor to the antigen/MHC complexes on the accessory cell
constitutes the first signal for activation of T-cells (Benjamini and Leskowitz 1988, Eisen 1990).
To complete this process of activafion, the accessory cell must deliver a second signal (Scheme I-

1) in the form of the lymphokine, interleukin-1 (IL-1). This small protein (molecular weight



15,000 daltons}, which is produced by macrophages, has a variety of other important functions in
the body, such as producing fever and causing the release of several acute-phase proteins from the
liver (Hamblin 1993). The probable consequence of T-cell contact with 1L-1 is the induction, on
the surface of the T cell, of specific receptors for IL-2 (Hamblin 1993). Having received the two
signals (i.e. antigen/MHC complex and IL-1), the helper T cell undergoes activation and engages
in several activities, which include the release of IL-2 and a whole battery of soluble substances,
the lymphokines (reviewed by Crabtree 1989), some of which are very important for the
triggering of B celis. The IL-2 released serves to stimulate T cells that bear the IL-2 receptor to
proliferaté in an autocrine fashion (reviewed by Crabtree 1989), which magnifies the overall
response initiated by the original T celi population that initially responded to antigen on the
accessory cell (Benjamini and Leskowitz 1988, Eisen 1990).

The process of B cell activation, as shown in Scheme I-2, requires a sequence of signaling
events (Benjamini and Leskowitz 1988, Eisen 1990), the first of which is the binding of Ag/MHC
complexes with the B-cell receptor on the surface of the B cells. Binding alone, however, leads
only to low levels of proliferation, without consequent production of antibody (Benjamini and
Leskowitz 1988, Eisen 1990). The next stage involves some of the lymphokines produced by the
activated helper T-cells in the process of T cell activation, The first lymphokine involved is IL-4
(also called B cell growth factor), which amplifies the signal initiated by Ag/MHC complexes
binding to the B-cell receptors (reviewed by Hamblin 1993). Finally, a third signal, also released
by helper T cells, IL-6 (B cell differentiation factor), induces the newly dividing B cells to
differentiate into plasma cells and to ultimately produce antibody (Hamblin 1993). IL-2 is a co-
stimulator for proliferation and differentiation (Hamblin 1993).

Cytotoxic T-lymphocytes (CTL) are a subtype of T-lymphocytes. In contrast to the
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Scheme I-1. T cell activation. T cells are activated by a signal of processed antigen plus
MHC on an APC followed by specific lymphokines which drive
proliferation and differentiation. IFN-y from T); cells can enhance MHC
expression and antigen presentation on the APCs, IL-2 is required for
proliferation of both T); and T cells. IL-1 from macrophages can potentiate
activation by increasing IL-2 receptor expression. (Ag = antigen). Modified
from Benjamini and Leskowitz’s Immunology: a short course 1988.



Scheme I-2. B cell activation. B cells are activated by a sequence of signaling cvents.
First, Ag/MHC complexes on Ag presenting
cells binds to the B cell receptor, then IL-4, IL-2 amplify the signal, and
finally IL-6 induces the B cells to differentiate
into plasma cells and produce antibody. Modified from Benjamini and
Leskowitz’s Immunology : a short course 1988.



diverse functions of activated T-helper cells, cytotoxic T-lymphocyte actions are much more
focused: they destroy only those cells whose surface Ag/MHC complexes they recognize. When a
CTL touches another cell, it explores its surface for Ag/MHC complexes that its TcR (T-cell
receptor) can recognize. If an Ag/MHC complex is not recognized, the CTL withdraws leaving
the explored cell undamaged, but if an Ag/MHC complex is recognized, the CTL is activated to
release cytotoxic components which kill the target cell (Benjamini and Leskowitz 1988, Eisen
1990). A CTL can repeat the process many times, killing one target cell after another while
generally not affecting “*bystander™ cells that lack the recognized Ag/MHC complexes. CTL
precursor cells are stimulated to proliferate and differentiate into mature CTLs (often termed
“effector” cells) by binding to Ag/MHC complexes on the prospective target cells (Benjamini and
Leskowitz 1988, Eisen 1990), much in the way that T-cell precursors do. The induction of
cytolytic T cells from noncytolytic precursors require the co-ordinate expression of many genes
(Gajewski 1989, Mescher 1995). Cytokines from other lymphocytes and accessory cells are also
probably necessary (Gajewski 1989, Mescher 1995). Once CTLs have been induced, they can be
propagated from single cell and grow for years as cytolytically active CTL cell lines, such as the
CTLL-2 cell line used in this thesis study. Unlike other cell lines that grow inl culture indefinitely
as transformed cells, cultured cytotoxic T cells often retain a normal karyotype and lack the basic
characteristics of transformed cells (Eisen 1990),

As mentioned previously, IL-2 plays an important role in both T and B cell activation.
The biological activity of IL-2 was initially described as a component of "T-cell growth factor”
(TCGF) in the 1960's, a complex mixture of soluble factors secreted by mitogen-activated
peripheral blood lymphocytes (Morgan et al., 1976, Mier and Gallo 1980, Ruscetti and Gallo

1981). Human IL-2 was first purified from the culture supernatants of mitogen- or alloantigen-



activated T-cells and the leukaemic cell line, Jurkat, and found to have a molecular weight of 14-
17 kDa on SDS-PAGE (Morgan et al., 1976, Mier and Gallo 1980, Ruscetti and Gallo 1981,
Gillis et al,, 1982), The cDNA consists of a single open reading frame coding for 153 amino
acids. The first 20 amino acids of the N-terminus are hydrophobic and constitute the signal
sequence which is cleaved to give the mature protein of 133 amino acid with a predicted molecular
weight of 15 kDa (Hamblin 1993). IL-2 is a glycoprotein which undergoes O-glycosylation at a
threonine residue at position 3 (Hamblin 1993). The disulfide bond between Cys 58 and Cys 102
- is critical for biological function since chemical reduction of the bond or site<lirected mutagenesis
of these residues leads to a complete loss of biological activity (Wang et al., 1984). The tertiary
structure of human IL-2 has been determined by X-ray crystallography (Cohen et al., 1986,
Brandhuber et al., 1987) and has been shown to consists of six short ae-helical segments. A single
copy of human IL-2 gene is located on chromosome 4 (Taniguchi et al., 1983, Holbrook et al,,
1984, Shows et al., 1986) and is composed of four exons separated by one short and two long
introns (Holbrook et al., 1984).

IL-2 has pleiotropic effects on T, B, natural killer (NK) lymphocytes (Taniguchi et al.,
1986, Smith 1988a), as well as on nonlymphoid cells (Benvenisto and Merrill 1986). Numerous
biological activities have been ascribed to IL-2, IL-2 stimulates T cell proliferation by promoting
S-phase progression (Morgan et al., 1976, Farrar et al., 1986). IL-2 has also been implicated in T
cell development and function. Using IL-2-deficient mice genemted by homologous
recombination, the requirement for IL-2 in vive during development was tested (Schorle et al.,
1991). It was found that mice homozygous for the IL-2 gene mutation were normal with respect to

thymocyte and peripheral T cell subset composition, but that a dysfunctional immune system was



manifested by reduced polyclonal T cell responses i vitro and by dramatic changes in the isotype
levels of serum immunoglobulins, IL-2 has been shown to be the principle agent which converts
large granular lymphocytes into lymphokine-activated killer (LAK) in vitro (Lotze et al., 1981,
Grimm et al., 1982), a fact which has been exploited in various tumor management strategies
(Vujanovic et al., 1988). IL-2 has also been reported to induce cytotoxic T-cell reactivity (Gillis et
al., 1979) and, in the process, to induce the synthesis of interferon y in alloantigen-stimulated T-
cells (Farrar et al. 1981). More recently, it has been reported that both CD4* and CD8" T celis
previously exposed to IL-2 undergo apoptosis after antigen receptor stimulation, suggesting that
IL-2 can act negatively in regulating cell growth by programming mature T cells for apoptosis
(Lenardo 1991). IL-2 can also influence the growth of glial cells, specifically, the proliferation and
differentiation of oligodendrocytes (Benvenisto and Merrill 1986), suggesting that IL-2 may have
a role in the growth of brain glia during injury or disease. Finally, IL-2 stimulates B-cell prowth
and differentiation, and antibody secretion {Kishi et al., 1985, Mond et al., 1985).
2, The IL~2 Receptor
2.1 Characterization of IL-2 receptor structure, function and distribution

All of the IL-2 mediated effects on hematopoietic cells are manifested through the IL-2
receptor present on these cells. The IL-2 receptor is unique among growth factor receptors in that
it is made up of at least three distinct membrane components: the « chain (IL-2Ret) (Leonard et
al., 1983, 1985, Robb et al,, 1983, Smith 1988b, Farrar et al,, 1990, Waldmann 1991), the 8
chain (IL-2RB) (Sharon et al., 1986, Tsudo, et al., 1986, Teshigawara et al., 1987, Dukovich et
al., 1987), and the y chain (IL-2Ry) (Takeshita 1992). The genes encoding these components have

all been cloned and characterised (Farrar et al., 1990 , Waldmann 1991, Takeshita 1992).
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Expression of the gene encoding IL-2Ra is undetectable in resting T cells but is strongly induced
upon T-cell activation (Farrar et al., 1990). The IL-2RP gene is expressed constitutively in CD8*
cytotoxic T cells but not in CD4™ helper T cells; and is further induced upon T cell activation
(Sharon et al., 1986, Tsudo, et al., 1986, Teshigawara et al., 1987, Dukovich et al., 1987). IL-
2Ry is expressed constitutively in lymphoid cells (Takeshita 1992). It has been demonstrated that
IL-2R{ plays a critical role in transducing the IL-2-induced mitotic signal(s) in hematopoietic cell
lines. When human IL-2RP ¢cDNA is expressed in the murine hematopoietic cell line BAF/B03,
which is IL-2RB-negative but IL-2Ra- and y-positive, these cells acquire the ability to proliferate
in response to IL-2 (Hatakeyama et al., 1989). Similar results ‘were also obtained when the human
IL-ZRB ¢DNA was introduced and expressed in the mouse IL-3-dependent mast cell progenitor
cell line, IC-2 (Doi et al., 1989). Both IL-2Ra and IL-2Rp contain an IL-2 binding site (Farvar et
al., 1990).

The IL-2 receptor « chain, originally described as the Tac antigen, is a 55 kDa membrane
glycoprotein (p55) that binds IL-2 with an equilibrium dissociation constant (K,) of 10% M
(Leonard et al., 1983, Robb et al., 1983, Smith 1988b, Farrar et al., 1990, Waldmann 1991 and
Table 1). The mature protein consists of a 219 amino acid extracellular region, a putative 19
amino acid transmembrane domain, and a 13 amino acid cytoplasmfc segment (Smith 1988b,
Farrar et al., 1990, Waldmann 1991, and see Scheme 1-3). The primary structure of the IL-2Ra
shows no significant sequence homology with other known receptor molecules. Mutational
analysis shows that the N-terminal 83 amino acid residues of the IL-2Ra chain, especially residues

1-6 and 35-43, are important for IL.-2 binding (Robb et al., 1988).



The IL-2 RP chain was initially identified biochemically by affinity cross-linking
experimeants (Sharon et al., 1986, Tsudo et al., 1986, Teshigawara et al., 1987, Dukovich et al.,
1987). It is a 70-75 kDa protein that binds IL-2 with intermediate affinity (K, 10° M, Table 1). It
has a 214 amino acid extracellular portion, a 25 amino acid transmembrane segment, and a 286
amino acid cytoplasmic domain which contains serine-, acidic-, and proline-rich regions (Farrar et
al., 1990, Waldmann 1991, see Scheme I-3). Studies employing deletion mutants or site-directed
mutagenesis have revealed that the serine-rich region in the cytoplasmic domain of IL-2 receptor
chain is essential for proliferaiion, but not for IL-2 binding or receptor internalization
(Hatakayama et al,, 1989, Mori et al., 1991), This region is also required for recruiting Jak1
(Taniguchi 1995). It is noteworthy that the sequence analysis of the “serine-rich” region of the
human IL-2RP reveals about 80% homology with the same region found in murine IL-2RP (Kono
et al., 1990), and a high degree of homology with the corresponding region of the murine
erythropoietin receptor (EPO-R) (Miura et al., 1991). Mutant EPO-R lacking this homologous
region fails to respond to EPO (Miura et al., 1991).

The IL-2Ry chain (p64), is a single polypeptide of 347 amino acids in humans (Takeshita
et al., 1992). Within the IL-2Ry, sequences of 232 amino acids, 29 amino acids, and 86 amino
acids in length constitute the extracellular, membrane-spanning, and cytoplasmic regions,
respectively (Takeshita et al., 1992, see Scheme I-3). Interestingly, the sequence spanning
positions 288 to 321 appears to be homologous to the Src homology region 2 (SH2), but it does
not contain any apparent catalytic motif (Takeshita et al., 1992). The C-terminal 48-amino acid
residues of IL-2Ry is required to recruit Jak3 (Taniguchi 1995). It appears that IL-2Ry is required

for the receptor-mediated internalization of IL-2 even though the ¥ chain itself cannot bind IL-2
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(Takeshita et al., 1992). In addition, several lines of evidence support the view that IL-2R y is
critical for IL-2-induced signal transduction. A mutant T cell line that has lost expression of the y
chain but retains « and B has been shown to have also lost the ability to proliferate in response to
IL-2 (Arima et al., 1992), IL-2 receptor reconstitution studies in fibroblasts have revealed that
coexpression of IL-2Ra., B, and y allows the IL-2-mediated induction of ¢-fbs, c-jun, and camyce to
occur (Asao et al. 1993). However, the replacement of the y chain with a mutant lacking the C-
terminal 68 amino acids abrogates proto-oncogene inducibility (Asao et al., 1993). Several studies
indicate that IL-2 signaling may reguire co-operation between the cytoplasmic domains of IL-2R p
and IL-2Ry {(Nelson et al., 1994, Nakamura et al., 1994).

Expressed together on the cell surface of most, but not all, IL-2-responsive cells, the a,
B, and y chains of the IL-2 receptor can associate noncovalently to form a heterotrimer with high
affinity for soluble IL-2 (Kd, 10" M, Table 1). Studies on activated T-lymphocytes indicates that
IL-2 receptor o serves primarily to increase the affinity of IL-2RBy for its ligand (Smith 1988b).
On the other hand, the heterodimerization of the cytoplasmic domains of IL-2R-B and -y appears
necessary and sufficient to induce signaling in T cells (Nelson et al., 1994, Nakamura et al., 1994,
Table 1). It is likely that these two components associate upon ligand binding to the op-subunit
and undergo conformational changes in their cytoplasmic domains, similar to that proposed for
other membrane-type receptors, such as EGF receptor (Ullrich and Schlessinger 1990). In
addition, immunoprecipitation and cross-link studies indicate that other cellular components also
associate with the IL-2R, although the nature, structure and function of these components remains

unknown (Colamonici et al., 1990, Sharon et al., 1990, Saragovi and Malek., 1990, Saito et al.,
1991, Waldmann 1991),
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Scheme I-3. Diagram of the IL-2/IL-2 receptor system.
S, serine-rich region of IL-2R; A, acidic region of IL-2Rf. Signaling
pathways associated with IL-2Ry are not yet clear. Copied from
Taniguchi and Minami 1993.
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2.2 The Cytokine Receptor Superfamily

A large number of cytokine receptors have now been cloned. Many of these receptors
share significant homology and constitute a novel family of receptors, designated the cytokine
receptor superfamily. The family includes IL-2RB, IL-2Ry, IL-3R (o and B-chain), IL4R, IL-5R
(o« and P-chain), IL-6R and IL-6R gp130, IL-7R, IL-9R, ciliary neurotrophic fuctor R (CNTFR),
prolactin R (PLR), growth hormone R (GHR), erythropoietin R (EPOR), GM-CSFR (a and p-
chain), G-CSFR and leukaemia inhibitory factor receptor a-chain (LIFRw) (reviewed by Bazan
1990a, 1990b, Cosman et al., 1990, Miyajima et al., 1992), It is important to note that the IL-2
receptor complex, IL-2 Ra, does not belong to the cytokine receptor superfamily (Hamblin 1993),
All the members of this family (except CNTFR) are type I membrane glycoproteins with a single
hydrophobic transmembrane domain, oriented with their N-termini exterior to the plasma
membrane (Bazan 1990a, 1990b, Cosman et al., 1990, Miyajima et al., 1992). This extracellular
domain contains two major regions of homology: one is a region containing four Cys residues
located in the N-terminal half of the extracellular domain (Cys-X9-10-Cys-X-Trp-X26-32-Cys-
X10-15-Cys). Disulfide bonds reportedly could be formed between the first and the second Cys
residues or between the third and the fourth Cys residues in the GHR (Cosman et al., 1990).
Another region of sequence homology is the “WS motif” (Trp-Ser-X-Trp-Ser) located proximal
to the membrane-spanning domain (Miyazaki et al., 1991). In the case of 1L-2RB, the two Trp
residues in the “WS motif” play a crucial role in the proper folding of the extracellular domain
and in growth signal transduction mediated by IL-2Rp (Miyazaki et al., 1991). The ligand binding
segment (approximately 200 amino acid residues) of the cytokine receptor superfamily is

composed of two discrete folding domains which is highly conserved among the various family
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members (Bazan 1990a, 1990b). The C-terminal half of the extracellular domain has been reported
to have an evolutionary linkage with the fibronectin type III modules found in a series of cell
surface molecules possessing adhesive properties (Bazan 1990a, 1990b). It remains to be
determined whether these domains of the cytokines receptor family are indeed involved in ligand

binding or association with other extracellular structural components.

Table 1. Different combinations of three IL-2 receptor components give rise to various

forms of the IL-2 receptor

Subunit (combination) IL-2 Binding (kd) IL-2 Signaling
a 10°M -

B 10°M -

Y Not detectable®* -

af 107 M -

oy 10°M -

By 10°M +

aBy 107" M +

. Determined only on cDNA-transfected fibroblasts
Copied from Taniguchi and Minami et al., 1993

In addition to the structural similarities found in the extracellular domains of the various
members of the cytokine receptor superfamily, several conserved motifs have also been reported.
For example, a proline-rich motif, referred to as a box 1 (O’Neal et al., 1994) is found in the

cytoplasmic region of the human IL-2Rf, mouse IL-3RB, mouse IL-4R, human IL-7R, human
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GM-CSFRp, mouse EPOR, the recently identified oncogene v-mpl, and its human counterpart, h-
mpl (Souyri et al., 1990, Vigon et al., 1992). These similarities in the structures of the cytokine
receptors imply that some, if not all, members of this superfamily utilize common or closely
related mechanisms to mediate signal transduction.
3. IL-2 Signal Transduction

In contrast to the wealth information regarding the biological actions of IL-2, the
molecular mechanisms involved in the signal transduction of 1L-2 remain elusive. Because of the
pleiotropic response of cells to 1L-2, it is likely that the IL-2 receptor is coupled to a number of
different intracellular activation pathways. Since IL-2 has a wide range of effects on T, B, NK
cells and has therapeutic value in cancer immunotherapy, autoimmune disorders, chronic
infectious diseases, acquired immunodeficiency syndrome (AIDS), and organ-transplant rejection
(Smith 1988a), it is absolutely critical to understand the nature of the pleiotropic signals generated
by IL-2 which are responsible in altering the behaviour of responsive cells. The following is a
description of what is currently known about IL-2 signalling pathways in hematopoeitic cells.

3.1 Role of Tyrosine Kinases

Tyrosine phosphoryiation of cellular substrates is generally believed to play a crucial role
in the intracellular signal transduction pathways that regulate cellular activation and diﬁfereﬁtiation
(reviewed by Hunter and Cooper 1985). Compelling evidence has accumulated indicating that
tyrosine kinase(s) are involved in signal transduction mediated by cytokine receptors (Koyasu et
al., 1987; Murakami et al., 1991; Miura et al., 1991; Isfort et al., 1988; Moria et al., 1988;
Saltzman et al., 1988; 1990; Farrar and Ferris 1989; Mills et al., 1990, Merida and Gaulton

1990, Quelle and Wajchowski 1991; Nakajima and Wall 1991; Lord et al., 1991; Uckun et al.,
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1991). It has been reported thz: both serine/threonine and tyrosine kinases are activated in T-
lymphocytes stimulated with IL-2 (Gaulton and Eardley 1986; Ishii et al., 1988; Saltzman et al.,
1988, Ferris et al., 1989; Mills et al., 1990), and that tyrosine kinases are involved in IL-2 signal
transduction mechanisms responsible for cell proliferation (Asao et al., 1990; Mills et al., 1990;
Merida and Gaulton 1990). Although the 1L-2 receptor components themselves lack protein-
tyrosine kinase domains, IL-2 nevertheless induces rapid tyrosine phosphorylation of cellular
proteins, including IL-2Rp itself (Asao et al., 1990; Mills et al., ‘19'90). This observation may be
explained by the fact that IL-2Rp interacts both physically and functionally with the nonreceptor
tyrosine kinase Src family member p56** (Veillette et al., 1988; Grassmann et al., 1993). p56**
can be coprecipitated with IL-2Rp, and IL-2 stimulation induces p56'* tyrosine kinase activity
(Horak et al., 1990; Hatakeyama et al., 1991). cDNA coexpression studies have revealed that the
interaction of these two molecules requires a cytoplasmic region of the IL-2 receptor, termed the
acidic region, and a region spanning the N-terminal half of the p56'°" tyrosine kinase domain
(Hatakeyama et al., 1991; Minami et al., 1993). In fact, this molecular interaction appears to be
indispensable for IL-2-induced p56* activation (Hatakeyama et al., 1991; Minami et al., 1993).
Interestingly, in BAF/B03 pro-B cell in which P56 is not expressed, two other Src family
members, p59** and p53/p56™, are activated by IL-2R in an analogous manner to p56“* (Torigoe
et al., 1992; Kobayashi et al., 1993), suggesting the importance of the Src family of tyrosine
kinases in IL-2R functions.

In many types qf cells, Ras protein activity is controlled by a variety of tyrosine kinases
including various receptor-tyrosine kinases (e.g., PDGFR, EGFR, M-CSFR, insulin R, and ErbB-

2 oncoprotein) and non-receptor tyrosine kinases (e.g., Src and abl oncoproteins) (Satoh et al.,
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1991,1992; Medema and Bos 1993; Margolis and Skolnik 1994). In the mast cell line PT 18, a
specific inhibitor of tyrosine kinases, herbimycin A, can block the accumulation of active
Ras*GTP complexes following the addition of IL-3 or GM-CSF, suggesting the involvement of
tyrosine kinases in the signal transduction pathway leading to Ras activation by these cytokines
(Satoh et al., 1991, 1992).

IL-2 can also stimulate the accumulation of active Ras*GTP complexes (Satoh et al.,
1991). Mutant forms of IL-2R which cannot activate Ras protein are also incapable of inducing fos
and jun mRNAs expression (Satoh et al., 1992; Shibuya et al., 1992) suggesting that Ras may
play an important role in fos/fun induction by IL-2, However, in spite of intensive efforts, the
direct down stream targets of Ras have yet to be identified. Evidence suggests that
serine/threonine kinases, including Raf-1, MAP kinase kinase (i.e. MEK), and Map kinase, are
regulated by the Ras protein (Carroll et al., 1990, Turner et al., 1991, Zmuidzinas et al., 1991)
and are thus possible targets for Ras activity induced by IL-2. Indeed, the stimulation of the IL-2,
IL-3, or GM-CSF receptors by their respective ligands results in the activation of Raf -1 kinase,
possibly as a result of tyrosine phosphorylation (Carroll et al., 1990, Turner et al., 1991,
Zmuidzinas et al., 1991). In the case of the IL-2, Raf-1 kinase is the earliest cellular substrate so
far identified that is phosphorylated by a tyrosine kinase(s) upon IL-2 stimulation. Thus, this
family of cytokines receptors, while lacking a protein-tyrosine kinase domain, can eﬁectivély
recruit Src family tyrosine kinases and possible other tyrosine kinases to propagate IL-2 signals.
However, the biological importance of tyrosine kinase activation in IL-2-signaling is still not fully

understood. For example, a mutant cell line lacking pS6H‘ (Karnitz et al., 1992) was found to
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retain its strict dependence on IL-2 for both viability and growth, suggesting that p56<* activity
may not be a mandatory requirement for the transduction of IL-2-mediated mitogenic signals.
3.2 Role of Janus Kinases (laks)

A previously unrecognized direct signal transduction pathway to the nucleus has been
uncovered through the study of transcriptional activation in response to interferon a. (IFN-c) and
interferon y (IFN-y). It has been observed that [FN-receptor interactions at the cell surface lead to
the activation of kinases of the Jak family which subsequently phosphorylate proteins called
STATs (signal tranducers and activators of transcription) (Fu 1992a, 1992b; Schindler et al.,
1992a, 1992b; Veals et al., 1992; Shuai et al., 1992, 1993). The phosphorylated STAT proteins
migrate to the nucleus where they bind to specific DNA elements and direct transcription (Thle et
al., 1994). Knowledge acquired of the IFN-a and IFN-y signalling pathways has led to the
discovery that a number of STAT family members exist, and that other receptor complexes also
use the Jak-STAT molecules in transducing their signals.

Four Jaks proteins have been identified to date, namely Jak1, Jak2, Tyk2, and Jak3.
Recent studies implicate Jak1 and Jak3 in the signaling pathways coupled to the B and ¥ chains of
IL-2R (Witthuhn et al., 1994; Johnston et al., 1994; Miyazaki et al., 1994, Russell et al., 1994).
It has also been reported that Jak2-related kinase is activated in response to IL-2 and associates
with the B and y chain of the IL-2 receptor (Tanaka et al., 1994), Six STATs, STATle, STATIB,
STAT2, STAT3, STAT4, STATS, and STATG6 have been cloned to date (Fu et al., 1992a,
1992b, Schindler et al., 1992a, 1992b, Darnell et al., 1994, Taniguchi 1995), It also had been
reported that IL-2 stimulation causes STAT-like protein phosphorylation (Beadling et al., 1994),

However, the biological significance of Jaks and STATS in IL-2 signaling has not been explored, |
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3.3 Role of Glyeosylphosphatidyl Inositol (GPI)

Another signalling mechanism used by hematopuietic cells involves the hydrolysis of
glycosyl-phosphatidyl inositol (GPI). IL-2 stimulation has been found to provoke the rapid
hydrolysis of GPI in CTLL-2 (Merida and Gaulton 1990b) and B lymphoma cell lines (Eardley
and Koshland 1991), generating two potential signal mediatars, a myristylated diacylglycerol and
an inositol phosphate glycan (Merida and Gaulton 1990b, Eardley and Koshland 1991).
Interestingly, IL-4 stimulation failed to induce GPI hydrolysis in the same cells (Eardley and
Koshland 1991). Although the functional roles of these mediators have not yet been determined, it
is possible that a GPI-specific phospholipase might be activated after 1L-2 receptor stimulation,

3.4 Effect on Early Gene Expression

One of the ultimate end products of the signal transduction mechanisms coupled to
specific surface receptors is to effect changes in gene expression in the target cells. Nuclear proto-
oncogenes have come to be recognized as principle targets for the signals produced by a plethora
of surface receptors involved in proliferation, differentiation and other cellular processes (Cantley
et al., 1991; Hunter 1991). Most of the products of nuclear proto-oncogenes possess DNA
binding properties either individually or in combination and it is well established that most
function as regulators of gene transcription (Gutman and Wasylyk 1991).

Cytokines have been shown to induce the expression of many genes, including nuclear
proto-oncogenes, in a variety of cell types including T lymphocytes (Reed et al., 1985a, 1985b;
Cleveland et al., 1987), B lymphocytes (Kelly et al., 1983), and myeloid cells (Conscience et al.,
1986). Following IL-2 stimulation a rapid and transient increase ir c-fos and c-fun expression, as
well as a more stable accumulation of c-myc and ¢c-myb transcripts has been reported in a variety

of cell types (Reed et al., 1985a, 1985b; Stern and Smith 1986, Cleveland et al., 1987; Pauza
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1987; Trouche et al., 1991; Hatakeyama et al., 1992, Shibuya et al., 1992). IL-2R8 is likely
linked to at least two intracellular signaling pathways mediating nuclear proto-oncogene induction
(Shibuya et al., 1992). One pathway, coupled to tyrosine phosphorylation events and mediated by
Src-family PTK(s), leads to the induction of the ¢-fos, cjun and other genes, Another as yet
undefined pathway leads to c-myc gene induction (Shibuya et al., 1992).

4. Protein Kinase C (PKC)

Protein Me C (PKC) is a multifunctional serine/threonine protein kinase. It was first
identified in 1977 as a proteolytically activated protein kinase present in most tissues (Inoue et al.,
1977; Takai et al., 1977). PKC is distributed among several particulate and soluble cellular
'oomparunents. but what is clear is that PKC must be membrane associated in order to be active
(reviewed by Bell and Burns 1991). As originally defined, PKC is a Ca**, and phospholipid
dependent, diacylglycerol stimulatable protein kinase, It is now known that PKC exists as a family
of multiple subspecies having closely related structures (Kikkawa et al., 1989, Nelsestuen and
Bazzi 1991, Nishizuka 1986). Collectively, the enzymes appear to be composed of single
polypeptide chains with a molecular weights of about 80 kDa, At least 12 (mammalian) isoforms
with distinct structural and enzymatic properties have been identified to date (reviewed by Dekker
and Parker, 1994). All PKC isoforms contain conserved (C1 -C4) and variable (V1 -V5) regions,
and are composed of catalytic and a regulatory domains (see Scheme I-4). Proteolytic removal of
the regulatory domain by cleavage in the V3 region renders the catalytic domain constitutively
active and unresponsive to the PKC cofactors DAG and Ca** (Farago and Nishizuka 1990). The
amino-terminal half, containing region C1 and C2, constitutes the regulatory domain that interacts

with Ca®*, phospholipid and diacylglycerols or phorbol esters (Nelsestuen and Bazzi 1991). This
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region also contains an autoinhibitory pseudosubstrate region thought to be involved in the process
leading to enzyme activation. It is believed that this pseudosubstrate sequence binds to and blocks
the active site in the absence of co-factors needed for enzyme activity (Bell and Burns 1991). The
C1 region contains a tandem repeat of a cysteine-rich zinc-finger-like sequence (Ono et al.,
1989b). This sequence seems to be essential for the binding of phorbol esters, and by inference, of
DAG itself (Ono et al., 1989b). The C2 region is responsible for the Ca®* sensitivity of the
enzyme (Bell and Burns 1991). The carboxyl-terminal half of PKC, containing regions C3 and
C4, constitutes the protein kinase domain and contains the ATP and protein substrate binding
sites. These domains are highly conserved and have been found to share sequence homology with
many other protein kinases (Farago and Nishizuka 1990). The catalytic site of the enzyme is
embaodied within the C3 region of the protein (Bell and Burns 1991).
4.1 PKC Isoforms

Based on their structure, the members of the PKC family can be classified into three
groups (Table I-2 and Scheme I-4), The conventional or classical PKC isoforms (at, By and v )
conform to the original definition of PKC as a Ca**- and phospholipid- dependent protein kinase.
Although several phospholipids will support cPKCs activity, phosphatidylserine (PS) appears to
be the most effective phospholipid for reconstituting enzyme activity in vitro (Bell and Burns
1991). Membrane-associated cPKC activation is regulated in vivo through the binding of DAG
(Nishizuka 1986, Sando et al., 1992, Newton 1993}, The Ca** dependence of ¢PKCs is also
mediated by a binding site located in the C; region of the protein (Nishizuka 1986, Sando et al.,
1992, Newton 1993), The binding of calcium to the regulatory domain is a prerequisite for the

association of ¢PKCs with membrane phospholipid (reviewed by Bell and Burns 1991, and Sando
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variable (V) to Vs) regions of the cPKC group are indicated. The BI and
PII subspecies are derived from a single gene by alternative splicing.
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et al., 1992). Fully active ¢PKCs exist as quaternary complexes composed of phospholipid,
calcium, DAG and the enzyme; the ternary complex without DAG exhibits kinase activity only at
a 100-fold higher concentration of calcium (reviewed by Bell and Burns 1991, Sando et al., 1992),

The novel isoforms (nPKCs 8, &, n(L), 8, and p) lack the Ca region, and as a result they
are Ca** independent (Bell and Burns 1991), The atypical torms (WPKCs €, t and A) are
characterized by the fact that they lack one of the two cysteine-rich zinc-tinger regions present in
the other isoforms. Consequently, when bound to membranes these isoforms are constitutively
active since they are unable to bind or be regulated by phorbol esters (Liyanage et al., l9§2,
McGlynn et al., 1992, Nakanishi and Exton 1992). Collectively, the novel and the atypical
isoforms of PKC are refered to in the literature as *nonconventional’ PKC isoforms.

42 PKC distribution

PKC is a ubiquitous enzyme present in all eukaryotes (reviewed by Farago and Nishizuka
1990, Nishizuka 1995). Because of its central role in cell signalling, it is not surprising that PKC
is found in all mammalian tissues, albeit, as summarised in Table I-2, the distribution of the
various isoforms of the enzyme exhibit significant tissue specificity. Until recently, it was believed
that PKC-y is expressed exclusively in the central nervous system, with the highest enzyme
activity in the hippocampus, cerebral cortex, amygdaloid complex, cerebellar cortex and spinal
cord (Huang et al,, 1987, Saito et al., 1988). By contrast, the PKC isoforms BI and BII are
present in varying ratios in many but not all tissues and cell types (Table I-2). Normally, the
amount of the BIl-subspecies far exceeds that of BI (Farago and Nishizuka 1990). PKC-a. is |
widely regarded as being universally distributed in mammalian systems (reviewed by Farago and

Nishizuka 1990). The study of nPKCs and aPKCs distribution is ongoing and less is presently
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known, however it is apparent that they are also differentially expressed in different tissues and
cells (Table I-2). In addition to eukaryotes, PKCs have also been found in lower organisms
including Drosophila (Schaeffer et al., 1989), Xenopus leavis (Chen et al., 1989), Sea Urchin egg
(Shen et al., 1989), Dicryostelium Discci-leum (Jimenez et al., 1989) aﬁd Saccharomyces
cerevisiae (Simon et al., 1991).

Evidence is accumulating that PKC isoforms can be differentially distributed within
various cellular compartments, including the cytosol, nucleus, cell membranes, and cytoskeleton
elements (Hug and Sarre 1993, Newton 1993, Inagaki et al,, 1994). It is not possible to establish a
general consensus with respect to the subcellular distribution of specific PKC isoforms since each
cell type seems to express a defiried set of PKC isozymes with unique subcellular patterns of
distribution (Hug and Sarre 1993, Newton 1993, Inagaki et al., 1994).

4.3 Endogenous PKC substrates

The fact that multiple PKC moieties are expressed in a single cell suggests the presence of
a complex web of PKC-mediated signalling pathways. However, at the present time little is known
about the mechanisms by which different PKC isozymes are activated, and there is a paucity of
information on the molecular steps between PKC activation and the broad range of biological
responses that such activation evokes in cells. One approach to elucidate the molecular pathways
downstream of PKC activation is to identify the specific cellular substrates of PKC. PKC
substrates have been classified into three broad categories according to their requirements for
phosphorylation by PKC (Bazzi and Nelsestuen, 1987). Substrates in the first category, such as
protamine, require no additional factors for phosphorylation by PKC. Substrates in the second
category, such as myelin basic protein, require phospholipids for PKC directed phosphorylation.

Substrates in the third category, which include histone, myelin light protein, MARCKS
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Table I-2 PKC subspecies in mammalian tissue®

Group | Subspecies Apparent Activator® Tissue expression
molecular mass
(kDa)
PKC |a 76799 Ca**, DAG, PS, Universal
FFA, LysoPC
BI 76790 Ca™*, DAG, PS, Some tissues
FFA, LysoPC
pI 76933 Ca**, DAG, PS, Many tissues
FFA, LysoPC |
¥ 78366 Ca™*, DAG, PS, Brain only
FFA, LysoPC
nPKC | 8 77517 DAG, PS Universal
s 83474 DAG, PS, FFA Brain and others
n@®)’ 77972 ? Lung, skin, heart
o" 81571 ? Skeletal muscle
{mainly)
aPKC | ¢ 67740 PS, FFA Universal
At 67200 ? Ovary, testis and

others
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* Modified from Nishizuka 1992
The detailed enzymological properties of the n(L)-, 6-, and A~ subspecies have not yet
been clarified
“The activators for each subspecies are determined with calf thymus H1 histone and
bovine myelin basic protein as model phosphate acceptors
(myristoylated alanine-rich C kinase substrate) and troponin I, require the presence of both Ca®*
and phospholipids to undergo phosphorylation by PKC.,
The best known and the most widely studied endogenous PKC substrate is the MARCKS

protein (Stumpo et al., 1989; Graff et al., 1989b; Brooks et al., 1991; Erusalimsky et al., 1991;
Harlan et al., 1991; Sakai et al., 1992), MARCKS was originally identified as a protein (initially
termed “80K™) which was transiently phosphorylated in cells following treatment with phorbol
esters such as 12-o-tetradecanoyl-phorbol-13-acetate (TPA) (Rozengurt et al., 1983). It is a widely
distributed specific PKC substrate, whose phosphorylation in cells has been used as a marker of
PKC activation in vivo (Brook 1994). MARCKS, and its phosphorylation site peptide, is at best a
poor substrate for a wide range of other protein kinases including cAMP- and cGMP-dependent
kinases, and calmodulin-dependent protein kinases I, I, and III (Graff et al., 1991, Hartwig et al.,
1992). MARCKS has been found to bind calmodulin in a Ca”-dependent manner and to be an
actin filament cross-linking protein (Graff et al., 1989; Hartwig et al., 1992). It has been
demonstrated that the binding of MARCKS to calinodulin and actin is prevented by PKC
phosphorylation (Graff et al., 1989; Hartwig et al., 1992). MARCKS has been implicated in a
variety of cellular processes, including secretion, membrane trafficking, cell motility, regulation of

the cell cycle, and transformation (Rozengurt et al., 1983; Blackshear 1993, Brooks 1994). All of

these processes necessitate the regulated rearrangement of the actin cytoskeleton (Aderem 1992),



which has led to the suggestion that MARCKS plays a key role in translating extracellular signals
into alterations in actin plasticity and actin-membrane interactions (Aderem 1992).

While much is known about MARCKS protein phosphorylation by PKC, it is an
unfortunate truism that despite many years of intensive study, relatively little is known about other
endogenous PKC substrates, and what role they play in elucidating the wide range of cellular
responses evoked by PKC activation,

4.4 PKCin cell signaling (General)

PKC isoforms are involved in the transduction of a wide variety of cellular signals. Much
of the initial interest focused on these enzymes stemmed from the identification of PKC as the high
affinity intracellular receptor for phorbol esters, a class of potent tumor promoters (Ashendel,
1985). The direct activation of PKC by phorbo! esters was the first indication that PKC is
involved in growth control and it is now widely accepted that PKC plays a pivotal role in the
regulation of both proliferation and differentiation of many, if not all, cells (Clemens et al., 1992,
Nishizuka, 1992). Over the last ten years it has become increasingly clear that many fundamental
physiological processes are mediated by changes in cellular PKC activity such as the secretion and
release of cellular constituents from endocrine, exocrine and neuronal tissues (reviewed by
Nishizukal1988), as well as smooth muscle contraction, metabolic processes such as
steroidogenesis (Pelosin et al., 1987), and the control of proliferation and differentiation of
different lymphocytes populations (Nishizuka 1986). In addition to its traditional role in the
phosphoinositol signaling pathway (Nishizuka 1984), PKC is also a key player in other Ca** and
cAMP mediated pathways (Nishizuka 1986, Nishizuka 1988). Moreover, an emerging role for
PKC appears to lie in its ability to act as a positive and negative regulator of various ion-channel

activities (Sigel and Bauer 1988, Shearman et al., 1989). A large body of evidence also indicates
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that PKC exerts aegative-feedback control or down-regulation of a number of surface receptors
that are coupled to inositol phospholipid hydrolysis, such as the epidermal growth factor receptor
(EGF) (Schlessinger 1986) and the T-cell surface CD3 complex (Cantreli et al., 1987). One of the
key end points of PKC activation is in regulating gene expression. A single, pertinent example is
the determination that the sustained activation of PKC is needed in T-cells to induce IL-2 and IL-
2Ra. gene expression, which are necessary steps in T-cell activation and proliferation (Berry et al,,
1990, 1990b). |
4.5 The use of PKC inhibitors to elucidate IL-2-signalling

A wide range of protein kinase C inhibitors accessible to cells are now exist, and they
have proven to be important biochemical tools in probing the mechanisms by which PKC is
regulate;l in cells. Inhibitors are also used to explore the various cellular activities of PKC and to
study the role of protein kinase C in mediating a plethora of biological responses. Cell permeable
PKC inhibitors are now available which act on either the catalytic or regulatory domains of the
enzyme (Table I-3): for example, calphostin C interacts with the enzyme’s regulatory domain
(Kobayashi et al., 1989¢), isoquinoljne (H-7) and staurosporine bind to and block the ATP-
binding siie (Hidaka et al., 1984; Tamaoki et al., 1986), and inhibitors such as 1-o-alkyl-2-0-
methylglycerol (AMG) blocks the DAG site on PKC (Kramer et al., 1989). Staurosporine, a
member of a group of antibiotics shown to exhibit protein kinase inhibitory activity, is a
remarkably effective inhibitor of protein kinase C (Tamaoki et al., 1986; Gross et al., 1990;
Herbert et al., 1990). Kinetic and binding data have shown that staurosporine inhibits protein

kinase C with a K; of | to 3 nM (Tamaoki et al., 1986; Gross et al., 1990; Herbert et at., 1990).
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However, some caution must be exercised when using staurosporine as a PKC-selective inhibitor,

since as shown in Table I-3, several other kinases, including PKA and PKG, are blocked by

Table I3 PKC inhibitors
Name K, or
ICxn
(M)
PKC | PK TPK PKA PKG MLCK | CaM | CK+ | CK- | bsos- Ref
K I n y=e
teat-od
BIS 0.014 | 0.7 50 (lasuliug, | 2.0 - - - afiy Toullec ot
EGFR, al., 1991
PDGFR)
Calpbo | 0.05 >80 | >S50 (p6O™™) | >S50 >15 >5 ofiy Kobayash
-stin C ietal,
198%¢
B-7 6.0 3.0 5% 97 100 | 780 ND Hidakn o
al,, 1984
Stauro- | 0.003 | 0.06- 0.007 0.0085 | 0.001 0.02 ND Tamsoki
sporine 6 etal,
1986
Sphing- | 10 EGFR ND Hannun
otine otal,
1986
AMG 80 >100 >100 ND Kramer
etal,
1969

staurosporine concentrations that approach that effective in inhibiting PKC activity (Tamaoki et

al., 1986). Bisindolylmaleimide is a staurosporine analogue reported to be a potent PKC inhibitor

with a higher degree of PKC selectivity (Table I-3) than its parent (Toullec et al., 1991),

AMG was originally detected in cell membranes as a metabolite of the anti-tumor agent 1~

o-alkyl-2-0-methylglycero-3-phosphocholine (van Blitterswijk 1987a). AMG is an ether-linked

analogue of diacylglycerol, which inhibits the activation of purified protein kinase C by competing

for the DAG binding site (van Blitterswijk 1987b). AMG has been found to have no effect on the

activity of cAMP-dependent or Ca®* /calmodulin-dependent protein kinase in cell-free assay

systems (Table I-3), and to inhibit protein kinase C in a dose-dependent fashion (Kramer et al.,



29

1989). Calphostin C was initially isolated from the soil fungus Cladosporium (Kobayashi et al.,
1989a, b, ¢) and has proved to be a highly selective PKC inhibitor which blocks DAG binding
with a Ki of about 50 nM (Table [-3). Unfortunately, to date no inhibitors have been identified
which inhibit specific PKC isoforms and this fact has severely impaired efforts to elucidate the
functions of each of the isozyme of PKC.

4.6 Mechanisms of PKC activation

4.6.1 Conventional view

It has been the traditional view that the stimulation of PKC activity results from the
translocation of cytosolic enzyme to membranes (Kraft and Anderson 1983; Anderson et al.,
1985; Farrar and Anderson 1985; Abou-Samru et al., 1989; Kondratyev et al., 1990; Kalbag et
al., 1991;). The translocation of PKC can be readily measured by immunoblot and conventional
activity methods designed to detect the amount of enzyme present on membranes and its soluble
compartments (Kraft and Anderson 1983, Kondratyev et al., 1990). In this scenario, increases in
intracellular Ca**, effected by various signalling stimuli, enhances the interaction of cytosolic
PKC with the lipid components of membranes (Nelsestuen and Bazzi 1991). Once membrane-
associated, the enzyme is activated by the binding of DAG, generated by the hydrolysis PIP, or
PC (Asaoka et al., 1992, Nishizuka 1992, 1995). Studies on the mechanisms of lipid activation of
PKC have established that the enzyme is activated specifically by the sn-1,2-enantiomer of DAG
(Boni and Rando, 1985) and that DAGs possessing long-chain, unsaturated acyl groups are the
most effective activators of PKC (Boni and Rando, 1985). The regulatory action of DAG’s can be
mimicked by metabolically stable DAG analogues such as the potent tumor promoter TPA, which
has been used extensively to study PKC (Asaoka et al., 1992, Nishizuka, 1992, 1995). This

phorbol ester causes the rapid translocation of PKC from the cytosol to membrane compartments
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and is a powerful PKC activator ( Kraft and Anderson 1983, Nishizuka 1984). Long-term PKC
activation by TPA is also known to effect dawn regulation of the enzyme and in cases can cause a
complete loss in cellular PKC (Nishizuka 1984), at least those PKC isoforms known to be
dependent on DAG for activity (i.e. cPKC, nPKC, but not aPKC).

4.6.2 Conventional assay methods

This conventional view of PKC activation assumes that if PKC is membrane-associated, it
is active, and that translocation is the regulating step controlling the cellular levels of PKC
activity, Because of this, conventional methods for measuring PKC activity require that the
membranes first be solubilized and their associated PKCs then reconstituted into artificial
phospholipid membranes in the presence of maximally effective concentrations of TPA, PS and
excess Ca ®* (Takai et al., 1979, Kikkawa et al., 1982).

In general, three variations of the conventional assay have been reported and widely
applied. In the first method, the enzyme(s) is extracted from membranes with non-ionic
detergents, partialy purified by column chromatography, reconstituted into an artificial lipid
environment using phosphatidylserine, and its activity measured using histone IIIS, a non-specific
PKC substrate, in the presence of ATP, Ca®* and TPA (Takai et al., 1979). In the second
method, membrane PKC is also extracted with detergents, but the extracted enzyme is assayed
directly, without partial purification, using a modified histone H1 protein believed to be a specific
PKC substrate (Halsey et al., 1987). A variation of this assay (House and Kemp 1987, 1990,
Smith et al., 1989, Yasuda et al., 1990), using a new generation of PKC selective peptide
substrates, is now widely used. In the third method, cells are permeabilized with digitonin to
release soluble PKC and the residual membrane-associated enzyme is then partially trypsinized to

release the constitutively active catalytic domain, PKM and its activity measured using histone H1
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in the presence of a cyclic AMP-dependent protein kinase inhibitor (Pelech et al., 1986).
However, the utility of these assays are becoming increasingly limited as it becomes clear that the
premise of the conventional view, namely that all membrane PKC is active, is simplistic, and
does not explain many experimental paradigms.

4.6.3 Emerging view of PKC activation

In contrast to earlier views, it is becoming increasingly evident that the mechanisms by
which PKC activity is regulated in cells are significantly more complex than previously realized.
In many cases, cellular PKC activity can be altered by manipulating pre-existing pools of
membrane PKC in the absence of detectable translocation of cytosolic enzyme (Halsey et al.,
1987, Mukaida et al., 1988, Pelech et al., 19902, 1990b, Tang and Houslay 1992) either via
chemical modification (Pelech et al., 1990a) or by the direct activation of inactive PKC present in
membranes (Chakravarthy et al., 1992, 1994, 1995a, Durkin et al., 1992).

Experiments with purified PKCs and phospholipid vesicles (Bazzi and Nelsestuen 1988)
or erythrocyte l;lembmn&s (Wolf et al., 1985; May et al., 1985) have suggested that PKCs might
associate with cell membranes in a Ca“-dependent (i.e. EGTA-sensitive) manner and remain
there in an inactive, but still signal-responsive state (Bell 1986; Bell and Burns 1991). However, it
was not possible to demonstrate the presence of such an inactive, signal-responsive pool of
membrane PKCs because of the inability of conventional PKC assays to distinguish between
different activation states of PKC (Takat et al., 1979, Kikkawa et al., 1982). As described
previously, conventional methods require that membranes first be solubilized and their associated
PKCs then reconstituted into artificial phospholipid membranes in the presence of a maximally
effective concentration of a specific activator, the TPA, and excess Ca** {Kikkawa et al., 1982;

Hannun et al., 1985). These manipulations would fully activate all PKCs, including any inactive



enzyme(s) that might be associated with the native cell membranes, Thus, conventional in vitro
assays can measure changes only in the total amount of membrane-associated PKCs and not
changes in the activity of pre-existing membrane-associated PKCs, except in cases where enzyme
modification leads to activation (Pelech et al., 1990b). In other word, the stimulation _of a pre-
existing pool of membrane PKCs without the translocation of enzymes from the cytosol would go
undetected by both the conventional activity assay and by any immunobloting assay,

The above situation has been rectified by the recent development of a ‘direct’ PKC assay
{Chakravarthy et al., 1991) which measures enzyme activity directly in its native membrane-
associated state. Using this in vitro assay it has been possible to demonstrate that growth factors
such as epidermal growth factor (EGF), fibroblast growth fuctor (FGF), IL-3, ahd
neurotransmitters such as glutamate stimulate PKC activity in target cells, not by inducing the
translocation of cytosolic enzyme to membranes, but by activating pre-existing pools of inactive
membrane PKC (Chakravarthy et al., 1992, 1995, Durkin et al., 1995). Moreover, fKC that is
associated with membranes in an inactive state had been found to require only DAG for activation
(Chakravarthy et al., 1994), Although the receptor-mediated hydrolysis of inositol phospholipids
was once thought to be the sole mechanism leading to the DAG production and the activation of
PKC (Nishizuka 1984), recent studies suggest that several additional cellular mechanisms exist
which provide PKC-activating DAGs. For example, the hydrolysis of phosphatidylcholine
(Asaoka et al., 1992) and phosphatidylethanolamine (Kester et al., 1989) have been shown to be
important sources of diacylglycerol in many cells (Scheme I-5).

Perhaps the most convincing evidence that membrane-associated inactive PKC can be
activated by different stimuli without translocation from cytosol to membrane is that the PKC-

specific substrate, the 80 kDa MARCKS protein, has be shown to undergo endogenous
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phosphorylation under conditions in which translocation of PKC was undetectable, but in which
the direct assay showed the activation of inactive membrane PKC (Chakravarthy et al., 1994),
Thus, the in vitro measurement of PKC activity by the direct assay had been shown to truly reflect
the changes in membrane-associated PKC activity occurring in intact cells,

Even the historic role of DAG and Ca™* as the sole regulators of PKC activity are now
less cenmn For example, it has been reported that arachidonic acid and its metabolites are able to
activate some subspecies of PKC under specific conditions. Arachidonic acid can be derived from
inositol phospholipids through two consecutive reactions, catalysed by phospholipase C and
diacylglycerol lipase (Bell et al., 1979), and it can also be derived from phosphatidic acid by a
specific lipase (Billah et al., 1981). However, in most tissues arachidonic acid is released by
phospholipase A; from phosphatidylcholine and phosphatidylethanolamine (Scheme I-5 ). The role
of arachidonic acid in endogenous PKC activation is not entirely clear but reports indicate that this
fatty acid can activate PKC in vitro by mechanisms either independent of PS and DAG (McPhail
et al., 1984) or working synergistically with DAG (Asaoka 1992b).

4.6.4 Direct in vitro PKC assay method

The recently described direct PKC assay (Chakravarthy et al., 1991) measures enzyme
activity directly in its native membrane-associated state, without prior detergent solubilization and
reconstitution of the enzyme with exogenous PS, TPA, and excess Ca**. By this method, enzyme
activity is measured by using the highly PKC-selective peptide substrate Ac-FKKSFKL-NH,,
(Chakravarthy et al., 1991, Williams et al., 1992, Orr et al., 1992), recognized by all of the major
PKC isoforms (Heemskerk et al., 1993) in the presence of a Ca 2* concentration (1uM) that
closely approximates the intracellular sitvation. Because no enzyme activation steps are involved

in this procedure, the assay measures only that PKC which is present on membranes in an active
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state (Chakravarthy e al,, 1992, 1994, Durkin et al., 1992). However, if isolated cell membranes
also possess an inactive pool of PKC, it can be rapidly and completely activated in vitro by adding
either 1.0 uM TPA, 50 to 100 M diacylglycerol, or excess Ca** (100 uM) to the reaction
mixture, The addition of TPA to the membrane preparation gives a measure of total membrane
PKC activity (active + inactive), and thus the amount of both active and inactive enzyme can be
determined quantitatively by this method.
5. PKC in IL-2 cell signaling

While the importance of PKC in the signaling pathways of many receptors has been
established, the role of PKC in IL-2 signalling remains controversial. In some cases it has been
reported that IL-2 induces phosphoinositide hydrolysis, increases in intracellular Ca** and PKC
translocation and activation (Farrar et al., 1986; Evans et al., 1987b, Farrar and Anderson 1985).
Other reports indicate that other effects of IL-2, such as the reduction in cAMP levels, are
mediated through a PKC-dependent pathway (Beckner and Farrar 1986, 1987). Moreover, the
PKC inhibitor, H-7, has been shown to block TL-2 stimulated cell proliferation in T-cells
(Mukaida et al., 1988). On the other hand, a series of studies have failed to observe such PKC-
linked changes associated with IL-2 stimulation of cells (Mills et al.; 1985a; 1986; 1988; Gelfand
et al., 1987; Valge et al., 1988; Redondo et al., 1988; Paetkau and Mills 1989). In particular, in a
widely-referenced study by Mills et al (1988), PKC’ mutants were used to show that despite a loss
of PKC activity, cells were still able to proliferate in response to IL-2.

Signal routes leading to the activation of PKC may greatly vary with cell typé,
extracellular signals, and perhaps with the time after cell stimulation, Thus, given what we now
know about the complexity of PKC activation, the failure of some studies to demonstrate PKC

translocation, PIP; hydrolysis, and Ca®* fluxes does not necessarily rule out the involvement of
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Scheme I-5. A schemalic representation of the induction of cellular responses by the
signal-induced degradation cascade of membrane phopholipids. PIP2,
phosphatidylinositol bisphosphate; IP3, inositol triphosphate; PC,
phosphatidylcholine; DAG, diacylglycerol; FFAs, free fatty acids; PKC,
protein kinase C. Modified from Nishizuka 1992,
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PKC activation in IL-2 signalling. Moreover, it must be remembered that most studies of PKC in
IL-2 signalling have looked at cell proliferation as the cellular response to the cytokine, Although
proliferation is a very important cellular response to IL-2, it is but one of several responses
evoked by this cytokine in IL-2 sensitive cells. For example, in addition to its mitogenic eftects,
IL-2 promotes cytotoxic activity in NK cells (Henney et al., 1981) and in IL-2-dependent
cytotoxic T cell lines (Kornbluth and Hoover, 1988; Karnitz et al., 1992), and the production of
IgG in B cells (Blackman et al., 1986). The importance of PKC in these IL-2-induced celtular
responses has not been explored, Perhaps more important is the fact that aside from the above
mentioned study by Mills et al, most studies attempting to link changes in PKC activity with IL-2
stimulation have relied on the traditional dogma that the translocation of cytosolic PKC to the
membranes is a necessary step in PKC activation. However, as detailed in Section 4.6 in this
Introduction, the fact that quantitative changes in the total amount of membrane PKC were not
observed in these cases, does not in itself constitute proof that changes in membrane PKC in situ
had not taken place.

The objective .of this thesis was to determine whether IL-2 indeed stimulates PKC in T-
cells, and if so by what mechanism. Tt was also the purpose of this study to determine what role
PKC plays in the pleiotropic responses of cells to IL-2, such as T-cell survival and cytotoxic
activity. Studies described in Chapter 1 establish an in vitro model for study PKC in IL-2
signalling. In Chapter 2, these models were used to investigate the role of inactive membrane-
associated PKC in T-lymphocyte survival and cytotoxic activity, In Chapter 3, the mechanisms

responsible for the activation of inactive PKC by IL-2 were explored.
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TESIS OBJECTIV
The overall objective of this thesis is to gain a clearer understanding of the role of PKC in

IL-2 signaling by focusing on the involvement of PKC in IL-2 mediated T-cell survival and
cytotoxic activity, and to establish mechanisms of IL-2 induced PKC activation. The specific
objectives are as follows:
l. To a;stablish an in vitro model to study the role of protein kinase C in IL-2 signal transduction

(Chapter 1).
2. To determine whether the activation of inactive-membrane PKC is necessary for IL-2-dependent
cell

survival and cytotoxic activity (Chapter 2).

3. To determine the IL-2 dependent signaling pathways leading to PKC activation (Chapter 3).
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CHAPTER ONE: ESTABLISHMENT OF AN IN VITRO CELL MODEL TO STUDY

THE ROLE OF PROTEIN KINASE C IN IL-2 SIGNAL TRANSDUCTION

1.1 INTRODUCTION

Interlcukin-2 (IL-2) is a critical regulator of the immune system, During the last ten
years, tremendous work has being done in terms of clucidating the biological functions of 11.-2,
and exploiting this knowledge for clinical purposes. For example, in preliminary clinical trials,
anti-IL-2 receptor (IL-2R) monoclonal antibodys (mAb) and chimeric IL-2 toxins have showed
promising signs of efficacy in that they appear to effect improvements in paticnts with IL-2R”
leukemia/lymphoma, as well as in patients with refractory rheumatoid arthritis or new-onset
diabetes mellitus (Strom et al., 1993). However, acspite these promising findings, the
mechanisms underlying IL-2 signaling remain elusive, It is becoming increasingly apparent that
aberrations in signaling pathways are at least partially linked to a number of disorders and
discase states, including cancers, atherosclerosis, psoriasis, and diseases of the immune system,
such as septic shock, tissue rejection and rheumatoid arthritis (reviewed by Levitzki 1994), Thus,
it has been suggested that agents which antagonize tyrosine kinases, protein kinase Cs, Ras, Ca®*
signaling , as well as estrogen, may be potential tools in cancer management (Levitzki 1994).
Clearly, understanding the nature of the biochemical signaling imparted by IL-2 would at the
very least help to identify new therapeutic targets to which drugs could cventually be developed.

In order to definc the complexity of the signaling pathways coupled to IL-2, it is critical
to have e;.perimental models that are both reproducible and rclevant. In a global sense, studics
related to IL-2 signaling pathways can be conducted both in vivo and in vitro. It is absolutely

cvident that studies utilizing mice, rats, and monkeys have been invaluable in demonstrating the
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cfficacy of immuno-suppression of anti-IL-2Ra mAbs for transplantation, graft tolerance, and
autoimmune diseases (Strom ct al., 1993). On the other hand, animal models are expensive,
difficult to control and manipulate, and are increasingly difficult to justify on cthical grounds. As
an alternative, much important preliminary work can be conducted using in vitro models as long
as such models can be shown to be relevant to the in vivo case.

In vitro studics can be cbnductcd either in primary cclf culture or in immortalized cell
lines. In pn'nciple,_ primary cell cultures arc more “real” but they usually suffer from problems
associated with heterogencity in that even the most highly purified preparations are likely to be
contaminated with other cell types, making the interpretation of data difficult. Another problem
with using primary cultures throughout an extended study is that it is often difficult to maintain
high levels of experimental reproducibility, a problem arising from the necessity to perform
repeated isolation of the cells from animals in which the investigator has only limited control (i.e.
dict, stress, supplies, viruses, etc). By comparison, immortalized cell lines which respond to IL-2
in the predictcd in vive manner oﬁ‘cl; several advantages to the study of IL-2 signalling.

Interleukin-2 dependent cytotoxic T cell lines have proved to be very useful systems for
investigating IL-2 signaling in 1 -cells. They provide a unique opportunity to investigate IL-2
linked intracellular signal transduction pathways because many of these cell lines closely
represent normal activated cytotoxic T-cells being strictly dependent on IL-2 for growth and
viability. The cytotoxic T-cell line, CTLL-2, was originally generated from secondary allogeneic
mixed tumor-lymphocyte cultures (MTLC) (Gillis and Smith, 1977). The cells are blastoid in
shape and highly vacuolar in appearance, much like normal activated cytotoxic T-cell (Eisen
1990). The CTLL-2 cell line was judged an appi'opriate in vitro model to study IL-2 signal

transduction in this study because (1) it is relatively easy to control and manipulate the
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conditions of CTLL-2 cell growth, (2) the linc has proved over the years to be genetically and
phenotypically stable (Saltzman et al., 1988, Sharon et al,, 1990) (3) the cclls exhibit many of
the characteristics of the normal cytatoxic T cells from which they are derived (Gillis and Smith
1977), (4) large amounts of cells can be generated at low cost in a relatively short period of time,
a practical necessity given the types of biochemical studics to be conducted and most importantly
(5), CTLL-2 cells have functional IL-2 reccptors on their cclf surface (Cano ct al,, 1992).
Moreover, they bear endogenous IL-2RPy complexes and the IL-2Ra subunit can be induced
after IL-2 stimulation as occurs in T-cells (Merida ct al., 1990a, Sharon et al., 1990, Cano ct al.,
1992). Since CTLL-2 cells bear IL-2Rs that arc indistinguishable to that found in vivo and arc
dependent on IL-2 for viability and proliferation, they were judged to be a suitable model for
examining the mechanisms by which intracellular signals are relayed from the membrane to the
nucleus following IL-2 stimulation.

CTLL-2 cells have been widely used to study various aspe.is of T-cell signalling
mechanisms. For example, they have becn used as a standard cell line to assay IL-2’s ability to
stimulate cell proliferation (Gillis et al., 1978, Robb et al,, 1981). In recent years, CTLL-2 cells
have been used to study the role of phosphatidylinositol-3-kinase (Merida et al. 1991),
phosphatidic acid (PA) (Cano et al. 1992}, and glycosylphosphatidylinositol (GPI) lipids (Mcrida
et al. 1990a) in IL-2 signaling mechanisms. The cell line has also been used to study the role of
rapamycin in the inhibition of IL-2-induced T-cell proliferation (Morice ct al., 1993), the
signaling steps leading to c-fos gene expression (Trouche et al., 1991), and the role of PKC
translocation and PKC é.ctivity in T-cell proliferation (Redondo ct al., 1988, Mukaida et al.,
1988, Kim et al., 1989), However, the role of PKC in physiological responses other than

proliferation to IL-2 have not been explored in CTLL-2 cells,
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As discussed in the General Introduction (scction 5), the role of protein kinase C in IL-2
induced cell proliferation is controversial in that some researchers belicve PKC to be involved in
the process, while others discount its role mainly because of the widely-referenced study by Mills
et al. (1988) which reported that PKC ° mutants were able to proliferate in response to IL-2.
However, it must be noted that in the study of Mills, individual clones of cells were isolated from
cell populations maintained in the phorbol ester, TPA (10°M), and high concentration of IL-2
(1000U/ml). Since it was not demonstrated in their study that their PKC clones did not arise
from mutations that allowed cells to bypass a normally PKC-mediated proliferative response, it
cannot be concluded catcgorically that ‘PKC is not part of signalling pathway normally coupled
to IL-2 stimulated proliferation in T-cells. Moreover, it must be remembered that although
proliferation is a very important cellular response to IL-2, it is but one of several responses
evoked by this cytokine in IL-2 sensitive cells. Thus, in addition to its mitogenic effects, IL-2
promotes the cytotoxic activity of NK cells (Henney et al., 1981) and IL-2-dependent cytotoxic T
cell lines (Kornbluth et al., 1988, Karnitz et al., 1992), and the production of IgG in B cells
(Blackman et al., 1986). The importance of PKC in these IL-2-induced cellular responses is

essentially unexplored, and is the subject of this thesis.
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1.2 OBJECTIVES

The overall objective of the study described in Chapter I was to establish and
characterize several of the key paramcters needed to investigate the role of PKC in IL-2 signal
transduction in CTLL-2 cells. The specific objectives were:

1.2:1 To establish that IL-2 is a mandatory cytokine for CTLL-2 cell survival and
proliferation,

1.2.2 To establish the importance of serum factors present in the growth medium in 1L-2-
induced survival and proliferation of CTLL-2 cclls.

1.2.3 To establish the relative levels of the principle PKC isozymes present in CTLL-2

cells and to determine the distribution of PKC in various cellular compartments.
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1.3 METHODS

Cell culture

Stock cultures of CTLL-2 cells were purchascd from the American Type Culture
Collection (ATCC, Rockville, MD20852, USA). The cells were maintained in complete medium,
consisting of RPMI 1640 (Flow Laboratories, Irvine, CA) supplemented with 10% fetal bovine
scrum (Lifc Technologies, Inc., Grand Island, NY), 100U/ml penicillin, 0.1 mg/ml streptomycin,
0.2% sodium bicarbonate, 57 uM 2-mercaptocthanol (ME), and 100 U/ml IL-2 ( a gift of the
Biologic Response Modificrs Program, Division of Cancer Treatment, National Institutes of
Health). Cells were typically sceded at a density of 1-2X10* cells/ml in complete medium, grown
in a humidified cnvironment of 95% air and 5% CO,, and used for experiments when cell
densities reached 0.5 to 1 X 10° cells/ml. For experiments on cell survival, proliferation, and
PKC activity, CTLL-2 cells were washed twice in RPMI medium, then incubated in
unsuppliméntcd RPMI medium (i.e. serum and IL-2 free) for specified times before being
subjected to the indicated treatments,
1.3.1 Cell lysis and the isolation of membrane and cytosolic fractions

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) (140 mM NaCl,
4 mM KCl, 500 pM Na,HPO,, 150 uM KH,PO,), suspended in I ml ice-cold hypotonic lysis
medium (1 mM NaHCO;, 5 mM MgClz, and 100 uM phenylmethyl sulfonylflucride, pH 7.5)
for 10 min, and lysed by vortexing vigorously for 2 min. All subsequent steps were conducted at
4°C. Nuclei and unlysed cells were sedimented at 600 x g for 5 min, and membrane and cytosol
ﬁcﬁom were scparated by centrifugation at 100,000 x g for 10 min in a Beckman TL-100

ultracentrifuge,
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1.3.2 The assay of protein kinase C activity

A) Conventional PKC assay: The amounts of PKC present in the cytosol and membrane
fractions were measured by the conventional PKC assay, as described previously (Chakravarthy
et al., 1991, Durkin et al., 1992, Chakravarthy ¢t al., 1992), Briefly, for the measurement of
membrane PKC, membranes from 5-10 X 10° cells were solubilized by suspending them in
solubilizing buffer (50 mM Tris-HCl buffer [pH 7.5] containing 2 mM EGTA, 0.5 mM EDTA,
and 0.1% Triton X~100), followed by incubation for 15 min on ice with periodic vortexing.
Under these conditions, more than 95% of membrane-associated PKC was extracted. The
membrane extract was clarified at 100,000 x g for 10 min and the supernatant used for the
measurement of PKC activity. For the measurement of cytosolic PKC levels, the cytosolic
fraction was initially adjusted to 50 mM Tris-HCI {(pH 7.5), 2 mM EGTA, 0.5 mM EDTA, and
0.1% Triton X-100. PKC activities in the membrane and cytosolic fractions werc measured in a
reaction mixture (100 pl) containing of 5 to 10 pg of cellular protein and 75 pM of the PKC-
selective peptide substrate (see below) in a conventional assay buffer (50 mM Tris-HCI buffer
[pPH7.5), 5 mM MgCl,, 2 mM CaCl,, 10 pg phosphatidylserine, I pM TPA, 100 uM sodium
vanadate, 100 pM sodium pyrophosphate, | mM sodium fluoride, 100 pM PMSF). The reaction
was initiated by the addition of 50 uM ATP (0.5 pCi [*P] ATP, 6,000C/mmol) and after 10
min at 25°C incubation, the reaction was stopped by adding 10 pl 5% acetic acid and the -
samples clarified by centrifugation at 16,000 xg for 5 min in a microfuge. A 90-ul sample of
each supematant was applied to P81 Whatman paper (2 em*)(VWR Scientific of Canada Ltd,
Toronto, Ontario), and the papers were washed twice for 10 min in 5% acetic acid (10 ml/em? of
papér) at RT. The radioactivity bound to the washed papers was determined by liquid

scintillation counting using Formula-989 scintillation cocktail.
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In other cases, membrane and cytosolic PKC were partially purified (Kikkawa et al.,

1982, Hannun ct al., 1985) before being subjected to the conventional assay described above.
Bricfly, membrane PKC was detergent-solubilized as described above, and then subjected to DE-
52 gel filtration chromatography (1 cm X 0.5 cm) in a buffer consisting of 50 mM Tris-HCl (pH
7.5), S mM MgCl;, 200 pM sodium vanadate, 200 1M sodium pyrophosphate, 2mM sodium
fluoride, and 100 pM PMSF. PKC was cluted from the column in the same buffer containing 90
mM sodium chloride, and assayed for PKC activity as described above. Cytosolic PKC was
partially purified and assayed in an equivalent manner,

B) Direct PKC assay: Membrane-associated PKC activity was measured directly in isolated
membranes (Chakravarthy et al. 1991), without previous extraction and reconstitution of the
enzyme in artificial phbspholipid membranes, by the incorporation of *P into the PKC-selective
peptide substrate Ac-FKKSFKL-NH,. This peptide, which corresponds to the region of the
phosphorylation site of the MARCKS protein, a cellular substrate of PKC (Blackshear 1993),
has been shown to be a highly specific substrate for PKC in in vitro assays (Chakravarthy et al,
1991, Williams ct al. 1992, Orr et al. 1992, Jouishomme et al., 1992, Heemskerk et al. 1993),
Both the peptide and MARCKS itsclf are only poorly phosphorylated by CaM kinase,
phosphorylase kinase, and protein kinase A (PKA) (Chakravarthy et al, 1991, Blackshear 1993)
and in the conventional PKC assay, the peptide is not phosphorylated by kinase present in crude
cell extracts in the absence of PS/TPA (Chakravarthy et al., 1991, Orr et al., 1992). Moreover,
in the direct assay the peptide is not phosphorlated by membranes isolated from cells in which
PKC had been down-regulated by long-term TPA exposure (Jouishomme et al., 1992), and the
‘phosphorylation of the peptide by membrane-associated kinases is abolished completely in the

presence of the pscudosubstrate PKC-specific inhibitor, RFARKGALRQKNVHEVKN, a
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peptide comresponding to the pscudosubstrate region of PKC (House and Kemp 1987,
Chakravarthy et al,, 1991).

For the measurement of active membrane PKC by the direct method, isolated membranes
from 5-10 X 10° cells were suspended in direct assay buffer (50 mM Tris-HCI [pH 7.5], 5§ mM
MgCl, 1 pM CaCl;, 100 uM sodium vanadate, 100 pM sodium pyrophosphate, | mM sodium
fluoride, and 100 uM PMSF), and vigorously vortexed to obtain a homogeneous suspension. The
reaction mixture (100 pl) consisted of 5 to 10 pg membranc protein and 75 pM peptide Qubsmtc
in direct assay buffer. The reaction was initiated by the addition of 50 uM ATP (0.5 nCi [2P]
ATP, 6000 Ci/mmol) and after 10 min at 25°C the reaction was stopped by the addition of 10 pl
of 5% acetic acid and the samples clarified by centrifugation at 16, 000 xg for 5 min in a
microfuge. As was the case with the conventional assay, a 90-p1 sample of cach supernatant was
applied to P81 Whatman paper (2 cm?), and the papers were washed twice for 10 min in 5%
acetic acid (10 ml /cm® of paper). The radicactivity bound to the washed papers was determined
by liquid scintillation counting.

For the measurement of total membrane PKC (as opposed to that active in membrane
preparations), 1 uM TPA was added to the reaction mixture to activate any inactive, membrane-
associated enzyme (Chakravarthy et al., 1991, 1992, Durkin et al., 1992). The reaction was
conducted as described above for the direct assay. In all cases, PKC activity was expressed as
the amount of P (cpm) incorporated into the peptide substrate/10 min/8pg protein,

1.3.3 Assessment of PKC isozyme levels and distribution in CTLL-2 cells
Protein kinase C isozymes present in CTLL-2 cells were determined by Western blot
analysis using isozyme specific polyclonal antibodies to PKC (GIBCO BRL, Grand Island, NY,

USA). Briefly, CTLL-2 cell membrane and cytosolic fractions were prepared by hypotonic lysis
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and centrifugation as discribed in 1.3.1. Isolated cell membranes were subsequently suspended in
direct assay buffer (Appendix A). Equal volumes of SDS solubilization buffer (10% glycerol,
5% B-ME, 3% SDS [w/v], 10 mM Tris, pH 6.8, 0.01% |w/v] bromophenol bluc) were added to
the membranc and cytosol preparations and 10-20 pg of protein were electrophoresed by 10%
SDS-PAGE (Lacmmli, 1970). The gels were then equilibrated for 30 min in transfer buffer (192
mM glycine, 25 mM tris-base [pH8.3], 0.1% SDS in 20% [v/v] methanol) and transferred
clectrophorctically to nitrocellulose using transblotting apparatus (the series transphor
clectrophoresis unit from Hoeffer Scicntific Instrucment, San Francisco 94107) for 2 hour at 4°C
at constant voltage of 200V. Following transfer, non-specific binding sites were blocked by
incubation of the nitrocellulose paper in blocking solution (1% BSA, 25 mM Tris-HC), pHS.0,
37.5 mM NaCl, 0.05% Tween 20 [v/v]) for two hours at RT. The papers were then incubated
for two hours at RT in TBST solution (25 mM Tris-HCI, pH 8.0, 37.5 mM NaCl, 0.05% Tween
20 [v/v]) containing rabbit polyclonal antibodies against the PKC isozymes a, B, v, 8,8, { ata
dilution of 1:1000,

The nitrocellulose papers were washed three times for 10 min each in TBST then
incubated for 90 min with a secondary antibody (alkaline phosphatase conjugated affinity
purified goat anti-rabbit IgG {H+L}]) (Sigma, ST. Louis, MO, USA) diluted in 1:5000 with
TBST. The papers were washed three times for 10 min each to remove unbound antibody, and
transferred to a color developmer;t soh.:t‘ion {100 mM Tris-HCI, pH9.5, 100 mM NaCl, 5 mM
MgCl,, 0.01% [w/v] nitro blue tetrazolium [NBT], 0.02% [w/v] 5-bromo-4-chloro-3-
indolylphesphate | BCIP]) for up to 10 min. The color reaction was stopped by rinsing the

membrane in deionized water for several min.
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The following is a description of the antibodies used in this study (from GIBCO): anti-
PKC a anti-peptide antibodics were gencrated in rabbits using the peptide described by
Makowske et al. (1988) (ala-gly-asn-lys-val-ile-scr-pro-scr-glu-asp-arg-arg-gln). This sequence
corresponds to amino acids 313-326 of rat PKCa. Anti-PKC anti-peptide antibodics were
generated in rabbits using the peptide gly-pro-lys-thr-pro-glu-glu-lys-thr-ala-asn-thr-ile-ser-lys-
phe-asp (Makowske et al. 1988). This sequence corresponds to amino acid 313-329 of rat PKC
B. Anti-PKCP raised in this manner will not distinguish between the B and PII subtypes which
differ only in their C-terminal region. Anti-PKCy anti-peptide antibodics were gencrated in
rabbits using the peptide asn-tyr-pro-leu-glu-leu-tyr-glu-arg-val-arg-thr-gly (Makowske et al.
1988), This sequence corresponds to amino acid 306-318 of rat PKCy. Anti-PKC § anti-peptide
antibodies were generated in rabbits using a peptide from the C-terminus of PKCS,
corresponding to amino acids 662-673 (ser-phe~val-asn-pro-lys-tyr-glu-gin-phe-leu-gtu) (Ono ct
al., 1988). Anti-PKC £ anti-peptide antibodics were gencrated in rabbits using the peptide
described by Ono et al. (1989a) (gly-phe-glu-tyr-ile-asn-pro-leu-leu-leu-ser-ala-glu-glu-ser-vat).
This sequence corresponds to amino acids 577-592 of PKCE. Anti-PKC e anti-peptide antibodies
were generated in rabbits using a peptide from the C-terminus of PKCe (lys-gly-phe-scr-tyr-phe-
gly-glu-asp-leu-met-pro). This sequence corresponds to amino acids 726-737 of PKCs (Ono et
al., 1988).
1.3.4 Assessment of cell proliferation

Cell proliferation was assessed by the extent of [JI-I]-thymid-inc incorporation into
ce_llular DNA. For [*H]-thymidine incorporation, CTLL-2 cclls were washed twice, resuspended

in either unsupplemented RPMI 1640 medium, or medium containing serum, IL-2, or scrum plus
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IL-2, as described in the legends of individual experiments. The cells were plated at a density of
1 X 10%* cells/mt into 24 well multiculture dishes, At the indicated times, ['H] thymidine was
added to the medium at a final concentration of 4uCi /ml (25 Ci/mmol) for either 1 or 4 hours.
The cclls were collected on GF/C glass microfiber filters (VWR Scientific of Canada Ltd,
Toronto, Ontario), precipitated on the filter with ice cold 5% perchloric acid, and washed 2 times
with PBS containing cold thymidine (0.24 g/m!). The filters were counted in a liquid scintillation
counter and DNA synthesis expressed as cpm [’H]-thymidine incorporated per dish (Jones et
al.,1986).
1.3.5 Assessment of cell viability

Viable cells were determined microscopically by their ability to exclude the vital stain,
trypan blue (Sigma Chemical Co., ST. Louis, MO, USA). Trypan blue (0.4%) was added to
cells at a concentration of 1 pl /4pl cell suspension and the proportion of cells able to exclude the
dye was determined microscopically using a haemaocytometer. The degree of cell death in cultures
was also determined by the level of lactate dehydrogenase (LDH) release into the medium
(Martinek1972) using a commercially available LDH assay kit (Sigma Chemical Co., ST. Louis,
MO, USA). The assay measures the LDH-catalyzed conversion of pyruvate to lactate in thé
presence of NADH. The rate of decrease at 340 nm, due to the conversion of NADH to_NAD*, is
directly proportional to LDH activity in the sample. Briefly, the media from cell cultures were
collected by centrifuging the cultures at 600 xg for 5 min. Samples of media (50 ul) were added
to 1.85 ml of 0.1 M potassium phosphate buffer (pH7.5) containing 100 pl of substrate (0.53
mM NADH, 22.7 mM sodium pyruvate in 0,1 M potassium phosphate buﬁ‘er [pH7.5]), and the

absorbence at 340 A recorded every 30 second for 3 min. The readings were plotted against time,
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and LDH activities were calculated according to the formula described by Wroblewski and
LaDue (1955).
1.3.6 Assessment of cytotoxic activity of CTLL-2 cells

The cytotoxic activity of CTLL-2 cells were determined by a *'chromium release
cytotoxicity assay (Tracey et al., 1977). 849.1 lymphoma cells were used as the target cell
population since they bear the same H2® surface antigen as CTLL-2 cells were raised aganist.
549.1 celis were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum in 75
em? culture flasks and used in cytotoxic assays when they reached a density of 1 X 108 cell/ml.
0.1 ml of the §49.1 cell suspension (~107 cells) was added to 0.2 ml sodium *'chromate
(1mCi/ml, 200-500 mCi/mg Cr; Amersham Canada, Oakville, Ontario) and incubated for 90 min
at 37°C in a humidified atmosphere of 5% CO; and 95% air. The cells were then washed 3 times
in 90%RPMI/10%FCS and cell numbers determined using a hemocytometer, The CTLL-2
cytolytic reaction was started by mixing varying concentrations of CTLL-2 cells (100ul) with
the *'Cr-loaded target cells (100p!, 10° cells) in a microfuge tube followed by centrifugation at
300 xg for 5 min to ensure direct contact between the target and effector cells. After a 4 hour
incubation at 37°C in a humidified atmosphere of 5% CO; and 95% air, samples were
centrifuged again for 5 min at 300 xg, and both the *Cr released into the media and the total *'Cr
in the sample (i.e. media + cells) were determined by scintillation counting,. Specific lytic activity
was calculated relative to the spontaneous release observed in tubes containing target cells alone
using the formula: |
% specific cytolytig activity = (test cpm-spontancous cpm}/( total cpm) X 100
Miscellaneous

Protein concentrations were determined by the method of Bradford (1976).
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1.4 RESULTS

1.4A. Characterization of the role of IL-2 in CTLL-2 cell proliferation, viability, and
cytotoxic activity
1.4A.]1 Interleukin-2 is critical for CTLL-2 cell survival and proliferation

Scveral different techniques were used to determine the effects of IL-2 on CTLL-2 cell
survival and proliferation. Initially, the cffects of IL-2, scrum, and IL-2 plus serum on viable cell
numbers was studied. As shown in Figure 1.1, CTLL-2 cells grew exponentially in the presence
of 10% serum and 100U/ml 1L-2 (1 U/ml of IL-2 will induce 50% of the maximum proliferation
[10,000cpm/3000cells) during 4 hour pulse with 0.5pCi of *H-thymidine [20CV/mM ][Gillis et -
al., 1982] ). By comparison, scrum or IL-2 alone were not able to stimulate an increase in viable
cell numﬁcrs. In the presence of 100U/ml IL-2 alone, viable cell numbers were maintained up to
at least 72 hours and the cells looked morphologically normal (data not shown). By contrast in
the presence of scrum alone, the cells became morphologically ragged and their viability could
not be maintained beyond 48 hours. In the abscnce of both serum and 1L-2, viable cell numbers
decreased by 50% within the first 24 hours, and most cells died before 48 hour. In the presence
of serum factors, IL-2 stimulated CTLL-2 cell proliferation in a dose dependent manner as
measured by both viable cell numbers and by [*H]-thymidine incorporation into DNA (Fig. 1.2).
Both methods indicated tha. half maximal stimulation occured at ~5-10 U/ml and maximal
cffects at ~25-50 U/ml IL-2.

In order to determine whether cells maintained in medium supplimented with IL-2 alone
were still capable of proliferating, normal CTLL-2 growth medium (serum + IL-2) was added to
cells which had been previously maintained in IL-2 medium for varying times. As shown in Fig

1.3, CTLL-2 cclis maintained in IL-2 medium for 24 or 48 hours were indeed capable of
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proliferating rapidly once scrum factors were restored, indicating that the cells® proliferative
machinery were fully functional despite the fact that cell numbers were not increased in the
absence of scrum.

The inability of IL-2 alone to promete an increase in cell number (Fig.1.1) could have
arisen either from a complete shut-down of cell proliferation or from an increase in cell death that
matched the rate of cell proliferation, To distinguish between these two possibilities, lactic 7
dehydrogenase (LDH) activity measurements were conducted. LDH is a cytosolic enzyme which
is released into the culture medium as a result of a scrious loss of ceil membrane integrity, and it
is often used as an indicator of cell viability or cell death (Wroblewski and LaDuc 1955). As
shown in Table 1.1, LDH activity released into the culture medium increased significantly when
the cells were incubated for 24 hour in medium alone (i.e.-IL-2) and this was matched with a
50% reduction in cell number. By contrast, in the prcsénce of IL-2 alone (i.e. +IL-2) viable cell
numbers did not change significantly when compared to control cultures, nor did a large relcase
of LDH into the medium occur, In fact, the LDH values for cells in IL-2 alone were not
significantly different from those measured in cultures actively proliferating in IL-2 and scrum
containing medium (Table 1.1). These data indicate that CTLL-2 cells do not die in appreciable
numbers when incubated in RPMI supplemented with IL-2 and that the “static” cell numbers
observed in Fig.1.1 under these conditions likely arose from a block in cell proliferation. This
conclusion was supported by measurements of DNA synthesis in these cells. As shown in
Fig.1.4, only the combination of IL-2 and serum caused a sizable increase in [*H]-thymidine
incorporation into DNA, with neither IL-2 nor sefum alonc able to support DNA replication.
Collectively, these results indicated that in the presence of IL-2 alone, cell profiferation is abated

while cell viability is maintained,



53

Table 1.1 IL-2 is required for CTLL-2 cell viability

Cell Number per dish LDH release
-1L-2, -Serum - | 2.5 X10°% 3008 (0.46)° 69 Unit/ml (3.0)"
+ IL-2 (100U/ml), -Scrum 1.98 X 10°+ 0 (1.08) 23.2 Unit/ml (1.01)
:llé.‘yz) (100U/ml) + Scrum |4.7X 10°+ 26698 (2.6) - | 23.0 Unit/ml (1.0)
b,

Exponentially growing CTLL-2 cells were washed twice with prewarmed RPMI medium and

. resuspended in medium alone or in medium supplemented with the indicated concentrations of
IL-2 and /or serum at a density of 2.9 X 10° cells /ml. The cells were incubated at 37°C for 24 h,
at which time viable ccll numbers were determined as described in Methods. The values are the
means 3 SEM of triplicate determinations. At the same time, the degree of cell lysis was
determined by measuring the amount of LDH released into the medium during the 24 h
incubation period, as described in Methods, Values are representative of three separate
cxperiments. .

*The change in LDH activity relative to that found in culture with both IL-2 + serum containing

medium.
*Number in brackets are the fold changes in cell viability related to initial plating densities,

1.4A.2 The effects of transient withdrawal of serum and IL-2 on CTLL-2 viability.

The data in Table 1.1 indicated that a substantial loss in viable cell number and a
concomitant increase in LDH activity released intc the medium was observed 24-hours after
withdrawing IL-2 and serum from actively growing CTLL-2, By contrast, a brief withdrawal of
IL-2 and serum was, in itself, not lethal and cells could be "rescued” by the timely readdition of
these factors to the medium, Thus, the addition of 100 units/ml IL-2 and 10% serum to CTLL-2-

cultures deprived of these factors for the previous 7 hours greatly reduced the extent of cell death |
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measured at 24 hours and permitted a large expansion in cell number (Fig.1.5). Morcover, the
addition of IL-2 alone to 7-hr serumv/1L-2 deprived cultures reduced both the levels of LDH
rcleased into the medium and the loss in cell number (Figure 1.5). These data suggest that while
IL-2 was not capable of promoting proliferation of CTLL-2 cells in the absence of additional
serum factors (Fig 1.1, 1.5), it was able to prevent cell death in these cultures, a finding
consistent with previous reports (Walker et al., 1993). Since depriving CTLL-2 cells of
1L-2/serum for periods longer than 7-hours substantially reduced the proportion of viable cells at
24 hours (data not shown), a 6-7 hour deprivation period was used in most experiments to study
the effects of IL-2 on cellular PKC activity.
14A3 IL-2is requireéf for the cytolytic activity of CTLL-2 cells

We have established that IL-2 is critical for both CTLL-2 ccll survival and proliferation,
As mentioned in the General Introduction, CTLL-2 cclls arc a cytotoxic T-ccll ling, thus it was
important to determine whether the cytotoxic activity of CTLL-2 cells was also dependent on
:.-2. To study the cytotoxic activity of CTLL-2 cells, $49.1 lymphoma cells were chosen as
farget cell because they bear the same H2" surface antigen that CTLL-2 cells were raiscd against
(Gillis 1977). The cytotoxic activity of CTLL-2 cells was determined using a
51 chromium release cytotoxicity assay (Tracey ct al., 1977) in which the ability of CTLL-2 cells
to cause the release of *'Cr from preloaded $49.1 cells was taken as a measure of $49.1 cell
lysis. In establishing the experimental conditions it was initially nccessary to determine the
optimum preloading conditions to maximally load S49.1 cells. It was determined that a 90

minutes incubation with 0.2 mCi *'Cr (0.2 mCi /10cells, 1mCi/ml) gave maximal *'Cr uptake

. (data not shown). It was then necessary to test different assay iimes and different ratios of

effector (CTLL) to tafget (549.1) cells in the reaction. A series of preliminary experiments
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indicated that a 4 hour incubation period at an effector/target ratio of 100:1 gave optimai * Cr
release (data not shown).

To determine the effects of 1L-2, serum, and scrum plus IL-2 on CTLL-2 lytic activity,
exponentially growing CTLL-2 cclls were washed once, resuspended in medium supplemented
with either 100 U/ml IL-2, 10% serum, serum plus IL-2, or unsupplimented RPMI medium for
18 hours. CTLL-2 cytolytic activity was mcasured by a 4 hour lytic assay at a ratio of 100:1 of
effector to target cells. As shown in Figure 1.6, the withdrawal of serum and IL-2 for 18 hour
caused cells to loose almost 90% of their cytolytic activitylwhen compare to cells cultured in the
presence of scrum and IL-2 for 18 hour. This loss in cytotoxic activity could be largely
accounted for by the removal of IL-2 from the mcdium since serum-containing RPMI without IL-
2 . _ald not support CTLL-2 cytotoxic activity (20% of control) whereas cytotoxic activity was
only reduced 30% in cells incubated in medium containing IL-2 without serum. The cytolytic
activity was found to be dependent on the dose of IL-2 and was maximal at 50 Units/ml! (data not
shown). These data confirm that the CTLL-2 cell line is indeed a cytotoxic T-cell and that its
cytolytic activity is dependent on IL-2 in the medium.

B. Characterization of PKC in CTLL-2 cells
1.4B.1 PKC distribution in CTLL-2 cells

For the determination of PKC distribution within various cellular compartments, CTLL-
2 cells were lysed hypotonically and the nuclei and incompletely lysed cells removed by low-
speed centrifugation. This crude nuclear preparation was found to contain < 5% phase bright
viable cells (data not shown). A highly enriched nuclegr fraction, prepared by Triton X-100
treatment of the crude nuclear preparation, was found to contain <1% of the total assayable PKC

present in whole celi extracts prepared by sonication and Triton X-100 treatment (Table 1.2).
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The majority of cellular PKC activity was found to be relatively equally distributed between the
cytosolic and membrane fractions (Table 1.2). However, as shown in Table 1.2, a sizable
amount { ~30%)} of the total cellular PKC was found in Triton X-100 cxtractable material
associated with the crude nuclcar fraction. It is likely that the majority of this PKC activity
resided in membranes which were associated with pelicted nuclei (and solubilized by detergent
treatment), and thus, the percentage of PKC found in the membrane fraction (32%) was
probably an underestimate, although other possibilitics cxist (sec discussion).

1t is known that membranc-associated PKC can cxist in two forms: peripherally bound
PKCs, which can be readily stripped off from the membranes by Ca®*~chelating agents such as
EGTA, and ‘membrane-inserted’ PKCs, which are tightly bound to the membrane and cannot be
removed by chelation (Bazzi and Nelsestuen 1988, Nelscstuen and Bazzi 1991, Chakravarthy ct
al., 1994), Using a conventional PKC assay, it was determined that in exponentiatly growing
CTLL-2 cells, 40% of thé total membrane PKC was tightly associated with membrane while
60% was associated with membranes in Ioosely-bound or peripheral bound form which was
readily removed from membranes by brief EGTA treatment (Table 1.3).
1.4B.2 PKC isozyme distribution in CTLL-2 cells

Molecular cloning and biochemical analysis has revealed that PKC exists as a family of
at least 12 isozymes having closely related structures (Nishizuka 1988, 1992, Stable and Parker
1991). In order to determine the isozyme distribution in CTLL-2 cells, western blots were
performed on CTLL-2 cell membrane and cytosolic fractions using commercially available
polyclonal PKC antibodies (GI.BCO BRL, Grand Island, NY, USA). Six PKC antibodics against
PKC o, B, 7, 5, 8, § were used to test the distribution of PKC isozymes in CTLL-2 cells. The

levels of PKC o were relatively low in CTLL-2 cells with the majority found in the cytosol
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Table 1.2 The distribution of PKC in CTLL-2 cells

Fraction PKC Activity (cpm / 10° cells)
Total 75791 £4254

Nuclei 538 1+ 50 (0.7%)

Membrane 26899 1 1312 (36%)

Cytosol | — 23918 + 413 (32%)
Supematant from crude nuclei 22858 + 539 (30.8%) -

Exponentially growing CTLL-2 cells,were washed twice with ice-cold PBS and suspended in ice-
cold hypotonic lysis medium (Appendix ) at 2.7 X 107 cells/ml. For the measurement of total
cetlular PKC activity, 1 ml of cell suspension was homogenized in a Potter-Elvehjem
homogenizer for 10 seconds, Triton X~100 was added to 100 ul of the homogenized sampletoa
final concentration of 0.1%, and 5 pl was used to determine total PKC by the conventional assay
as described in Methods. For the determination of PKC in the membrane, cytosol, and nuclear
fractions, 1 ml of cell suspension was lysed in hypotonic lysis medium by vortexing as described
in Methods. Nuclei and unlysed cells were separated by low-speed centrifugation. All subsequent
steps were carried out at 4°C. Membrane and cytosol fractions were separated by spinning at
100,000 xg for 10 minutes and the isolated membrane suspended in lysis medium. Triton X-100
was added to the isolated membrane and cytosol preparations to a final concentration of 0.1%,
and their PKC activity determined by the conventional PKC assay (details in Method section).
Crude nuclei were further purified according to the method Weaver et al. (Weaver 1993) with
minor modifications, Bricfly, Triton X-100 was added to the nuclear pellet to a final
concentration of 0.1% and after a 10 min incubation at 4°C, the cleaned nuclei were pelleted at
500 xg for 5 min, the supernatant retained for PKC assay, and the pelleted nuclei suspended in
PBS containing 0.1% Triton X-100. The nuclei were lysed by sonification and assayed for PKC
activity. Values are the means + SD of triplicate determinations of PKC activity in 10° cells and
are representative of three separate experiments,




58

Table 1.3 The distribution of PKC in CTLL-2 cell membranes

PKC activity (cpm / 10” cells)

-EGTA + EGTA
Membrane 19,505 £ 1,617 (47.5%)" 8,032 £ 258 (14.4%)
Cytosol 21,575 £ 3,200 (52.5%) 48,412 + 1,969 (85.7%)

Exponéntially growing CTLL-2 cells were washed twice in PBS, resuspended in hypotonic lysis
buffer (1 mM NaHCO;, 5 mM MgCl,, and 100 pM phenylmethyl sulfonylfluoride), or in the
same buffer containing 1 mM EGTA, and lysed by homogenization in a Potter-Elvehjem
homogenizer with 20 up-and-down strokes. All subsequent steps were carried out at 4°C. Nuclei
and unlysed cells were sedimented at 600 xg for 10 min. Membrane and cytosol fractions were
separated by centrifugation at 100,000 xg for 10 min in a Beckman TL-100 ultracentrifuge. The
total amounts of EGTA-extractable and nonextractable membrane PKC, and the corresponding

levels of cytosolic enzyme, were determined by using the conventional assay described in
Method,

* Numbers in brackets denote percentage of total cellular PKC.

fraction. By comparison, far more PKC P was present in membranes than that in the cytosciic
fraction (Fig. 1.7). The antibody against PKCP was mi;ed against a peptide corresponding to
amino acids 313-329 of the rat PKCp central region and consequently it was not able to
distinguish between the I and BII subtypes which differ only in their C-terminal regions. The
analyses as performed suggest that there is more PKCP isozyme than that PKCo in CTLL-2
cells. Alihough, PKC y has been reported to be present exclusively in neuronal tissues (Huang ct
al., 1987, Saito et al., 1988), the anti-PKC y antibody used did react with CTLL-2 ccll
membrane and cytosot (Fig.1.7). Whether this indicates the presence of PKC v in the cells or
reflects the non-specificity of the antibody is unclear. At the time at which these experiments

were conducted, only antibodies against the nPKC isoforms 6 and e were available commercially.
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While PKC & was not detected in CTLL-2 cells, PKC & was present in both cytosol and
membrane fractions (Fig. 1.7), but at levels far lower than that observed for cPKC isoforms. The
only aPKC antibody available, that against PKC ¢, indicated that this isoform was present in
CTLL-2 cells at low titer mainly in cytosol fraction (Fig.1.7).
1.4B.3 PKC activity in exponentially prowing CTLL-2 cells

As discussed in the General Introduction (Section 4.6), the activity of membrane-
asso?:iatod PKC can be readily measured in intact isolated membranes by the “direct” PKC
assay without the nced for prior detergent solubilization and reconstitution of the enzyme with
exogenous PS, TPA, and excess Ca®* (as needed in conventional assays). Using this method, the
level of membranc-associated PKC activity in exponentially growing CTLL-2 cells was
determined. As shown in Fig.1.8A, membrane PKC activity increased significantly after cells
were fed with complete CTLL-Z growth medium (100 U/ml IL-2, 10% serum in RPMI). There
was :Erapid 3.6 fold increase in membrane PKC activity within the first 10 min which decreased
to basal level by 1 hour after feeding. Such a spike in PKC activity was not observed in cells fed
with medium alone (data not shown), Aside from a slight increase in membrane PKC activity at
10 hours enzyme activity was relatively stable up to 48 hours post-feeding . By contrast,
cytosolic PKC, measured by the conventional PKC assay, showed a progressive increase in
activity over the first 4 hours after feeding, Cytosolic PKC activity then stabilized at this
elevated level for the next 30 hours before declining by 48 hours. The cytosolic PKC data
indicates that the cytosolic levels of PKC were highly susceptible to media conditions, Both the
rapid incréase in membrane PKC and the more gradual increase in cytosolic enzyme likely
reflected the fact that cells were beginning to “run out” of vital media constituents at the time of

feeding (the cells had been last fed 3 days prior to t = 0). The cytosolic PKC data also indicates
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that the cells found themselves back in this less than optimal condition 30-48 hours after feeding.
Thus, for most subsequent studies, cells were typically feed 24 hr prior to beginning an
experiment to ensure optimal, stable and reproducible PKC levels from experiment to
experiment,
1.4B.4 The effect of IL-2, and serum deprivation on PKC activity of CTﬂ—2 cells

It has been cstablished that the withdrawal of serum and 1L-2 from CTLL-2 cells has a
profound effect on cell viability, with 50% of the cells dying within 24 hours (Fig.1.1, 1.5). The
effects of serum and IL-2 withdrawal on CTLL-2 ecll PKC activity was determined. As shown in
Fig. 1.9, the removal of IL-2 and serum from the media of exponentially growing CTLL-2 cells
induced a rapid reduction in membrane PKC activity, which fell to ~38% of cbntrol valucs
within 4 hours of serum/IL-2 starvation (average 35.3+1.3%, n=3). The ability of IL-2 and/or
serum re-stimulate PKC activity in IL-2/serum starved cells was then determined, Exponentially
growing CTLL-2 cells were “starved” of IL-2 /serum for cither 6 or 24 hours and then,
challenged with IL-2, serum, or TPA and membrane-associated PKC activity determincd by the
direct assay. As shown in Fig, 1.10A, after 6 hours of starvation, IL-2, scrum;FIL-Z; and TPA
all stimulated membrane PKC activity to varying degrees with TPA having the maximal cffect.
Thus, ten minutes of IL-2 stimulation (100U/ml) caused a 3 fold increase in membrane PKC
activity, serum (10%) and IL-2 (100U/ml) increased membrane PKC activity 5-fold, and ten
minutes TPA (1tM) stimulation caused a 7 fold increase in membrane PKC activity,
Interestingly, serum alone had no ability to stimulate PKC activity in CTLL-2 cells incubated in
RPMI for 6 hours, although there seemed to be a synergistic effect bctﬁeen IL-2 and serum in
stimulating PKC (Fig. 1.10A). By 24 hours of starvation, the surviving cclls were hlghly

responsive to both serum and IL-2 (Fig. 1. lOB) with IL-2, serum+IL-2 and TPA stlmulatmg
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membrane PKC activity about same extent. These data suggest that membrane PKC activity was
initially sensitive to the loss of 1L-2 and that a sensitivity to serum deprivation developed in a
more gradnal manner, Nethertheless, the important point was that CTLL-2 cells deprived of IL-2
responded to the re-addition of the cytokine by a rapid and robust stimulation of membrane PKC
activity. Significantly, withdrawal of serum/IL-2 for only 2 hours did not give a robust and
rcproduciblé increase in PKC activity (data not shown). In summary, these data are consistant
with the notiﬁn that a bricf withdrawal (6;7 h) of serum and IL-2 does not affect cell viability,
and that these cells ‘mpond to IL-2 stimulation with a rapid, and significant increase in

membrane PKC activity.



62

Figure 1.1 CTLL-2 cells are dependent on IL-2 for proliferation and survival

CTLL-2 cells growing exponentially in RPMI medium supplemented with 10% fetat bovine
serum and 100 U/ml IL-2, were washed twice with prewarmed RPMI medium and resuspended
at a density of 1.5 X 10° cells/m! in medium alone (%), or medium containing 100 U/mi IL-2
(#), 10% seram (a), or 100 U/ml IL-2 and 10% serum (®). At the times indicated, the numbers
of viable cells were determined by trypan blue exclusion as described in Methods. The values are
the means +/SEM of triplicate cultures and are representative of five separate experiments,
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Figure 1.2 IL-2 stimulates CTLL-2 proliferation in a dose-dependent manner

Exponentially growing CTLL-2 cells, were washed twice with prewarmed RPMI, and
reenspended at a density of 5 X 10° cells /ml in RPMI medium supplemented with 10% scrum
and the indicated concentrations of IL-2, After a 24 hour incubation some dishes were used to
determine viable cell numbers as described in Methods. For other cultures, [’H]-thymidine (4pCi
fdish, 25 Ci/mmol) was added during the last hour of incubation, and the incorporation of [*H]-
thymidine into DNA determined by the method of Jones ct al. as described in Methods. The
values are means + SEM of triplicate cell cultures and are representative of 2 scparate
experiments,
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Figure 1.3 IL-2 maintained viable cells can resume proliferation once transferred back to
normal growth medium

Exponcntially growing CTLL-2 cclls were washed twice with prewarmed RPMI and resuspended
at 1 X 10° cells /ml in medium containing 100 U/ml IL-2, At 24 (A)and 48 (w)hours, scrum was
added to some cultures to a final concentration of 10%. At 24, 48, 72, and 96 hours, viable cell
numbers were determined by the trypan blue exclusion method as described in Methods. The
values are the means + SEM of triplicate sampics.
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Figure 1.4 Both serum and IL-2 is required for DNA synthesis in CTLL-2 cells

Exponentially growing CTLL-2 zells were washed twice with prewarmed RPMI, resuspended in
RPMI containing either 10% serum, 100 U/ml IL-2, or 10% scrum plus 100 U/ml IL-2, and
incubated at 37°C for 24 h. During the last hour of the incubation, [*H)-thymidine (4 nCi /dish,
25 Ci /mmol) was added to each dish, and the incorporation of [*H]-thymidine into DNA was
determined by the method of Jones et al as described in Methods. The values are the means +
SEM of triplicate samples and arc representative of five scparate experiments,
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Figure 1.5 IL-2 is required for cell viability

Exponcatially growing CTLL-2 cells were washed twice with prewarmed RPMI medium and
resuspended in medium without IL-2 and serum (i.c.-IL-2) at a density of 2.5 X 10° cells /ml (i.c.
control = 0). The cells were incubated at 37°C for 7 h, at which time 100 U/ml 1L-2, or 100 U/m!
IL-2 and 10% serum were added to some cultures. The cultures were incubated for an additional
17 1. The percentage of viable cells at t = 0, t =7 and following scrum and /or IL-2 treatment
(i.c. 24 hours) was determined as described in Methods. The data points represent the means +
SEM of triplicate determinations. At the same time, the degree of cell lysis was determined by
measuring the amount of LDH released into the medium during the various incubation periods,
as described in Methods. Values are the units of LDH released into the medium (per dish) above
that seen in control cultures. Results are representative of three scparate experiments,
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Figure 1.6 The effect of serum and IL-2 on lytic activity of CTLL-2 cells

Exponentially growing CTLL-2 cells were washed twice with prewarmed RPMI medium and
incubated for 18 h in RPMI alone, or in RPMI containing cither 1L-2 (100 U/ml), scrum (10%),
or IL-2 (100U/ml) plus serum (10%), and viable cell numbers determined. As deseribed in
Methods, exponentially growing target cells (S49.1, 107 cells) were labeled with sodium
*chromate for 90 minutes at 37°C, washed three times in RPMI supplimented with 10% fetal
calf serum, and resuspended in the same medium at a density of 1 X 10° cells/ml. Effector and
target cells were mixed at a 100:1 ratio in their respective media, incubated at 37°C for 4 hours,
and CTLL-2 cytolytic activity determined by the levels of *'Cr released into the medium as
described in Methods. Values are expressed as the percentage of control (i.c. cells grown in
medium containing 10% serum and 100 U/mi IL-2).
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Figure 1.7 PKC isozymes in CTLL-2 cells

Protein kinase C isozymes presented in CTLL-2 cells were determined by Western blot using
isozyme specific polyclonal antibodics to PKC isozymes. CTLL-2 ccll membrane (20 pg protcin)
and cytosolic (20 pg protein) fractions were solubilized, electrophoresed on 10% SDS-
polyacrylamide gels, and transfered to nitrocellulose paper as described in Methods.
Nitrocellulose papers were probed with different polyclonal antibodies to different PKC isoforms
as indicated in the figure. Data were representitive of 7 separate experiments (c: cytosol, m:
membrane).
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Figure 1.8 Steady state PKC activity in CTLL-2 cells

Exponentially growing CTLL-2 cclls were resuspended in RPMI supplimented with 10% serum
and 100 U/ml of IL-2 at a density of 1.0 X 10° cells /ml, and incubated at 37°C, At the indicated
times, 20 X105 cells were removed, washed twice with ice-cold PBS, and lyzed in hypotonic lysis
buffer as described in Methods. Nuclei and unlyzed cells were scndimented by low-speed
centrifugation, and membrane, cytosol fractions were scparated as described in Methods,
Samples were frozen and stored at -84°C, PKC activity on the thawed membrane and cytosol
fractions were determined by the direct and conventional PKC assays, respectively, as described
in Methods. Data points represent the means £ SEM of triplicate determinations.
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Figure 1.9 The effect of serum and IL-2 deprivation on membrane PKC activity

Exponentially growing CTLL-2 cells were washed twice in prewarmed RPMI medium,
suspended in RPMI medium at a density of 1.0 X 10° cclls /ml, and incubated for various time at
37°C. At the indicated times, 20 X 10° cells were removed, lysed hypotonically in lysis buffer
(Appendix ), and nuclei and unlysed cells were sendimented by low-speed centrifugation,
membrane and cytosolic fractions prepared as described in Methods. Samples were frozer and
stored at -84°C. Membrane PKC activity was determined in the thawed samples by the direct
assay as described in Methods. Values are the means + SEM of triplicate determination, and arc
representative of three separate experiments.
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Figure 1.10. The effect of serum and IL-2 readdition on the PKC response in
“starved” CTLL-2 cells

Exponentially growing CTLL-2 cells were washed twice, resuspended in RPMI medium ata
density of 1.0 X 10° cells/ml, and incubated for either 6 or 24 hours at 37°C. At the indicated
time, 20 X 10° cells were removed and stimulated with either 11.-2 (100U/ml), serum (10%),
scrum plus IL-2, or TPA (1uM) for 10 min. The reactions were stopped by adding ice-cold PBS,
and the cells were lysed hypotonicaily in lysis buffer (Appendix). Nuclei and unlyzed cells were
sendimented by centrifugation, and the membrane and cytosol fractions were prepared as
described in Methods. Samples were frozen and stored at -84°C. PKC activity on thawed
membranes was determined by the direct PKC assay as described in Methods. Values are the
means + SEM of triplicate determinations, and are representative of two separate experiments,
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1.5 DISCUSSION

1.5.1 IL-2 is critical for CTLL-2 cell survival, prohybrdﬁon. and cytolytic activity

In this chapter, I have used different experimental approaches to establish that IL-2 is
critical for both CTLL-2 cell survival and proliferation (Figs 1.1, 1.2, 1.3, 1.4, 1.5 and Table
1.1). These data indicate that the CTLL-2 cell line is a good in vitro model to study the various
mechanisms associated with IL-2 signaling. Having reached this conclusion it was important to
characterize the serum and IL-2 requirements of these cells in order to establish reproducible and
relevant experime-ntal conditions under which to study the role of PKC in IL-2 signaling. Both
serum factors and IL-2 were needed to clicit a proliferative response from CTLL-2 cells ( Fig.
| 1.1, 1.4). It was established that in the presence of serum, CTLL-2 responde& maximally to IL-2
concentrations between 20 to 50 U/ml (Fig. 1.2). Importartly, it was found that IL-2 maintained
CTLL-2 cell viability in the absence of serum factors for at least 48 hour (Fig.1.1, 1.3), and that
these cells despite their quiescence maintained their functional proliferative machinery and were
able to resume proliferation without a substantial delay once serum factors were restored
(Fig.1.3). The LDH data presented in Table 1 indicated that the “stasis” in viable cell numbers
observed during extended serum deprivation in the presence of IL-2 arose mainly from a
stoppage in cell proliferation and not from a marked acceleration in the rate of cell death
(Fig.1.5). In summary, these data indicated that in the presence of IL-2 alone, cell proliferation is
blocked while cell viability is maintained.

The withdrawal of both IL-2 and serum was clearly lethal if it persisted for periods
approaching 24 hours (Table 1.1, Fig. 1.5) since a substantial loss in viable cell number and a
concomitant increase in LDH activity released into the medium was observed 24-hours after

withdrawing IL-2 and serum from actively growing CTLL-2 cells, However, a brief withdrawal
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of IL-2 and serum was found not to be lethal and the cells were “rescued” by the timely
readdition of these factors to the medium (Fig 1.5). The cells were found to recover completely
from IL-2/serum deprivation lasting up to 7 hours (Fig, 1.5), but longer periods caused a
progressive inability to recover after IL-2 and serum restoration. For these reasons it was
decided that in subsequent experiments (i.e. Chapters 2 and 3) a 6-7 hour “starvation” time
would be used to study the effects of IL-2 on cell signalling in CTLL-2 cells. It was also decided
to use serum + IL-2 deprivation, rather than IL-2 deprivation alone, in subsequent signalling
experiments since the response of cells to IL-2 under these conditions could be studied in |
isolation without the possibility of synergistic serum effects arising from IL-2 addition.

CTLL-2 cells exhibit cytotoxic activity (Fig. 1.6) which appears to mainly depend on the
presence of IL-2 in the medium. The removal of IL-2 from the medium for 18 hours caused a
>80% reduction in CTLL-2 cell mediated lysis of $49.1 lymphoma cells whereas the withdrawal
of serum alone reduced lytic activity by only 30%. Thus, in CTLL-2 cells cytolytic activity is an
IL-2 dependent process and this conclusion allowed us to study the role of PKC in IL-2 mediated
cytolysis (Chapter 2).

1.5.2 Characterization of PKC in CTLL-2 cells

Since the main focus of this thesis was to elucidate the role that PKC plays in IL-2
signaling, it was very important to understand and characterize the nature of the enzyme as it
exists in CTLL-2 cells. It was determined that four PKC isozymes, a, f3, §, &, are the isoforms
present in either the membranes or the cytosol of CTLL-2 cells or both (Fig.1.7), with o and
being the predominant forms. Even though it has been reported that PKC y is exclusively present
in neuronal tissue (Huang et al., 1987, Saito et al., 1988), this isoform was indeed detected in

CTLL-2 cells membrane and cytosol fractions. There are only two possibilities to explain this
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finding- either there is PKCy present in CTLL-2 cells, or the antibody used to detect PKCy has
cross-reacted against other isoforms. The PKC polyclonal antibodies were raised against an
apparently PKCy -specific peptide { asn-tyr-pro-lcu-glu-leu-tyr-glu-arg-val-arg-thr-gly
[Makowske et al., 1988]) and it is diﬁicul; to see how other PKC isoforms could cross-react.
Morcover, the dogma that PKCy is brain specific is being challenged, most recently in studies
within our Institute that show that both the message and protefn for PKCy are produced in
cultured NRX cells and in T51B rat liver cclls (M. Sikorska, personal communication). Because
of the nature of the immunoblot analysis performed, it would be likely unjustified to use the data
in Fig, 1.7 to definitively rank the isoforms of PKC in order of abundance- it is however, clear
that four out of six PKC isoforms tested are indeed present in CTLL-2 cells.

PKC distribution studies indicated that there is very little (~1% of total) PKC activity
present in the nuclens of CTLL-2 cells. This conclusion is valid even though we didn’t use
enzyme markers to enumerate the degree of non-nuclear contamination in the preparation- any
such contamination would have only inflated the value. Clearly the majority of PKC in CTLL-2
cells is located where it was expected, namely the membrane and cytosolic fractions. It is
important to note that the “membrane” fraction is a crude preparation that includes ali material in
the post-nuclear preparation (PNS) that was pelleted by high speed centrifugation. As such the
membranes are undoubtedly contaminated with cytoskeletal elements, mitochondria and other
organelles. Nevertheless, the majority of PKC was found in this membrane fraction (i.e.36% of
total, Table 1.2) where nearly two-thirds was associated in an EGTA-sensitive, peripherally-
bound state (Table 1.3). The estimate that ~36% of the total cellular PKC was membrane
associated was likely an underestimate since almost a third of the total cellular PKC was found

in the supernatant of the nuclear fraction following triton X-100 treatment. Since the nuclear
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fraction was contaminated with less than 5% unlysed cells, this triton X-100 exteactable nuclear
PKC likely represented membranes and other particulate material attached to the crude nulei. If
this be true then the value given for PKC in the membrane was indeed an underestimate.
Alternatively, the triton X-100 treatment may have extracted PKC from the perinuclear
membrane of CTLL-2 nuclei wherein the value given for nuclear PKC was an underestimate.

Steady state PKC activity was found to be highly sensitive to the level of nutrients
present in the medium (Figure 1.8). Hence, even though the cells were still proliferating
exponentially 3 days after being fed with complete medium, their membrane and cytosolic PKC
responded within minutes (i.e., membrane) or hours (i.e., cytosolic) to a full medium change.
Whether this response was due to IL~2 or serum factors was not determined. These experiments
were important in order to determine the best feeding regime for subsequent experiments related
to PKC and IL-2 signaling. Based on experiments such as those shown in Fig. 1.8, it was
decided that in order to have stable basal PKC levels we would feed the cultures 24 hours before
any experiment, despite the fact that the cells would continue to proliferate quite well for several
days without such a feed.

CTLL-2 cells were found to be completely depend on IL-2 and serum for proliferation
since the withdrawal of serum and IL-2 caused a substantial loss in viable cell number and a
concomitant increase in LDH activity released into the medium (Table 1.1). Upon the
withdrawal of serum and IL-2 from the medium of exponentially growing CTLL-2 cells, it took
between 2 and 4 hours before a substantial decline in membrane PKC activity was abserved (Fig.
1.9). This inactivation of PKC activity could be rapidly reversed upon the restoration of IL-2 to
cells deprived of serum\IL-2 for 6 and 24 hours, but nof for 2 hours (Fig. 1.10). By contrast,

while serum factors may be important for proliferation (Fig.1.1,1.3, 1.4, 1.5) and cytolytic
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activity (Fig.1 .6),7 they do not stimulate PKC activation in CTLL-2 cells starved for 6 hours (Fig.
1.10). The simplest explanation for these results is that the removal of IL-2 from the medium
caused a decline in PKC activity over the ensuing 2-6 hours that was reversed by IL-2 addition.
When these results were considered with the fact that restoring IL-2 to cultures deprived of
serum and IL-2 for 7 hours rescued the cells from cell death (Fig. 1.5), it was determined that a
6-7 hour serum/IL-2 deprivation period was optimal for the study of PKC changes in IL-2

signaling in CTLL-2 cells,
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1.6 CONCLUSION

The overall conclusion of the studics presented in this section is that CTLL-2 cells
rcpresent an appropriate in vitro model to study the role of protein kinase C in IL-2 signal
transduction, since;

1.6.1 IL-2 is critical for CTLL-2 cell survival, cytolytic activity and proliferation.

1.6.2 There are measurable levels «f PKC in CTLL-2 cells, and membranc PKC activity
responds rapidly to the removal and the readdition of IL-2.

The above points were further characterized and it was detemined thaf

1.6.3 The removal of IL-2/serum from the medium can be tolorated for 6-7 hours, in that the
restoration of IL-2 is able to rescue the majority of cells from death over the ensuing 24
hours .

1.6.4 The removal of IL-2/serum from the medium for 6-7 hours causes a loss in membrane
PKC activity that is rapidly reversed by IL-2 readdition.

1.6.5 There is relatively equal distribution of PKC between membranes and the cytosol in
exponentially growing CTLL-2 cells. With respect to membrane-associated PKC, 40%
is membrane inserted, 60% is in a loosely bound, EGTA-extractable form.

1.6.5 At least five PKC isozymes are present in CTLL-2 cells, a, B, §, &, and to a lesser extent

PKCy.
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CHAPTER TWO: THE ROLE OF INACTIVE MEMBRANE-ASSOCIATED PKC IN

T-LYMPHOCYTE SURVIVAL AND CYTOTOXICITY

2.1 INTRODUCTION

2.1.1 PKC activation mechanisms

As discussed in the General Introduction, it is a long held belief that the activation of
PKCs in cells by various extracellular agents is linked to a redistribution of cytosolic enzymes to
membranes. By this hypothesis, the majority of inactive PKCs in cells is located in the cytosol
while that associated with the particulate fraction is constitutively active. However, studies have
indicated that PKC can also exist in mermbranes in an inactive form, and thus, membrane
associated PKC activity may be stimulated by extracellular ligands without a redistribution of
enzymes from cytosol to membranes (Halsey et al., 1987, Mukaida et al., 1988, Pelech et al.,
1990a, 1990b, Chaikin et al., 1990, Tang and Houslay 1992). Early experiments conducted with
purified PKCs and phospholipid vesicles (Bazzi and Nelsestuen 1988) or erythrbcyte membranes
(Wolf et al,, 1985, May et al., 1985) gave the first indication that PKCs might associate with cell
membranes in an inactive, but still signal-responsive, state (Bell 1986, Bell and Bums 1991).
However, it was not until the develoi)ment of the direct PKC assay (Chakravarthy et al., 1991,
see General Introduction), that inactive membrane associated PKC was actually measured in
cells. This was accomplished by comparing the basal activity of PKC in isolated membranes to
the increased level of activity observed after membranes were incubated with TPA, DAG, or high
Ca* concentrations. Using these methods it has been reported that inactive membrane-associated
PKCs are present in a number of cell lines, including; S40 T-lymphoma, sys-S49 T-lymphoma,

WEHI 231 B-lymphoma, murine erythroleukaemia, human erythroleukaemia, HL-60 human
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myeloid and 3T3-L1 fibroblasts, as well as in tissues such as rat thymus, rat spleen, rat platclets,
and whole rat brain (Chakravarthy ct al., 1994). Moreover, inactive membrane PKC could be
stimulated in intact cells, without detectable translocation, by a number of growth factors
including EGF, FGF, DMSO, differentiation-inhibiting protein (DIP), and PTH (Chakravarthy et
‘al,, 1992, 1994, Durkin et al., 1992, Jouishomme et al., 1992). Inactive membrane-associated
PKC in intact WEHI B-lymphoma celis and isolated rat platelets was shown to be activated by
exogenous DAG (Chakravarthy et al.,, 1994). The presence of inactive membrane PKC is not
ubiquitous since it was not present in membranes isolated from NRK rat kidney cells, rat -
hippocampus cells, and Balb/MK2 keratinocytes (Chakravarthy ct al., 1994).

The activation of a DAG-stimulatable pool of inactive-membrane associated PKCs is
not the only way to activate membrane associated PKC. It has been reported that PKC can be
activated by a process involving covalent modification of the enzyme (Pelech et al., 1990a). In
this study, PKC isolated from 3T3 L1 cells treated briefly with platelet-activating factor (PAF)
showed a shift in elution profile from hydroxylapatite columns that appeared to result from a
modification within or near the catalytic domain of PKCI. More recently it has been reported that
a pool of PKC exists in the membranes of murine neuroblastoma cells that is inactive, but not
activatable by TPA/DAG zdded to isolated membrane (Chakravarthy et al., 1995}, This pool of
PKC was shown to be actively suppressed by a membrane-associated PKC inhibitory protein.
Most significantly, the activity of this protein was increased when the cells were induced to
differentiate into neuronal-like cells upon serum deprivation, an event that was coincidcnt with a
loss of PKC activity shown to be a manuxtory step in the differ_entiation process (Chakravarthy
et al., 1995). Tthas also been reported that membrane-associated PKC activity can be modulated

by changes in membrane lipid bilayer structure, in that increasing the levels of
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phosphatidylcthanolamine or cholesterol, or the level of phosphatidylcholine unsaturation either
potentates or attenuates the activity of PKC resident in membrances (Slater et al., 1994). This
conclusion was consistent with carlier reports showing that bilayer stabilizing compounds inhibit
PKC activity (Epand ct al., 1989), and that alcohol and anesthetics directly affect membrane
PKC activity with a potency that is dependent on lipid bilayer properties (Slater et al., 1993).
Thus, a number of different mechanisms can explain the activation of PKC in the absence of
translocation that have been reported in many cell types over the years ( Halsey et al., 1987,
Mukaida et al., 1988, Pclech et al., 1990a, 1990b, Chaikin ct al., 1990, Tang and Houslay 1992,
Dufkin ct al., 1995).
2.1.2 ]L-2 and apoptosis

Apoptosis is a physiological suicide mechanism for removing unwanted cells and is
characterized by morphological as well as biochemical criteria (Wyllie et al., 1980, Cohen et al.,
1992, Maino and Joris 1995). Morphologically, cells undergoing apoptosis appear to shrink and
become dense with collapsed chromatin packed into smooth masses applied against the nuclear
membrane (Cohen et al., 1992). The formation of “apoptotic bodies” which consist of nuclear
and cytoplasmic fragfncnts enveloped in plasma membrane is another morphological hallmark of
apoptosis (Cohen et al., 1992). Interestingly, the plasma membrane and most cellular organelles
remain morphologically and functionally intact for much of the apoptotic process (Majno and
Joris 1995). The key biochemical event of apoptosis is endonucleolysis, which typically results in
cleavage of nuclear DNA into oligonucleosome-sized fragfnents that are muitiples of
approximately 185 bp, due to specific cleavage between nucleosomes (Cohen et al., 1992). The
ﬁ"agmented DNA can be visualized as a “ladder” on agarose gels during electrophoresis, and

this procedure is commonly used for the detection of apoptosis. Howéver, it has been recently
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shown that intranucleosomal cleavage of DNA docs not occur in all apoptotic processes (Weaver
et al., 1996) and that proteolytic degradation of specific proteins may also be a key biochemical
event duning apoptosis (Weaver et al., 1996).

Apoptosis can occur in a number of regressing tissucs following the withdrawal of
trophic hormones (reviewed by Tenniswood ¢t al., 1992) and is particularly prevalent in the
lymphoid system where it forms the basis of negative selection during development (Cohen and
Duke 1992). At one stage of thymocyte development the appearance of the T-cell antigen
receptor can be the signal to trigger apoptosis; this process serves to eliminate those thymocytes
- that recognize self antigens and MHC molecules (Cohen et al., 1992), Apoptosis can be triggered
by a variety of exogenous stimuli including glucocorticoids and radiation (Wyllic et al., 1980,
Tomei et al., 1988). Glucocorticoid-induced apoptosis isa relativcly fast process which can be
detected by light microscopy within one or two hours of in vitre incubation with the steroid.
Exogenous stimuli such as radiat.ion (Tomei et al,, 1988, Roy ct al,, 1992) and a number of
antineoplastic drugs (Roy et al., 1992, Kwast-Wefeld et al.,1991) have been showa to induce
apoptosis in a variety of tumor cells.

The cellular mechanisms responsible for apoptosis have been the subject of intense study
and several key events have now been identified. The expression of the tumor suppressor gene,
p53, is increased in response to DNA damage (Majno and Joris 1995) and appears necessary for
apoptosis since “cell suicide™ is not observed in mice in which p53 has been delcted by
homologous recombination (Lane 1993). Moreover, it has been reported that p53 overexpression
will cause apoptosis in myeloid and epithelial cell lines (Yonish-Rouach et al., 1991, Shaw et al.,
1992). The cytoplasmic 'oncoprotein Bcl-2 has also been widely demonstrated to inhibit apoptosis

when over-expressed in a variety of cells, including factor-deprived haematopoictic cclls
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(Hockenberry 1990) and neurons (Garcia et al., 1992). However, Bcl-2 cannot inhibit all
pathways of induction of apoptosis in that, for example, apoptosis in CTL cells is not inhibited
by Bel-2 (Vaux et al., 1992). Protein kinase C activation has been reported both to prevent
(McConkey and Orreniu, 1991) and to induce (Tritton 1991) apoptosis in a variety of cell types.
Phorbol esters, tumor promoters which activate PKC, have been reported to induce as well as
inhibit apoptosis (Cotter et al., 1990, McConkey and Orrenius, 1991, Suzuki et al., 1991, Tritton
1991, Terai et al., 1991, Forbes ct al., 1992), Whether PKC is involved in IL-2s ability to
suppress apoptosis has not been explored extensively.

By both morphological and biochemical criteria, 1L-2 withdrawal-induced death is
clearly apoptotic in nature (Cohen et al., 1985, Duke and Cohen 1986, Cohen et at., 1992).
Conversely, IL-2 has a profound impact in repressing cell death signals in IL-2-dependent cells
that may be independent from proliferation signals (Nieto et al., 1989, Walker et al., 1993). It
has been shown that HT-2 cell lines, which grow continuously in the presence of exogenously
added IL-2, begin to undergo macromolecular synthesis-dependent apoptosis as early as 6 hours
after the withdrawal of IL-2 (Duke and Cohen 1986). Moreover, a role has been postulated for
PKC in the induction of apoptosis in IL-2-dependent cells upon withdrawal of the cytokine
(Kizaki et al., 1988, Rodringcz-Tarduchy and Lopez-Rival 1989, Walker et al., 1993), although
the nature of that role is controversial (Walker et al, 1993).'
2.1.3 Role of PKC in IL.-2 mediated cytotoxicity

Cytotoxic T lymphocytes (CTL), natural killer (NK)cells, and lymphokine-activated
killer cells contribute to host cell-mediated immunity against viral pathogens, parasites, and
neoplastic transformation, as well as to host pathology associated with tissue and bone marrow

graft rejection and a variety of autoimmune diseases (reviewed by Sitkorsky and Henkart 1993).
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Although it is clear that these effector cells can kill their targets by multiple mechanisms, there is
abundant evidence that the lethal hit delivered by cytotoxic cells in these immune responses
involves the component of their characteristic electron-dense cytoplasmic granules. In the
presence of Ca®*, granules of CTL and NK cells are vectorally secreted into the intercellular
space formed by the contact between the effector and target cells (conjugation), providing a
mechanism for the delivery of the complement-like lesions in target cell membrane (Dourmashkin
et al. 1980, Podack and Dennert 1983). These observations led to the granule-exocytosis model
of cellular cytotoxicity (Henkart et al., 1985), which postulates that the lethal interaction between
a cytolytic effector cell and its target involves recognition by CTL and NK cells of specific
targets,‘ delivery of the lethal hit by means of granule exocytosis, and detachment of effector cells
from dying targets, However, the cellular mechanisms involved in the killing of target cells is not

very well defined. In particular the role of PKC in cytotoxic activity of T-cells is not explored.
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2.2 OBJECTIVES

The overall objective of the studics described in this chapter was to investigate the role
of inactive membrane-associated PKC in T-lymphocyte survival and cytotoxicity. The specific
objectives were:

2.2.1 To establish that IL-2 induced PKC activation in CTLL-2 cells does not arise from
the translocation of enzyme from the cytosol to membranes.

2.2.2 To establish the presence of inactive membrane associated PKC on CTLL-2 cells.

2.2.3 To establish the importance of early PKC activation in the survival of CTLL-2 cells.

2.2.4 To establish the role of PKC in IL-2’s ability to suppress apoptosis in CTLL-2 cells.

2.2.5 To investigate the role of PKC in IL-2 stimulated cytolytic activity.
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2.3 METHODS

Cell culture

Stock cultures of CTLL-2 cells were maintained and manipulated as described in the
Methods section of Chapter I. Viable cells were determined microscopically by their ability to
exclude trypan blue (Sigma Chemical Co,, ST, Louis, MO, USA) as described in Methods
section of Chapter I (1.3.5).
2.3.1 Cell lysis and isolation of membrane and cytosolic fractions, and PKC assay

Cell lysis, the preparation of membrane and cytosolic fractions, and conventional and
direct PKC assays were performed following the protocols described in the Methods section of
Chapter I(1.3.1, 1.3.2).
2.3.2 Assessment of cytotoxic activity of CTLL-2 cell

The cytotoxic activity of CTLL-2 cells were determined by using the *'Cr release
cytotoxicity assay (Tracey et al., 1977) described in detail in the Methods section of Chapter
1(1.3.6).
2.3.3 Immunoblots

Membrane and cytosolic fractions isolated from control, IL.-2 and TPA treated CTLL-2
cells were solubilized, electrophoresed on 10% SDS-polyacrylamide gels, transferred
electrophoretically to nitrocellulose paper and probed with a mixture of antibodics rccognizhg
various PKC isoforms as descﬁt;ed in Chapter I (1.3.3).
2.3.4 DNA fragmentation analysis

Exponentially growing CTLL-2 cells (107) were harvested, centrifuged, and lysed by

resuspension in 400 pi lysis buffer (5 mM Tris-HCI, pH 7.5, 5 mM EDTA, and 0.5% Triton X
/
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100). Cellular debris was removed by centrifugation at 600 xg for 5 min, and the fragmented
DNA in the supernatant was precipitated at -20°C by the addition of 40 pl of 2.5 M sodium
acetate, pH 5.2, and 800 pl absolute cthyl alcohol. The pellets were resuspended in 400 pl
Tris/EDTA buffer (10 mM Tris-HCI, pH7.5, 1 mM EDTA), and 10 pl of 2 mg/ml RNase was
added and the mixture incubated for 60 min at 65°C. Twenty-five microliters of proteinase K
(20mg/ml) and 40l 10X proteinase K buffer (0.1 M Tris [pH 7.8], 0.05 M EDTA, 5% SDS)
were then added, and the mixture was incubated for an additional 2 h at 37°C. The mixture was
cxtfacted twice with an equal volume of phenol chloroform, twice with chioroform:isoamyl
alcohol (24:1, v/v), and the DNA was then precipitated with 40ut 2.5 M sodium acetate and 1.0
mi cthanol at -20°C ovemight. The precipitated DNA was resuspended in 50 to 100 pl
Tris/EDTA buffer and loaded onto agarose gels. Conventional agarose gel electrophoresis was
conducted at 30V for 18 h on 0.8% agarose gels. DNA ladders were detected by using a solution
containing 0.4% pg/ml ethidium bromide, 0.04 M Tris-acetate buffer, pH 8.5, and 2 mM EDTA.
Gel were photographed under UV light with a Polaroid camera using positive-negative type 55
film.
2.3.5 Detection of MARCKS protein phosphorylation

CTLL-2 cells (6.5 X10°cells/ ml) were initially incubated in serum and IL-2 free
medium at 37°C for 2 hour before **P-orthophosphate (330 pCi/ml, 9000 Ci/mmol) was added
for additional 2 hours in order to label the intracellular ATP pool. Following the labelling period,
6 X10° cells were incubated with IL-2 (100U/ml), TPA (1uM) or left untreated for 10 min at
37°C. The cells were then rapidly sedimented by centrifugation at 600 xg for 5 min, and

solubilized in 100 il lysis buffer (50 mM Tris /HCI, pH 7.5, 0.1% Triton X-100, 100 uM
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sodium vanadate, 100 pM sodium pyrophosphate, 1 mM sodium fluoride and 100 yM PMSF).
The cell lysate was clarified in a microfuge and proteins (40 pg) were separated on an 10%
SDS-polyacrylamide gel as described in Chapter I (1.3.3). Phosphorylation of the PKC-specific
substrate, the 85 kDa MARCKS protein, was visualized by autoradiography using Kodak XAR
film.

Miscellaneous

Protein concentrations were determined by the method of Bradford (1976).
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2.4 RESULTS

2.4,1 Membrane PKC activity in CTLL-2 cells is activated by IL-2 without transiocating
cytosolic enzyme to membranes.

As discussed in Chapter 1, IL-2 is required for the proliferation, survival and cytotoxic
activity of CTLL-2 cells. It was also shown that a 6-7 hour withdrawal of IL-2 and serum from
CTLL-2 cells is in itself not lethal and timt these “starved” cells respond to the readdition of IL-2
by a rapid increase in membrane PKC activity. The question to whether this increase in
membrane PKC activity was caused by the translocation of cytosolic enzyme to membrane after
IL-2 stimulation or by some less conventional mechanism was then investigated, Initially, a
conventional PKC assay was performed on CTLL-2 cells that had been deprived of IL-2 and
serum for 6 h and then challenged with 100 U/ml IL-2. At various times after IL-2 addition, the
cells were cooled rapidly and lysed in a hypotonic buffer that was free of chelating agents, so as
to prevent loosely bound PKC from being stripped from the membranes. Both the membrane and
cytosol fractions were then subjected to a conventional in vitro PKC assay (Chakravarthy et al.,
1991, 1992, Durkin et al., 1992) to determine the impact of IL-2 restimulation on ce}lular PKC.
As shown in Figure 2.1A, IL-2 neither increased the amount of membrane PKC nor reduced the
cytosolic levels of the enzyme, indicating that the translocation of cytosolic PKC to membranes
did not occur. The fact that translocation was not stimulated in CTLL-2 cells by IL-2 was
confirmed by immunoblot analysis of membrane and cytosol fractions using a pooled mixtures of
¢ o=, B~, &~, 8-, and &- specific PKC antibodies (Fig. 2.2). The combination of PKCa and
antibodies failed to show a signiﬁcént difference between irnmunocietectable PKC in control and

IL-2-stimulated cultures, although TPA-treated CTLL-2 cells exhibited an expected increase in
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membrane PKC activity and the amount that most probably arose from the translocation of
cytosolic enzyme to membranes (Fig 2.2). Immunoblots probed with a mixture of PKC &-, &-,
and G-antibodies gave similar results in that no evidence of PKC translocation after IL-2
treatment was observed (Fig.2.2), The conclusion that IL-2 did not stimulate PKC translocation
in CTLL-2 cells was in agreement with the previous study of Mukaida et al. who were also
unable to demonstrate PKC translocation in this cell line using a conventional PKC assay with
histone S-III serving as substrate (Mukaida et al., 1938).

Despite the inability of IL-2 to induce PKC translocation, the data presented in Chapter I
(Fig.1.10) indicated that the direct assay was 5ble to measure an increase in the levels of active
membrane PKC following IL-2 addition. For comparative purposes, the direct assay was
performed on membranes isolated from the same cultures as those used in the conventional assay
shown in Fig.2.1. When the PKC activity in intact“membranes isolated from IL-2-stimulated
CTLL-2 cells was measured by the direct method, a transient, 2.3-fold increase in enzyme
activity was observed, which peaked by 5 min and then rapidly declined to basal levels (Fig.
2.1B). The averaged values from several similar experiments (n = 7) indicated that IL-2 induced
a 2.440.2 fold increase in membrane PKC activity within 5 to 10 min after adding the cytokine.
This two-fold plus stimulation of membrane PKC activity by IL-2 represcnted the activation of a
significant proportion of the total amount of the enzyme in the cell, because as shown in Chapter
I (Table 1.2) approximately 406% of the total P}(C present in CTLL-2 cells is associated with
membranes The activation of membrane PKC was dependent on the dose of IL-2 (Fig. 2.3A)
and reached a maximum value at concentrations g;eatcr than 50 U/ml IL-2. By contrast, when
cytosolic enzyme activity was measured in these same cultures by the conventional PKC assay

(Fig.2.3B), no detectable decrease in cytosolic PKC activity was observed at concentrations of
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IL-2 as high as 200 U/ml, which confirmed the data in Fig.2.1A that IL-2 did not cause PKC
translocation from the cytosol to membranes. Thus, these results indicate that a rapid and
transient activation of membrane PKC activity occurs in CTLL-2 cells in response to IL-2 and
that this activation cannot be accounted for by the traditional translocation mechanism.
2.4.2 IL-2 activates inactive membrane-associated PKC in CTLL-2 cells

The principle advantage of the direct PKC assay is that it measures enzyme activity
directly in isolated membranes, without prior detergent solubilization and reconstitution of the
enzyme with exogenous PS, TPA, and excess Ca®". It therefore gives an estimate of what is truly
important to cell ﬁmption -namely, the amount of active PKC present in cell membrane pools.
Another major property of the direct assay is its ability to indirectly measure the levels of
inactive membrane PKC in cells following the addition of either TPA, DAG, or excess Ca®* to
the reaction mixture (Chaluaval‘thy et al,, 1991). Under these conditions any inactive, but
activatable, PKC in membranes is maximally stimulated. The difference between this “total”
membrane PKC and the levels of active PKC measured by the direct assay gives a value of the
inactive PKC present in CTLL-2 cell membranes (Chakravarthy et al., 1991), Experimentally,
thé measurement of total membrane PKC (inactive + active) is typically performed by the
addition of 1 uM TPA to the reaction mixture of the direct assay (Chakravarthy et al., 1991,
'1994). As shown in Fig. 2.4A, the addition of 1uM TPA to the regction mixture increased basal
PKC activity approximately 2.5-fold in membranes isolated from unstimulated, IL-2-deprived
cells, but it did not increase enzyme activity in membranes isolated from IL-2-stimulated cells.
These results indicate that IL-2 activated a pool of membrane PKC in intact CTLL-2 cells that,
once stimulated, was no longer available for activation by TPA added to isolated membranes, By

contrast, the addition of TPA to intact IL-2-deprived cells caused an increase in membrane PKC
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activity well beyond that seen in membranes isolated from unstimulated and IL-2-treated cells
exposed to TPA in the assay reaction (Fig. 2.4A). Under these conditions, it was likely that TPA,
in contrast to IL-2, caused both the activation of inactive membrane PXC as well as the
translocation of cytosolic enzyme when added to intact cells. As such, the addition of TPA to the
reaction mixture had no further effect on the PKC activity in membranes isolated from TPA-
stimulated cells (Fig. 2.4A), because all membrane-associated enzyme (cither pre-existing or
translocated) was maximally activated by the phorbol ester in sitie. Taken collectively, these
observations are consistent with CTLL-2 cells having about 50-60% of its membrane PKC in an
inactive state, and that this inactive pool is specifically activated by 1L-2 in the absence of
detectable translocation. This conclusion was confirmed in experiments in which the direct and
conventional methods were directly compared (Fig.2.4B). A variation (Kikkawa ct al., 1982) of
the convertional method used in Figure 2.1A was utilized in these experiments, in which

cytosolic and detergent-extracted membrane PKC were subjected to ﬁartial purification by DE-

52 ion-exchange chromatography before being assayed in the presence of TPA, PS and CaZt, _
The results presented in Figure 2.4B indicate that 1) TPA, but not IL-2, induced the
translocation of cytosolic PKC to membranes, and that 2) IL-2 activated a pool of membrane-
associated PKC that was detectable by the direct assay, but not by conventional methods for
measuring PKC.

The pool of inactive PKC that was stimulated by IL-2 in 1L-2/serum deprived CTLL-2
cells was generated by the removal of these factors from the medium. As shown in Fig.2.5, there
was a profound increase in the levels of inactive PKC within the first few hours after removal of
IL-2 and serum from exponentially growing CTLL-2 cells. This increase occurred in the absence

of any changes in “total” PKC in the membranes, indicating that a conversion from active to
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inactive PKC resulted from cytokine starvation. It was most likely that this conversion resulted
from IL-2 (rather than serum) withdrawal since 1) IL-2 addition rapidly caused the reactivation
~of the enzyme (Fig.2.4) and 2) serum itsclf was unable to induce an increase in membrane PKC
in IL-2/serum deprived cultures (Chapter I, Fig.1.10).
1t was possible that the ~2 fold increase in membrane PKC activity effected by IL-2
could be detected in vivo as an increase in the phosphorylation of the endogenous PKC
substrate, the MARCKS protcin. However, as shown m Fig.2.6, IL-2 consistently failed to
induce MARCKS phosphorylation in situ, although TPA-induced translocation of the enzyme
gave a robust stimulation in the phosphorylation of MARCKS. These results are of interest in
that they suggest that the PKC poot stimulated in CTLL-2 cells by IL-2 exhibits a degree of
substrate specificity (due perhaps to isozyme specific activation, or PKC compartmentalization)
relative to the broad spectrum activation of PKC effected by powerful PKC activators, such as
TPA. It is known that MARCKS associates with discrete membrane structures. MARCKS also
binds to calmodulin in a Ca**-dependent manner which prevents its phosphorylation by PKC.
2.4.3 Establishing the importance of PKC stimulation in the IL-2-mediated survival of CTLL-2
cells
The physiological significance of the activation of inactive membrane PKC by IL-2 in
CTLL-2 cells was investigated using PKC specific inhibitors, Many PKC inhibitors are now
commercially available which act at a variety of sites on the enzyme and which exhibit a broad
range of specificity for PKC relative to other celtular kinases (see General Introduction for
details). A varicty of PKC inhibitors were available in our laboratory, including isoquinoline (H-
7 (Hidaka et al., 1934), bisindolylmaleimide (BIS) (Toullec et al., 1991), 1-0-alkyl-2-0-

methyglycerol (AMG) (van Blitterswijk 1987a), staurosporine (Tamaoki et al., 1986, Gross et
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al., 1990, Herbert et al., 1990), calphostin-C (Kobayashi et al., 1989a, b, ¢), and sphingosine
(Hannun et al., 1986). Of this group, BIS, AMG, and calphostin-C are among the most potent
ang selective for PKC (see General Introduction). Thus, these three PKC inhibitors were
examined for their ability to block the IL-2-induced activation of membrane PKC when added to
CTLL-2 cells at the time of 1L-2 stimulation. As shown in Fig. 2.7, the three compounds poicntly
inhibited PKC activity (measured by the direct assay) when added to the culture medium
immediately prior to IL-2 stimulation. The levels of inhibitors shown in Fig, 2.7 represent the
lowest concentrations that gave maximal PKC inhibition, and are within the range reported
effective in inhibiting PKC activity in other studies (Tamaoki ct al., 1986, Kobayashi et al,,
19893, b, ¢, Gross et al., 1990, Herbert et al., 1990, Toullec et al., 1991). BIS is a structural
‘upgrade’ of staurosporine which acts specifically at the ATP binding site of PKC (Toullec ct
al., 1991), and AMG is a DAG analog that blocks the DAG binding site of the enzyme (van
Blitterswijk 1987a). For these rcasons, BIS and AMG were chosen as appropriate PKC
inhibitors to study the impact of manipulating PKC activity on the ability of IL-2 to induce
behavioral /functional changes in CTLL-2 cells.

Since IL-2 is required for maintaining CTLL-2 cell viability, the effect of PKC inhibitors
on IL-2’s ability to maintain cell viability was investigated. As shown in Fig. 2.8A, the ability of
IL-2 to rescue CTLL-2 cells deprived of IL-2 and serum for 7 hours was substantially reduced
when the cells were preincubated with concentrations of BIS and AMG effective in blocking
PKC activity in these cells (see Fig. 2.7). These concentrations of AMG and BIS were not in
themselves toxic to cells when added to exponentially growing CTLL-2 cells (data not shown).
The fact that both AMG and BIS, acting at diﬁ'c;.rent sites on PKC, were effective in blocking the

IL-2 induced rescue of CTLL-2 cells is consistent with a requirement for PKC in this IL-2
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meediated process. While the data in Fig.2.8A suggest that blocking PKC activity during the 17
hour incubation period had an adverse effect on IL-2 induced rescue of the cells, it does not
indicate whether the carly activation of inactive membrane PKC was the critical PKC event.
Evidence that an early PKC event was indeed critical to the IL-2-induced rescue of CTLL-2 cells
is shown in Fig.2.8B. The ability of IL-2 to rescue CTLL-2 cells deprived of IL-2 and serum for
7 hour was substantially reduced when the cells were preincubated with BIS or AMG for 30 min
 prior to stimulation (Fig.2.84). By contrast, both BIS (Fig.2.8B) and AMG (data not shown)
were far less effective in blocking IL-2-induced rescuc of cells when added to the medium 2 hour
after the culturgs were stimulated with IL-2, These findings indicate that the PKC inhibitors
blocked a cellular PKC eveat(s) that was an important early step in the mechanism by which IL-
2 Suppresscd the loss of cell number in CTLL-2 cells. It was most unlikely that the effects of the
inhibitors were due to some nonspecific toxicity because, regardless of the time of BIS or AMG
addition to the cultures relative to IL-2, all cells were exposed to the inhibitors for a total of 24
hours (Fig.2,8B). It was also unlikely that the BIS- or AMG-mediated reduction in cell number
in IL-2-stimulated cells was caused by a direct inhibition of DNA replication because, as was
shown in Chapter 1 Fig.1.3, IL-2 itself was unable to support DNA replication in the absence of
serum factors. BIS has been shown previously not to directly affect DNA replication in 3T3 cells
(Toullec et al., 1991). 'These data strongly suggest that the inhibitors blocked an early PKC
dependent event necessary for the IL-2 induced suppression of celt death in these cells.
2.4.4 PKC plays a role in the ability of IL-2 to suppress apoptosis in CTLL-2 cells.
The mechanism by which PKC blocks IL-2-mediated cell death was examined. As
discussed in the Introduction to this chapter, IL-2 receptor stimulation constitutes a powerful

signal which suppresses cell death signals (apoptosis) in a variety of IL-2 dependent cells.
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Moreover, a role has been postulated for PKC in the induction or suppression of apoptosis in a
variety of hematopoeitic and nonhematopoeitic cells (McConkey and Orreniu 1991, Tritton
1991). As shown in Fig.2.9, DNA laddering, a hallmark of apoptosis, indicated that a significant
degradation of DNA occurred by 12 hours, but not 7 hours, after withdrawal 1L-2 and serum
from actively growing CTLL-2 cells. The readdition of 1L-2 after 7 hours of *starvation®
prevented the induction of DNA laddering in these cells. These data are consistent with the
results of Fig.1.5, and Fig.2.8A showing that IL-2 restoration at these times can effect the rescue
of CTLL-2 cells from IL-2 starvation. Most significantly, preincubating cells with BIS at
concentrations sufficient to inhibit PKC activity blocked the ability of IL-2 to suppress DNA
degra&ation over the ensuring 5 hour (Fig. 2.9, lane d ard €). These observations indicate that an
early, PKC dependent event is likely part of the mechanism by which 1L-2 affects the rescue of
CTLL-2 c¢lls, and that the rapid activation of inactive membrane-associated PKC by IL-2 may
be an important step in the mechanism by which the cytokine suppress apoptotic cell death.
2.4.5 The role of PKC in the cytolytic activity of CTLL-2 cells

As shown in Chapter I, CTLL-2 cells are cytotoxic T-cells which kill antigen-bearing
target cells in an JL-2-dependent manner (Chapter 1 Fig, 1.6). The role of PKC in CTLL-2-
mediated cytotoxicity was examined. Concentrations of BIS (10 p.M) which effectively inhibited
PKC activity and IL-2 mediated cell rescue had no effect on cytotoxic activity in CTLL-2 celis
when present during the.4 hour cytotoxic assay (Fig.2.10). Preincubating cells with BIS for 4
hours prior to the assay also had no effect (data not shown). Moreover, the stimulation of PKC
activity in CTLL-2 cells by the addition of 1 uM TPA to the assay had no measurable effects on

cytotoxic activity (Fig. 2.10). These results indicate that while PKC may play a role in the IL-2
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mediated suppression of apoptosis in CTLL-2 cells, the enzyme is unlikely linked to the

mechanism by which IL-2 initiates or maintaining cytotoxic activity in these cells,



97

Figure 2.1 TL-2 rapidly activates membrane-associated PKC activity in CTLL-2 cells by a
mechanism not involving the translocation of cytosolic enzyme,

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplemented RPMI
medium at 5 X 10° cells/ml, and incubated at 37°C for 4 hour. Cells were then stimulated with
100 U/ml IL-2 for the indicated times before being lysed hypotonically and the membrane and
cytosolic fractions isolated as described in Methods. A) Membrane (8g membrane protein) and
cytosolic PKC were subjected to a conventional assay, as described in Methods, in which
detergent-solubilized membrane PKC (M) and cytosolic enzyme (Q) activity were measured in
the presence of 2 mM CaCl,, 10 kg phosphatidylserine, and 1 pM TPA. to ensure maximal
activation of all enzyme. B) The amount of active membrane PKC was determined by the
“direct” assay, in which enzyme activity was measured in isolated, intact membranes without
detergent extraction and reconstitution with exogenous PS/TPA, as described in Methods. Values

are the means + SEM of triplicate determinations and are representative of five separate
determinations.
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Figure 2.2 TPA, but not IL-2, stimulates PKC translocation in CTLL-2 cells

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplemented RPMI
medium at 5§ X 10° cells/ml, and incubated at 37°C for 4 hour. Cells were then left untreated or
stimulated with 100 U/ml IL-2, or 1 uM TPA, for 10 min at 37°C before being lysed
hypotonically and the membrane and cytosolic fractions isolated as described in Methods. A)
Membrane and cytosolic PKC were subjected to direct and conventional assays respectively, as
described in Methods. Values are the means + SEM of triplicate determinations. B) Solubilized
membrane and cytosol (20 pg) from untreated, IL-2 treated, and TPA treated were subjected to
immunoblotting with mixed PKC antibodies as indicated in the figure (M: MW, marker, B: rat
brain PKC, the line at left represent 80KDa), The results are representative of two separate
experiments.
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Figure 2.3 1L-2 activates inactive membrane PKC in a dose-dependent manner

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplemented RPMI
medium at a density of 1.0 X 10° cells /ml and incubated for 4 hour at 37°C, The indicated
concentrations of IL-2 were added to 20 X 10° cells and incubated for 10 min at 37°C. The
reaction was stopped by adding ice-cold PBS. Cells were lyzed in hypotonic lysis buffer as
described in Methods. Nuclei and unlyzed cells were sedimented by centrifugation, and the
membrane and cytosol fractions were prepared as described in Methods. Membrane and
cytosolic PKC activity was determined by the direct and conventional assays, respectively, as
described in Methods. Values are the means + SEM of triplicate detcrminations, and are
representative of two separate experiments.



Membrane PKC Activity (com/8ug Protein)

Cytosolic PKC Activity (cpm/8ug Protein)

5500

5000

4500

4000

3500

3000

2500

2000

[ —B—A- Membrane PKC activity

S NP

L. -t

T

1 2 ] i 1 1 1 i 1 L

5000

4000

3000

2000

1000

0 50 100 150 200
iL-2 (Units/ml)

BB B-Cytosol PKC activity

0 0 5 75 100 200
| IL+2 (Units/mi)




100

Figure 2.4 IL-2 selectively activates an inactive pool of membrane PKC existing in
unstimulated CTLL-2 cells.

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplemented RPMI
medium at 5 X 10° cells/ml, and incubated at 37°C for 4 h. A) Cultures were cither left
unstimulated {control), or stimulated with 100 U/ml IL-2 or 1 pM TPA for 5 min. The cells were
then lysed hypotonically, the membrane and cytosolic fractions isolated as described in Methods,
and the PKC activity present in intact membranes was determined by the direct assay in the
absence (square) and presence (dotted square) of 1 pM TPA in the reaction mixture to give a
measure of active and total PKC, respectively. Values are the means  SEM of four separate
determinations. B) Cultures were either left unstimulated (square), or stimulated with 100 U/ml
IL-2 (dotted sequre) or 1 uM TPA (hatched square) for 5 min before the cells were lysed and
membrane and cytosolic fractions isolated, as described in Merhods. A portion of each membrane
preparation was used in the direct assay to determine the levels of active enzyme. In addition,
cytosols and detergent-solubilized membrane extracts were first partially purified by DE-52 ion-
exchange chromatography, and then subjected to a conventional assay in the presence of
PS/TPA/Ca®, as described in Methods. Values are the means + SEM of four separate
determinations,
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Figure 2.5 The 'generation of inactive membrane associated PKC in serum/IL-2 deprived
CTLL-2 cells

Exponentially growing CTLL-2 cells were washed twice with prewarmed RPMI medium,
resuspended in unsupplemented RPMI medium at a density of 5 X 10° cells/ml, and incubated at
37°C. At the indicated times, the cells were lysed and membrane and cytosolic fractions were
prepared as described in Methods. The amounts of total (W) and inactive (O) PKC in isolated
membranes were determined by the direct assay, as described in Methods. Inactive PKC was
calculated as the difference between the values of total membrane PKC (i.e. with | pM TPA in
the reaction mixture) and active membrane PKC (i.e. no TPAY} as described above. The values
are the means £ SEM of triplicate determinations and are representative of three separate
determinations.
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Figure 2.6 TPA, but not IL-2, causes MARCKS protein phosphorylation

Exponentially growing CTLL-2 cells were washed twice in unsupplemented RPMI medium,
resuspended in the same medium, and incubated for either 4 h (A}, or 2 h (B). A). The scrum and
IL-2 deprived cells were treated with 100 U/ml IL-2 or 1 pM TPA at 37°C for 10 min. The
reactions were stopped by adding ice-cold PBS, the cells were lysed hypotonically, and
membrane and cytosol fractions were prepared as described in Methods. Membrane PKC
activity was determined by the direct assay as described in Methods. Values are the means +
SEM and are representative of two separate experiments, B). After 2 hrs of incubation, the
serum and IL-2 deprived cells were labeled with **P; for two hours as described in Methods. The
labeled cells (6 X 10°/ml) were then either left untreated or treated with 100 U/ml IL-2 or 1 pM
TPA for 10 min at 37°C. The cells were then rapidly sedimented, solubilized, and the protein
content subjected to 10% SDS- PAGE as described in Methods. 85 kDa MARCKS
phosphorylation was visualized by autoradiography as described in Methods.
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Figure 2.7 The effect of PKC inhibitors on PKC activity

Exponentially growing CTLL-2 cells, were washed twice in unsupplemented RPMI medium,
resuspended in same medium at a density of 1.0 X 10° cells /ml and incubated for 4 h at 37°C.
The indicated concentrations of different PKC inhibitors (Cal: calphostin C, AMG, Bis: BIS)
were ;ulded to 20 X 10° cells, incubated for 30 min at 37°C before adding 100 U/ml IL-2, or 1
ubi TPA for 10 min. The reactions were stopped by adding ice-cold PBS and the cells then
lyzed in hypotonic lysis buffer and the nuclei and unlyzed cells were separated as described in
Methods. Membrane and cytosol fractions were separated by centrifugation as described in
Methods. Membrane PKC activity was determined by the direct PKC assay as described in
Methods. Values are expressed as the percentage of control of triplicate determinations, and are
representative of two separate experiments.
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Figure 2.8 Evidence that early PKC-dependent events are associated with the ability of 1L~
2 to prevent apoptasis in CTLL-2 cells.

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplemented RPMI
medium at 1.5 X 10° cells/ml, and incubated at 37°C for 7 h. A) BIS GF 109203X or AMG were
added to some cultures at the indicated concentrations 30 min before the cells were stimulated
with 100 U/ml IL-2 for 10 min. Other cultures were left unstimulated (-IL-2). Cultures were
incubated an additional 17 h, and then the number of viable cells was measured, as described in
Methods. The values are the means + SEM of three separate determinations. B) The indicated
concentrations of BIS were added either 30 min before IL-2 addition (M), or 2 hrs(®) or 4
hrs(©) h after IL-2 addition. The ability of the PKC inhibitor to block the IL-2-induced
protection of CTLL-2 cells from cell death was determined 17 hrs later by measuring viable cell
numbers, as described in Methods. The results are presented as the percent inhibition of the
extent of protection afforded CTLL-2 cells by 100 U/ml IL-2. The values are the means + SEM
of three separate determinations.
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Figure 2.9 The inhibition of PKC by BIS blocks the ability of IL-2 to suppress apoptosis in
CTLL-2 cells.

Exponentially growing CTLL-2 cells were washed twice with unsupplemented RPMI medium,
resuspended in the same medium at 2 X 10° cells/ml, and incubated at 37°C for 7 h. The extent
of DNA fragmentation, assessed by agarose gel electrophoresis as described in Methods, was
determined immediately (a), or after the cells had been incubated for an additional $ h with no
further additions (b), or with either 100 U/ml IL-2 (c), 10 uM BIS added 30 min before 100
U/ml IL-2 (d), or 5 pM BIS added 30 min before 100 U/ml 1L-2 (c). Lane f: m.w. markers (123-
bp ladder). The results are representative of two separate experiments.
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Figure 2.10 The effect of PKC inhibition or activation on the cytolytic activity of CTLL-2
cells

Exponentially growing CTLL-2 cells, in fresh RPMI medium supplemented with 1L-2 (100
U/ml) and serum (10%) were added to 100 pl of S49.1 cells (prelabellcd with *'Cr as described
in Method section) mixed at the ratio indicated in the figure at a final volume of 200 pl. The
target ratio is defined as the concentration of effector cells (i.e. CTLL-2) to target cells (i.e.
$49.1). To some cultures the PKC inhibitor BIS (a) or the PKC activator TPA (v) was added at
10 uM and 1M respectively. Other cultures were left untreated (@). After a 4 hr incubation at
37°C, CTLL-2 cytolytic activity was determined as described in Methods. Values are the
mean+SEM of the cellular *'Cr released by §49.1 cells, performcd in triplicate cell cultures and
are representative of three differcnt experiments,
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2,5 DISCUSSION

2.5.1 IL-2 stimulates PKC in CTLL-2 cells by activating a pool of inactive membrane
associated PKC

Both the conventional assay and immunoblot analysis (Fig.2.1A, Fig.2.2) indicated that
IL-2 failed to stimulate the translocation of PKC from the cytosol to membranes in CTLL-2
cells. This finding was in agreement with the previous report of Mukaida et al. (1988) who were
also unable to demonstrate IL-2-mediated PKC translocation in these cells. However, the present
study has significantly extended these carly finding by showing that while translocation docs not
occur in these cells in response to IL-2, there is indeed 1L-2-mediated activation of cellular PKC-
an activation that occurs in, and appears restricted to, an existing pool of PKC resident in
CTLL-2 membranes. This pool of IL-2 stimulatable PKC, identified by the direct PKC assay,
exists in CTLL-2 cell membranes in an inactive, but primed state where it can be readily
activated by the DAG analog, TPA. This conclusion was based on experiments (Fig.2.4)
showing that TPA, which reproducibly stimulated PKC activity in membrane preparations
isolated from IL-2 deprived cells, was unable to do so in membranes from IL-2 treated cells
because the cytokine had already activated the TPA-stimulatable pool prior to membrane
isolation, A similar pool of TPA-sensitive membrane PKC has been identificd in a number of cell
types which can be readily activated by a variety of extracellular stimuli (Chakravarthy et al.,
1994). By contrast, the characteristics of the IL-2 stimulable PKC in CTLL-2 cells is clearly
different from that pool of membrane PKC rendered inactive by the action of a recently identified
endogenous PKC inhibitory protein present in neuroblastoma cells and in rat brain (Chakravarty
et al., 1995).
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Interestingly, TPA, but not IL-2, was found to stimulate the phosphorylation of the
endogenous PKC sclective substrate, the MARCKS protein, in intact CTLL-2 cells (Fig.2.6). A
possible explanation for this finding is that IL-2 selectively stimulated a pool of PKC not
physically or functionally linked to the MARCKS protein in these cells, whereas the nonselective
activation of virtually all cellular PKC by TPA resulted in the PKC catalyzed phosphorylation of
the MARCKS protein, Momg;rcr, since the data presented in Fig.2.4 indicated that IL-2 added
to muct cells stimulated the same membrane PKC pool as did TPA added to isolated
| mnbraim, the increased MARCKS protein phosphorylation effected by TPA was likely due to
PKC activated by the translocation of cytosolic enzyme to membranes. Collectively, these results
clearly indicate that translocation is not the sole mechanism for PKC activation in CTLL-2 cells,
and that translocation .pcrhaps may not be an important part of the mechanism by which
physiologically relevant extracellular stimuli activate PKC. This conclusion is supported by
previous studies showing that IL-3, PDGF, FGF, and EGF all stimulate PKC via the activation
of inactive membrane associated PKC without translocation (Chakravarthy et al., 1994), and that
- the activation of inactive membrane associated PKC is responsible for DMSO induced
erythroleukemia cell differentiation (Chakravarthy et al., 1992).

2.5.2 Activation of inactive PI{C is responsible for IL-2 to suppress apoptosis

Using the specific PKC inhibitors, BIS and AMG, it was demonstrated that inhibiting
PKC actmty blocked IL-2’s ability to maintain CTLL-2 cell viability (Fig.2.8A). The early
activation of PKC by I1.-2 appeared to be an important aspect of IL-2 mediated suppression of
celt dcath,l since the ability of BIS to block IL-2 mediated cell rescue (when added before IL-2)
was progressively lost when the inhibitor was added 2-4 hours after IL-2 (Fig.2.3B). These data

strongly suggest that the inhibitors blocked an early PKC-dependent event necessary for the IL-
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2-induced suppression of apoptosis in these cells. This conclusion was confirmed by studies in
which the effects of PKC inhibition on DNA laddering, a marker of apoptosis, were monitored.
The laddering of DNA which was apparent in CTLL-2 cells after 12 hours of It-z and serum
deprivation, was almost completely suppressed by the addition of 100 U/ml IL-2 at 7 hour,
 However, preincubating cells with BIS at concentrations sufficient to inhibit PKC activity
blocked the ability of IL-2 to suppress DNA degradation over the ensuing 5 hours (Fig. 2.9).
These observations indicate that an early, PKC-dependent event is likely part of the mochanism
by which IL-2 affects the rescue of CTLL-2 cells, and that the rapid activation of inactive
membrane-associated PKC by IL-2 may be an important step in the mechanism by which IL-2
suppresses apoptotic cell death. This conclusion is supported by the study of Walker et al. which
demonstrated that in the absence of IL-2, TPA can suppress the onset of apbptosis in these cells |
(Walker et al., 1993). Nevertheless, it is important to note that while the data presented indicates
that an early PKC dependent event is likely necessary for IL-2 mediated cell survival, it does not
constitute direct proof that the increase in PKC by IL-2 is absolutely needed. Moreover, one
cannot completely rule out the possibility that the inhibitor-induced effects on apoptosis arose
from inhibition of other uncharacterized protein kinases with PKC-like functions.

Previous studies have observed that phorbol esters can either protect (Rodrigucz-
Tarduchy and Lopez-Rivas 1989, Walker et al., 1993) or exacerbate (Kizaki et al., 1988)
apoptésis in lymphocytes upon IL-2 withdrawal. However, interpreting TPA effects on cellular
behavior can be difficult because, aside from questions related to TPA specificity, phorbol esters
have a complex effect on cellular PKC, in that they initially activate the enzyme, but this i.s

followed shortly by a profound and persistant loss in enzyme activity (i.c., down regulation).
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2.5.3 The role of PKC in cytolytic activity

As shown in Chapter 1 (Fig. 1.6) IL-2 appears to be intimately involved in the cytolytic
activity of CTLL-2 cells. However, the results presented in Fig.2.10 clearly indicate that neither
the activation nor the inhibition of PKC had much of an effect on CTLL-2 cytolytic activity,
suggesting that PKC may not be linked to this IL-2 mediated process (Fig.2.10), 1t has been
reported that p56™ -deficient CTLL-2 cells display a profound reduction in T-cell antigen
receptor-dependent cytolytic activity (Karnitz et a., 1992), and that the cytolytic defects were
completely reversed by the transfection of these cells with a wild-type lck expression vector.
Hence, the available data suggests that tyrosine kinase may play a more important role in IL-2
mediated cytolytic activity in CTLL-2 cells than does PKC. On the other hand, there is evidence
that PKC is involved in the IL-2-dependent cytolytic activity exhibited by NK cells (Ortaldo et
al., 1989, Ting et al., 1992) suggesting that the killing mechanisms of CTLL-2 cells and NK
cel]s arc fundamentally different, at least at the signalling level. More importantly, the PKC data
presented is consistent with the notion that IL-2 elicits different cellular responses in CTLL-2

cells (i.e., cell survival and cytolytic activity) by activating different cellular signalling pathways.
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2.6 CONCLUSION
The general conclusion of the studics described in this chapter is that the
activation of inactive membrane associated PKC is part of the mechanism responsible for the
ability of IL-2 to suppress apoptotic cell death, but not in IL-2 mediated cytolytic activity. The
specific conclusions are:

2.6.1 IL-2 does not stimulate PKC translocation from cytosol to membranes.

2.6.2 1L-2 does stimulate PKC in CTLL-2 cells, by activating a pool of membrane-associated
inactive PKC. This pool is generated by the conversion of active PKC to an inactive state
during IL-2 deprivation.

2.6.3 The carly and transient activation of PKC by IL-2 appears to be important to the 1L-2-

induced suppression of apoptosis in CTLL-2 cells.

2.6.4 PKC appears not to play a critical role in the 1L-2 mediated cytolytic activity of CTLL-2.
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CHAPTER THREE: MECHANISMS OF IL-2 INDUCED PKC ACTIVATION IN
CTLL-2 CELLS
3.1 INTRODUCTION

As described in the General Introduction, PKC is a ubiquitous and central cell signaling
cnzyme that is coupled to biological responses evolved by a plethora of extracellular stimuli.
Some mechanisms responsible for PKC activation are now well understood ‘(i.e. PI pathway)
while others are relatively poorly defined.

3.1.1 Phosphatidylinositol phospholipase C pathway

The receptor-mediated hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP,) is now
recognized as a widespread signal transduction pathway, the major clements of which are
conserved throughout cukaryotes from yeast to man. This pathway is utilised by a variety of
hormoncs and neurotransmitters (Downes and Michell 1985; Berridge 1987) as well as mitogenic
growth factors (Bérridge 1987, Whitman and Cantley 1988) and is known to regulate a large
array of cellular processes including metabolism, secretion, coﬁtraction, neural activity and cell
proliferation (Berridge and Irvine 1984, Berridge 1987, Nishizuka 1988).

The two products of PIP; hydrolysis are both second messengers; inositol-1,4,5-
trisphosphate (IP3) binds to a specific intracellular receptor and releases sequestered calcium
from a sub-population of the endoplasmic reticulum, while sn-1,2-diacylglycerol (DAG)
activates PKC. However, DAG has functions other than activating PKC. One is to serve as a
source of arachidonic acid for eicosanoid preduction. Other possible actions include the
translocation of diacylglycerol kinase to membrane-bound compartments (Besterman et al.,
1986), and the activation of phospholipase A, (Kolesnick and Paley 1987), cytidylyltransfezﬁse

(Pclech and Vance 1984), and phospholipase D (Billzh et al., 1989, Kiss and Anderson 1989).
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Several distinct inositol phospholipid-specific phospholipase Cs (PI-PLCs) have been
purificd from a varicty of mammalian tissues (revicwed by Rhee et al,, 1989), and a total of 16
amino acid sequences (14 mammalian enzymes and 2 drosophila enzymes) have been deduced
from the nucleotide sequences of their corresponding cDNAs (Rhee and Choi 1992), Compatison
of deduced amino acid sequences has indicated that the PI-PLCs can be divided into three types
(PLC-B, PLC-y, and PLC-8) and that each type contains more than one subtype. PI-PLC
isozymes exhibit distinct (albeit subtle) differences in their catalytic propertics, their cell type-
specific expression and their mode of activation (Rhee and Choi 1992). The catalytic activitics of
all three types of PLC are dependent on Ca®*. All three types of PLC catalyze the hydrolysis of
the three common inositol-containing phospholipids: phosphatidylinositol (PI),
phosphatidylinositol 4-monophosphate (PIP), and phosphatidylinositol 4,5 bisphosphate (PIP; ).
PIP and PIP; are the preferred substrates for these enzymes. Different members of the PI-PLC
family are regulated by different mechanisms and the activation processes of two isozymcs,
PLC-B1 and PLCy], are particularly well understood and involve intcractions with stimulatory
guanine nucleotide-binding (G) proteins and tyrosine kinases, respectively. By comparison PLC-
B1 is activated by members of the G, class of pertussis toxin-insensitive G proteins (Rhee 1992).
PLC-y1 is activated upon the phosphorylation of specific tyrosine residucs (Tyr 783 and Tyr
1254) by receptor tyrosine kinases as well as by cytoplasmic, non-receptor tyrosine kinases
(Rhee and Choi 1992).

Receptor-coupled PLC activity in certain types of cells is regulated by PKC or PKA
activation, thus providing a negative feedback signal to limit the magnitude and duration of
receptor signaling (Huckle et al., 1990). The major mechanism by which PKC attenuates the

EGF-triggered accumulation of inosito! phosphates has been elucidated. Phosphorylation of Thr-
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654 of the EGF receptor by PKC reduces the capacity of the receptor tyrosine kinase to
phosphorylate PLC-y1 thereby preventing PLC-y1 activation (Huckle et al., 1990). A decrease in
the extent of tyrosine phosphorylation of PLC-y1 has also been linked to the mechanism by
which TPA and cAMP attenuate PIP; hydrolysis induced by the activation of TCR (Park et al.,
1991). In this instance, it appears that the target of both PKC and PKA is the Scr-1248 of PLC-
71, and that the phosphorylation of this residue alters the interaction of PLC-y1 with the non-
receptor PTK or with a protein tyrosine phosphatase. PLC-B1 aiso appears to be a target for
regulation by PKC in certain cells (Ryu et al., 1990).
3.1.2 Phosphatidylcholine (PC)-specific phospholipase C and D pathways
The signal-activated formation of DAG is often biphasic: it consists of an early peak,

which is rapid and transient (and parallels the increase in IP; and intracellular Ca*
concentration), followed by a later phase which is slow in onset but is sustained (Nishizuka
1992, Liscovitch 1992). The source of the ‘zarly’ DAG is most likely phosphoinositides,
whercas the ‘late’ DAG is probable derived from the hydrolysis of other phospholipids
(reviewed by Exton 1990, Billah and Anthes 1990). Several lines of evidence indicate that PIP,
hydrolysis is not the only source of PKC-activating DAG’s: (1) in bombesin-stimulated Swiss
3T3 cells, PKC-mediated increases in pH;, $6 kinase activity, and MARCKS protein
phosphorylation persists long after the 1P;-stimulated [Ca®*); elevation has declined (Biermant et
al., 1990, Takuwa et al., 1991); and (2} a number of growth factors such as CSF-1 (Imamura et
al,, 1990) and embryonal carcinoma-derived growth factor (Mahadevan et al., 1987) do not

stimulate inositol lipid hydrolysis but are still able to increase cellular DAG content or activate a

PKC cascade,
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It is now clear that phosphatidylcholine (PC) hydrolysis may be linked to PKC activation
(Schutze et al., 1991, Nishizuka 1992), PC is the principal phospholipid present in mammalian
cells (Wiute 1973). PC in mammalian tissucs normally contains a saturated fatty acid residue at
tae ¢-1 position and an unsaturated fatty acyl residue at the ¢-2 position of the glycerol moicty.
Compared to phosphoinositides, which are relatively enriched in stearic acid and arachidonic
acid, PC is relatively deficient in arachidonic acid and contains mostly olcic acid and linoleic aclid
at the ¢-2 position (Mueller et al., 1984, Ojima-Uchiyama ct al., 1988). These characteristics
have been used to identify PC as a source of DAGs generated by extracellular stimuli (Mucller ct
al,, 1984, Ojima-Uchiyama et al., 1988).

Two pathways for DAG formation from PC have been proposed (Exton 1990, Billah
and Anthes 1990), one involving direct hydrolysis of PC by a PC-PLC to give DAG and
phosphorylcholine (ChoP) and a second pathway in which PC hydrolysis is coupled to
phospholipase D (PLD) activity, The direct, PC-PLC-mediated generation of DAG has now been
suggﬁsted to occur in a number of cells, in response to certain cytokines. A recent report by
Schutz et al.(Schutze et al., 1991) is among the few studies that provide convincing cvidence for
the activation of PC-PLC (by tumor necrosis factor a [TNFa]) in the absence of PI-PLC
activation, Ca®* mobilization, and PC-PLD activation, Similarly, several other cytokincs,
including interferon-, interleukin-1, interleukin 3 and colony-stimulating factor 1, do not induce
PI breakdown, but stimulate the production of DAG from PC, via a PC-PLC pathway (Rosoff ct
al., 1988, Durino et al., 1989, Imamura et al., 1990, Pfeffer et al., 1990). However, little
information is yet available on the regulation of a PC-specific phospholipase C(s).

An alternative, indirect hydrolysis of a PC-sclective phospholipid has been shown to be

mediated by the activation of a PLD (Exton 1994). By this process the activation of PLD gives
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rise to phosphatidic acid (PtdOH) and choline, and the PtdOH is then dephosphorylated by
PtdOH phosphohydrolase (PPH) to yield DAG.

Although phospholipase D was initially thought not to exist in mammalian tissues,
Kanfer et al (Kanfer et al., 1980) have provided evidence to the contrary. A phospholipase D
active on PC and PE has been partially purified from rat brain (Taki and Kanfer 1979).
Membrane-bound phospholipase D activity dirccted towards PC has also been detected in rat
tissues provided that certain detergents are present in the assay (Chalifour and Kanfer 1980,
Chalifour and Kanfer 1983, Martin 1988). |

The assessment of PLD activity in whole cells can be achieved by either measuring the
formation of [“P]PtdOH in cells labeled with [*PJPC (Exton 1994) or by the use of primary
alcohol to substitute for water in the phosphatidyltransferase reaction of PLD giving rise to the
corresponding phosphatidylalcohol (Exton 1994). Moreover, since phosphatidyl-alcohols are
poor substrates for PPH (Metz and Dunlop 1991) the use of primary alcohol allows for the
intervention in the PLD/PPH pathway leading to DAG formation (Bonser et al., 1989).

A number of growth factrrs and mitogenic agents have been shown to stimulate PC
hydrolysis by a PLD pathway. Phorbol ester-stimulated PLD activity has been reported in a
variety of cell types and appears to be an almost ubiquitous phenomenon (reviewed by Billah and
Anthes 1990). PDGF is able to stimulate PLD transferase activity in NIH3T3 (Ben-Avi and
Liscovitch 1989) and Swiss 3T3 cells (Plevin et al., 1991), and EGF is able to stimulate PC-
PLD activity in Swiss 3T3 cells. Despite this, the role of PLD in the sustained formation of DAG

15 unclear.
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3.1.3 Phospholipase A; pathway

Phospholipase Az (PLA.) hydrolyzes several phospholipids including PI, PC and
phosphatidylethanolamine (PE) to liberate arachidonic acid. Arachidonic acid can be converted
via the cyclo-oxygenase and lipoxygenase pathways to cicosanoids, including prostaglandins,
thromboxanes, prostacyclins, leukotrienes and lipoxins (Needleman et al., 1986). It has been
reported that arachidonate and other unsaturated long-chain fatty acids activate PKC in a dose-
dependent fashion in human neutrophils (McPhail et al., 1984). It has also been described that a
mixture of rat brain PKCs can be activated signiﬁcantly by oleic and arachidonic acid, and that
this activation is independent of phospholipids and Ca®* (Lester 1990, Lester ct al., 1991),
Arachidonic acid derivatives such as lipoxin A (S,6-l$L-trihydroxy-7,9,l 1,13-cicosatetracnoic
acid) activate PKC as well (Piomelli 1993). Sodium oleate prefcrentially activates soluble PKC
and is unable to interact with membranc-bound enzyme (Piomelli 1993). Therefore, unsaturated
fatty acids may have a physiological role in activating discrete pools of PKC leading to
phosphorylation of specific set of cellular substrates; a set of substrates perhaps distinct from
those phosphorylated by phorbol ester/DAG-activated PKC, To complicate the issue further,
synergy between oleic acid and DAG in the presence of calcium has been observed with respect
to PKC activation (Lester ct al.,1990). The physiological significance of these observations is not
clear at present,

Recently, the possibility that PLA, is directly regulated by G proteins has been cxplorcd.l
These studies may be difficult to interpret because in contrast to inositol phosphates, which are
derived solely from PI-PLC mediated hydrolysis of phosphoinositides, arachidonic acid is also
derived from the hydrolysis of DAG by DAG lipases (Bell et a., 1979). Becausc DAG is

produced during the hydrolysis of phosphoglycerides by PLC, an increase in arachidonic acid



118

production may result from the indirect action of PLC followed by DAG lipase rather than from
dircct stimulation of PLA; A further complication is that some PLA, is stimulated by Ca** at
physiologically relevant concentrations (Slivka and Insel 1987), allowing PLA; to be indirectly
stimulated by an IP;-mediated increase in Ca®. Neverthcless, there is evidence (reviewed by
Burch 1989, 1990) suggesting that G proteins might be involved in receptor-stimulated |
production of arachidonic acid and that separate G proteins mediate the stimulation of PLA; and
PLC. Additional evidence suggesting that distinct G proteins are coupled to PLC and PLA,
comes fron\ studices using pertussis toxin (Ui 1990).
3.1.4 Guanine nucleotide regulation of phospholipase activity

Functional G proteins that have been characterized to date include those that stimulate
adenylyl cyclase (G,), inhibit adenylyl cyclase (Gy), stimulate cGMP phosphodiesterase (G, or
transducin), activate ion conductances (Gy), and stimulate PI-PLC-B (G,) (reviewed by Neer
1995). These functional studies have revealed certain characteristics that are common to all of G
proteins. G-proteins are GTPases composed of a @ subunit (catalytic) and a By subunit
(regulatory). In order for a G protein to be activated it must be maintained in the GTP-bound
form. In the absence of receptor stimulation the G-protein remains inactive because of its ability
to hydrolyse GTP to GDP. However, the interaction of the G-protein with an activated receptor
blocks the GTPase activity, and caused the dissociation of the GTP-o subunit from the
regulatory Py subunits (Neer 1995). The liberated « subunit is thought to be the principle cell
signaling mediator, although recent evidence indicates that the By subunits can propagate cell
signals as well (Neer 1995). Inhibitory G proteins (i.e. Gias) can be specifically inhibited by the

action of pertussis toxin (PTX), which causes the irreversible ADP-ribosylation of Gie (Ui
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1990). Thus, G-protein coupled cell signaling can be grossly subdivided into PTX-sensitive and
PTX-insensitive processes.

The possibility of G-protein regulation of PC hydrolysis by both a PC-specific PLC and
PLD has been examined. A role for a guanine nuclcotide-binding protein in regulating PLD
activity has been suggested by reports of stimulation of PLD transferase activity by non-
hydrolysable GTP analogues in homogenates from HL-60 cells (Anthes et al., 1989) and by the
stimulated release of Cho from hepatocytes (Bocckno et al,, 1987). Similar observations have
been made in cell-free prcparatioﬁs from rat brain (Kobayashi and Kanfer 1987) and in
permeabilised endothelial cells (Martin and Michaclis 1989). In rat liver plasma membrane, the
addition of GTP analogues causes the hydrolysis of PC with the release of choline, P-choline,
DAG, and PA (Bocckino et al., 1987, Irving et al., 1987). Thesc findings indicate that the
stimulation of both phospholipase C and D can be G-protein mediated. The involvement of G-
proteins in these processes is also supported by the obscrvation that the stimulation of PLC and
PLD is effected at submicromolar concentrations of non-hydrolizable GTP analogucs, but not
other nucleotides, requires millimolar Mg?*, and is inhibited by a stable analoguc of GDP
(Bocckino et al., 1987, Irving et al., 1987). As discussed previously, it is also possible that PLA;
is regulated by G-proteins. However, the exact mechanism of G-protein interaction with these
enzymes has not yet been well defined.
3.1.5 Protein tyrosine‘ kinase in PKC activation

The mechanism by which growth factors of the receptor tyrosine kinase (RTK) family,
e.g. epidermal growth factor (EGF) and PDGF, stimulate PIP, hydrolysis is well established.
Upon ligand-induced activation of their RTK cytoplasmic domains both the EGF and PDGF

receptors physically recruit and phosphorylate a distinct isoform of PLC, PLCyl, and it has been
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confirmed that tyrosine phosphorylation of PLCy1 increases its catalytic activity (reviewed by
Rhee and Choi 1992). PLCy subsequently stimulates PIP; breakdown, generating DAG and 1P,
which is responsible for PKC activation and mobilization of intracellular Ca*", respectively
(Nishibe et al., 1990). PI-PLCyl can also be activated by nonreceptor tyrosine kinases (Rhee
and Choi 1992).
3.1.6 ‘The mechanism of PKC activation in 1L-2 signaling

As discussed in detail in the General Introduction, the mechanisms of PKC activation in
IL-2 signal remains controversial. First of all, whether PIP, breakdown occurs after IL-2
stimulation is not clear. Phosphoinositide hydrolysis, increases in intracellular Ca?", and the
activation of PKC have all been reported (Farrar and Anderson 1985, Farrar et al., 1986, Evans
et al., 1987b) suggesting that the activation of PKC may occur vig the PI-PLC pathway.,
However, other studies have failed to observe the same PI-PLC pathway linkage to PKC
activation (Mills et al., 1985a, 1986, Gelfand et al., 1987, Redondo et al,, 1988, Valge et al.,
1988, Pactkau and Mills 1989). Furthermore, as discussed above, it is now well recognized that
multiple pathways exist in cells to generate DAGs. Whether any of these “alternate” pathways
(i.e. PC-PLC, PC-PLD) are involved in PKC activation after IL-2 stimulation has not been
explored at all. Moreover, the products of the PLA; pathway (AA, unsaturated long-chain fatty
acids, lipoxin) have been reported to activate PKC by themselves or in synergy with other lipids
(McPhail et al., 1984, Lester 1990, Lester et al., 1991). The role of PLA; in PKC activation
after IL-2 stimulation has yet to be addressed. Finally, it was reported that P56™ is physically
associated with IL-2Rp, and its activity is regulated by IL-2 (Hatakeyama et al., 1991, Horak et

al., 1991). Whether this tyrosine kinase is résponsible for PKC activation is unknown. Many of
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these issues have been addressed in the study of 1L-2 mediated PKC activation in CTLL-2 cells

as presented in Chapter 3 of this document,
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3.2 OBJECTIVES

The overall objectives of the studies described in this chapter were to elucidate the
mechanisms of PKC activation in CTLL-2 cells after IL-2 stimulation. The specific objectives
were:
3.2.1 To establish the role of protein tyrosine kinascs in IL-2 stimulated PKC activation.
3.2.2 To establish the role of G-proteins in IL-2 stimulated PKC activation.
3.2.3 To investigate the sources of DAG after 1L-2 stimulation in CTLL-2 cells.
3.2.4 To study the mech:misin(s) responsible for IL-2 induced DAG production
3.2.5 To study the role of arachidonic acid on IL-2 stimulated PKC activation.
3.2.6 To establish the role of a PKC stimulating cytosolic component(s) (factor X) in the

mechanism by which IL-2 stimulates PKC activation in CTLL-2 cells.
3.2.6.1 To characterize PKC activation by factor X.
3.2.6.2 To effect a preliminary characterization of factor X.

3.2.6.3 To study the mechanism of factor X stimulated PKC activity
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3.3 METHODS

3.3.1 Cell culture, cell proliferation and viability

Stock cultures of CTLL-2 cells were maintained and manipulated as described in the
Methods section of Chapter 1. Viable cells were determined microscopically by their ability to
exclude the dye, trypan blue (Sigma Chemical Co., ST. Louis, MO, USA) as described in the
Methods section of Chapter I (1.3.5). Cell proliferation was assessed by ['H]-thymidine
incorporation following the protocol described in the Methods section of Chapter 1(1.3.5).
3.3.2 The assay of PKC activity

Cell lysis, the preparation of membrane and cytesolic fractions, and conventional and
direct PKC assays were performed following the protocols described in the Methods scctiqn of
Chapter I (1.3.1, 1.3.2).
3.3.3 The assay of protein tyrosine kinase activity

Protein tyrosine kinase activity was measured using a commercial assay kit purchased
from GIBCO BRL (Grand Island, NY, USA). Briefly, CTLL-2 cells were lysed in hypotonic
lysis medium (Appendix) as described in the Methods section of Chapter 1 (1.3.1). Nuclei and
unlysed cells were separated by centrifugation, and the amount of protein in the resultant post-
nuclear fractions was determined by the method of Bradford (1976). Five to ten micrograms of
protein from the post-nucleus supernatants in control buffer (30 mM HEPES, 10 mM MgCl,, 20
pM EDTA, 0.1 mM DTT, 25 pg/ml BSA, 0.15% [v/v] nonidet -40, 70 pM sodium
orthovanadate, 60 uM ATP) was incubated with the substrate peptide (containing 0.5 mM RR-
SRC peptide substrate in contro! buffer) in the presence of [*P] ATP (1 uCiftube, 6,000Ci
Jmmol) at 30°C for 10 minutes (total volume of reaction mixture 20 pl). The reaction was

stopped by adding 20 pl of cold 10% TCA. Samples were centrifuged to remove prccipiiatcd
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protein, the peptide substrate remained in solution. Twenty microliter of supernatant from each
tube was removed and spotted onto separate phosphocellulose discs. The discs were washed
twice in 250 ml 1% acctic acid for 5 minutes, and then in 250 ml water for 5§ minutes. The
radioactivity bound to the washed discs was determined by liquid scintillation counting using
Formula-989 scintillation cocktail.

The substrate for tyrosine kinase, RR-SRC, is derived from the amino acid sequence
surrounding the phosphorylation site of pp60™ and is specific for tyrosine kinase (Pike et al,,
1982). The peptide sequence is: Arg-Arg-Leu-Ile-Glu-Asp-Ala-Glu-Tyr-Ala-Ala-Arg-Gly
includes two arginine residues at the amino terminus of RR-SRC that enables it to bind to
phosphocellulose paper.

3.3.4 Inositol phosphates measurements

To measure inositol phosphate formation, CTLL-2 cells were prelabeled wnth [*H] myo-
inositol (5.0 pCi/ml) for 24 h in inositol-free RPMI-1640 in the presence of serum and IL-2. The
cclls were then changed from the serum and IL-2 containing medium to unsupplemented inositol-
free RPMI medium containing [*H]myo-inositol and incubated for an additional 4 h. The cells
weré washed thoroughly 3 times with RPMI medium, and LiCl {20 mM in M199) was added to
the cells and incubate for 10 min at 37°C in order to inhibit inositol phosphate metabolism
(Berridge et al., 1982). The cells were then treated with the indicated test compounds and
incubated for an additional 10 min. The cells were rapidly pelleted by centrifugation, and 10%
TCA then added to each cell pellet. The samples were vortexed, and allowed to sit on ice for 5-
15 min. Following TCA precipitation the supernatants were collected by centrifugation and
subjected to lipid extraction, Briefly, the supernatants following TCA precipitation were washed

3 times with 3 mis of anhydrous diethyl ether, and the last traces of ether were evaporated from



125

the aqueous phase under nitrogen flow. The acidic pH of the aqueous phase was neutralized by
the addition of 6.25 M sodium tetraborate and the volume adjusted to 2.0 ml with distilled water.
Inositol phosphates (IP,, IP,, IP;) were separated by passing the preparation though a | ml
DOWEX-AG 1X8-formate form anion exchange column. The columns were washed with 20
volumes of 60 mM ammonium formate/5 mM sodium tetraborate to remove free inositol. Inisitol
phosphates were subsequently cluted from the columns in a stepwise manner, 1P, was cluted
from the column with 0.2 M ammonium formate/0. 1N formic acid; 1P; was eluted next with 0.4
M ammonium formate/ 0.1 N formic acid; and finally 1P, was cluted with 1 M ammonium
formate /0.1 N formic acid. The levels of inositol phosphates were quantificd by scintillation
counting and expressed as cpm/mg protein. It should be noted that the IP; fraction was a
composite of all forms of IP;. Protein content was determined in the 1M NaOH-digested cellular
pellet by the method of Lowry et al. (1951). As a positive control for these cxperiments ,
confluent rat type I astrocytes grown in 60 mm Petri dishes were prelabeled with *H]myo-
inositol (2.5 pCi/ml) for 16-18 h in serum-and inositol-free DMEM. Unbound [*H]myo-inositol
was washed thoroughly with DMEM. LiCl (20mM) was added to the cells for 19 min at 37°C.
Endothelin-1 were added to astrocytes in the presence of 20 mM LiCl for 10 min. The rcaction
was stopped by replacing the medium with cold 0.3 M TCA, and the cells were scraped, bricfly
sonicated, and sedimented by centrifugation. Lipids were extracted and inositol phosphates were
separated and measured as described above.
3.3.5 Total lipid extraction and thin layer chromatography

Total cellular lipids were extracted using the procedure of Folch et al. (Folch et al.,
1957, Chakravarthy 1985). Briefly, CTLL-2 cells (10 X10° cells), incubated with various

ligands as described in the legends to the appropriate figures, were collected by centrifugation
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and lysed in 0.5 ml water. Chloroform: methano! (2:1, v/v) was added to cell lysate at a ratio
(8:1, v/v) and usually left overnight at 4°C. The lipid extract was partitioned into an aqucous
upper-phase and an organic lower-phase by adding 0.1N KClI (sample: KCl ratio was 5:1) and
centrifuging at 500 xg for 5 min. The two phases were separated and the lower organic phase
was washed once with equal volume of ideal upper phase [chloroform : methanol : 0.1N KCl1
(3:48:47, viv)).

The organic phase was dricd at 37°C under a stream of nitrogen, The lipid extract was
dissolved in 25 pul chloroform : methanol (19:1, v/v) and aliquots were taken for radioactivity
measurements of total lipids. Individual lipid classes were separated by directly subjecting the
lipid extract to thin layer chromatography. Briefly, individual classes of neutral lipids and
phospholipids were resolved on silica-gel G 60 plates. Phospholipid classes were separated using
chloroform : ethanol : water ; tricthylamine (4:5:1:4, by vol.) as the developing system. Neutral
lipid classes were separated using petroleum ether : dicthyl ether : acetic acid (70:30:1, by vol.).
Individual lipids were identified by comparison with authentic standards added to each sample.
Phospholipids and neutral lipids were visualized after exposure to iodine vapor. After
identification by comparison to internal standards, gel samples containing individual lipids were
scraped and used directly for radioactivity determination.

3.3.6 Intracellular Calcium Measurements

To determine [Ca?™);, CTLL-2 cells were cultured in 175cm? culture flasks and used for
experiments when the cultures reached a density of 5 X 10° cells/ml. CTLL-2 cells were then
starved for 2 hours in serum and IL-2 free RPMI medium. Intracellular calcium concentrations
were determined by mmsun‘ng. the fluorescence signal from the calcium-sensitive indicator fura-

2. CTLL-2 cells were loaded with fura-2 by incubation for 30 min at 37°C in a normal buffer
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solution (NBS: 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl;, 1,1 mM MgCl,, 2.6 mM dextrose,
and 10 mM HEPES), containing 0.00125% (wt/vol) pluronic acid (Molecular Probes Inc.,
Eugene, OR) and 5.0 uM fura-2-acetoxymethyl ester (Molecular Probes Inc.). Fura-2-
acetoxymethyl ester is a membranc-permeable, calcium-insensitive ester of the calcium
fluorophore fura-2, which becomes Ca*-sensitive and remains trapped intracellularly after
hydrolysis by nonspecific intracellular esterascs (Grybjuewez G. et al. 1985), After 3 washes in
fura-free NBS (Appendix), the cells were post-incubated for 5-30 min in NBS at room
temperature to ensure full hydrolysis of the fura-2 ester. This was verified by running excitation
spectra between 320 nm and 420 nm at various times during the post-incubation period. They
were monophasic and peaked around 365 nm. Experiments were conducted at room temperature
on 5 X 10° suspended cells in a cuvette placed in a CM3 cation measurement spectrofluorimeter
(Spex Inc., Newark, NJ), Measurements were performed using 350-nm and 380-nm excitation
wavelengths alternating at a frequency of 1 Hz. The emitted light was passed through a
photomultiplier, and its intensity was rccorded by a photon counter (Spex Inc.) detector.
Background fluorescence was subtracted from the cuvette. Dyc lcakage, as determined by loss of
fluorescence over a period of 10 min, was undetectable at both excitation wavelengths with the
excitation monochromator slits set at 0.5 mm.

The concentration of intracellular ionized calcium, [Ca*'];, was estimated from the ratio
of the intensities of fura-2 emission at 505 nm induced by the altzmating excitation wavelengths

(350 nm and 380 nm) according to the following formula (Grybjuewez G. et al.,1985):

[Ca®)i = Ku X (Fri/Frnad) X (R - Rein) / (Rerax - R),
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where R, Ruin, and Ry arc the fluorescence ratios recorded during the experiment (R) and
during calibration tests on unlysed cells using 4 pM ionomycin in NBS (R followed by 10
mM EGTA added at pH 8.2 (Ruin). Frux and Foyn are the corresponding fluorescence inteznsities
for the 380-nm excitation, and K4 is the Fura-2 dissociation constant at room temperature (135
nm}.
3.3.7 Isolation of IL-2 treated cytosol

Exponentially growing CTLL-2 cclls were incubated in unsupplemented RPMI medium
for 4 hour at 37°C. The cells were then stimulated with IL-2 (50-100 U/ml) for 10 min at 37°C
or left untreated, and the reaction stopped by adding ice cold PBS as described previously. The
cells were lysed with hypotonic lysis buffer (Appendix) at 1/4 of the normal volume (i.e., 20 X
10° cells per ml lysis buffer) exactly as described in the Methods section of Chapter 1 (1.3.1).
The membrunes and cytoscl were separated by centrifugation as described in Chapter 1 Methods
section 1.3.1, and the cytosolic fractions (designated IE.-2 cytosol and control cytosol) were
collected and stored at - 80°C until used. To test the ability of IL-2 and control cytosols to
activate control membrane PKC, CTLL-2 cell membrane were prepared from 5-10X10° cells
deprived of IL-2 and serum for 4 hour as described previously, and incubated with either IL-2
cytosol or control cytosol for 10 -ninute at 27°C with gentle shaking. The amounts of cytosol and
membranes in these assays are indicated in each individual experiment. The reaction was stopped
by placing the samples on the ice for 5 minutes and the membrane and cytosol fractions were
thea separated by ultracentrifugation as described in the Methods section of Chapter 1. The
membrane PKC activity was measured by the direct PKC assay as described in the Methods

section of Chapter I (1.3.2).



Miscellaneous

Protein concentration was determined by the method of Bradford (1976).
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3.4 RESULTS
. 3.4.1 The role of protein tyrosine kinases in IL-2 stimulated PKC activity.

Given the importance of tyrosine kinase activity in 1L-2 signaling and the fact that in
many systems there is a complex relationship between PKC and tyrosine kinases, it was
appropriate to test the linkage, if any, between IL-2 induccd tyrosine kinases and the activation
of inactive membrane PKC. As shown in Fig. 3.1, 100 U/m] IL-2 stimulated a transient
activation of tyrosine kinase activity in CTLL-Z cells. The sizable stimulation of tyrosine kinase
activity occurred \\lrith 5 minutes of IL-2 application, pcaked at 10 minutes, and returned to near
basal levels within 35 minutes. Given the fact that tyrosine kinase activity was rapidly increased
in CTLL-2 cells in response to IL-2, the effects of two tyrosine kinase inhibitors, herbimycin A
and genistein, on IL-2 stimulated PKC activity was determined. Herbimycin A is a benzoquinoid
antibiotic isolated from Streptomyces hygroscopicus which is a powerful and relatively specific
inhibitor of protein tyrosine kinases (Uehara et al., 1986, 1989a, 1989b). Genistein (4°, 5, 7-
trihydroxyisoflavone) is a potent specific tyrosine kinase inhibitor that competes for the ATP
binding site on the kinase with a reported ICso ranging from 2.6- 20 uM (Akiyama et al., 1987,
Dean et al., 1989). Genistein is onc of only a few tyrosine kinase inhibitors which has been
demonstrated to inhibit tyrosine kinases other than EGF-R, such as pp60** and pp1 109
(Akiyama et al., 1987). Neither herbimycin A (875 nM) nor genistein (14.8 uM) had a
significant effect on IL-2 stimulated PKC activity when added to intact CTLL-2 cells 30
minutes before IL-2 stimulation (Figure 3.2). Moreover, neither inhibitor had a marked effect on
basal PKC activity in unstimulated control cultures (data not shown). These concentrations of
inhibitors were chosen because they have been shown to effectively block tyrosine kinase activity

in other systems (Uehara et al., 1986, 1989a, 1989b, Akiyama et al., 1987, Dean et al., 1989).
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To ensure that these compounds were indeed effective in CTLL-2 cells, the effects of herbimycin
A and genistcin on IL-2 /serum induced cell proliferation was asscssed. As shown in Fig.3.3 and
3.4, doses of herbimycin A and genistein that had no effect on IL-2-induced PKC activity (875
nM, and 14.8 pM, respectively) had a profound cffect on [*H)-thymidinc incorporation and ccll
proliferation in CTLL-2 cells. These observations are consistent with previous reports that
tyrosine kinase activity is involved in the proliferation (Mills et al., 1991) of 1L-2 dependent
cclls. These results suggest that the inhibition of tyrosine kinase activity did not affect the ability
of IL-2 to stirulate PKC in CTLL-2 cells,
3.4.2 The role of G-proteins in IL-2 stimulated PKC activation

As detailed in the Introduction, it is well established that DAG is the principle co-factor
responsible for PKC activation‘in cells after receptor stimulation. However, it is far less clear
how these receptor signals are coupled to the production of DAG. It is now apparcnt that scveral
DAG-generating pathways exist (Billah and Anthes 1990, Exton 1994), and that G-proteins are
an important element of at least one of these pathways (Rhee ct al,, 1992). The role of G-proteins
in cell signaling has been widely studied and much is now understood with respect to their
importance in receptor-mediated signal transduction coupled to enzymes such as adenylate
cyclase and phospholipase C-B (Cascy and Gilman 1988, Rhee ct al., 1992), Nonhydrolysable
GTP analogues (e.g. GTPij and pertussis toxin, which catalyses the ADP-ribosylation of G;
and G;-like proteins, have been used extensively to study the role of G-proteins in the activation
of phospholipases (Ui 1990).

Pertussis toxin (PTX) was used to investigate whether the activation of inactive
membrane PKC by IL-; was a G; protein-mediated event in CTLL-2 cells, CTLL-2 cells were

starved of IL-2 and serum in the presence of 75 ng/ml PTX for 4 hours before being stimulated
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by IL-2. As shown in Fig, 3.5, PKC activation by IL-2 was almost completely blocked by the
pretreatment of cells with pertussis toxin, while pertussis toxin itself had no effect on basal PKC
activity. Since we had previously determined that PKC activation was linked to IL-2’s ability to
suppress ccll death, the question as to whether PTX could impact the IL-2 induced rescue of cells
was addressed. The pretreatment of cclls with 100 ng/ml PTX for 7 hours effected a 44%
reduction in IL-2’s ability to suppress apoptotic ccll death in IL-2 “starved” CTLL-2 cells (Fig.
3.6). This PTX-induced partial loss in IL-2's ability to suppress cell death in IL-2/serum starved
CTLL-2 cells was confirmed in three independent expcrim‘.‘nts: These results suggest that a
pertussis toxin-sensitive G-protein is likely involved in the mechanism by which IL-2 causes
PKC activation in CTLL-2 cells, and that this activation of PKC was at lcast partially
responsible for the IL-2 induced rescue of cells.
3.4.3 The production of DAG is responsible for 1L-2 stimulated PKC activation in CTLL-2
cells

Results presented in Chapter 2 (sce Fig. 2'.4) indicated that the IL-2 induced increase in
PKC activity resulted from the uctivation of a pool of inactive membrane PKC that was readily
activated by the DAG analog, TPA. These observations suggested that the formation of DAG in
response to IL2 stimulation was the likely route by which this inactive ma;mbrane pool of PKC
underwent activation. For this to be true, the addition of IL-2 to “St;ll'VCd” CTLL-2 cells should
evoke & measurable increase in cellular DAG content. To measure DAG production, uniform
labeling of the phospholipid pool was accomplished by an 18-hour incubation of CTLL-2 cell
cultures with [’H]-arachidonic acid which labels phospholipids mainly in the C-2 position
(Chakravarthy, 1985). As shown in Fig, 3.7, the addition of 100U/ml IL-2 to celis previously

starved of IL.-2 and serum for 4 hours, evoked a rapid and sustained increase in cellular DAG
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content, Thus, a 40% increase in *H-DAG was detected by thin layer chromatography (TLC)in
cells stimulated with IL-2 for as little as 5 min (Fig. 3.7). By contrast, very little stimulation in
DAG was obscrved 2.5 min after IL-2 application, indicating that relative to other growth
factor/cell systems (Nishizuka 1992, Liscovitch 1992), the rate of DAG production by IL-2R
stimulation was rather slow in CTLL-2 cclls. Nevertheless, the production of DAG was
temporally coupled to the activation of inactive PKC in IL-2 treated cells (see Chapter 11,
Fig.2.1) suggesting a linkage between both events.

If the production of endogenous DAG by IL-2R stimulation was dircctly responsible for
the activation of inactive membrane PKC, then the application of exogenous DAG to either intact
cells or to isolated CTLL-2 cell membranes should evoke PKC activation. The data presented in
Fig.3.8 indicated that a brief (10 min) mcgbation of IL-2- and serum-deprived CTLL-2 cells with
DAG caused a dose-dependent increase in membrane PKC activity that platcaucd at DAG
concentrations greater than 30 uM. However, this experiment was unable to detcrmine whether
the increase in PKC arose from the activation of inactive membrane-associated PKC or from the
translocation of cytosolic enzyme to membranes. To distinguish between these two possibilitics,
DAG was added directly to CTLL-2 cell membranes isolated from IL-2 and serum starved cells.
As shown in Fig.3.9, DAG concentrations as low as 10 uM completely activated the inactive
PKC pool in these membranes. The addition of TPA to membranes stimulated with 10 uM DAG
gave no further increase in PKC activity {(data not shown) indicating that DAG was activating
the same pool of PKC as was TPA. 1t is worthwhile to note that the concentration of DAG
needed to fully activate inactive membrane PKC in isolated membranes (10 uM) was
substantially less than the 30 pM needed to maximally stimulate PKC activity in intact cells.

This observation is consistent with the results of Chakravarthy et al (1994) who showed that the
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activation of inactive membrane PKC in WEHI cells occurred at DAG concentrations
significantly less than that necded to evoke translocation,
3.4.4 Mechanisms of DAG generation in IL-2 stimulated CTLL-2 cells.

Since it was found that IL-2 did stimulate DAG production in CTLL-2 cells, and that
exogenously applied DAG caused the activation of inactive membrane PKC, attention focused
next on which of the several possible mechanisms of DAG generation were responsible for the
increase.

The most obvious place to start was the hydrolysis of PIP; by PI-PLC, since this is a
major source of receptor-linked DAG in many cells systems (Cook and Wakelam 1992). The
measurement of inositol phosphates (i.e. 1P}, IP,, IP; ) was made possible by a 24 hour
prelabeling of the CTLL-2 cell phosphoinositol poo! with [PH]-myo-inositol. These labeled cells
were thm “starved” of IL-2 and scrum for 4 hours before being challenged with IL-2 for 10 min.
Inositol phosphate levels were stabilized by adding LiCl to the medium before IL-2 in order to
prevent the breakdown of inositol phosphate (Berridge et al., 1982). IP,, IP,, and IP; in TCA-
precipitated cell lysates were then separated by DOWEX-AG anion exchange chromatography.
The data presented in Fig.3.1CA indicated that neither 25 U/ml nor 100 U/ml IL-2 induced
detectable increases in any of the principle products of PIP; hydrolysis. By contrast, experiments
conducted in parallel with those shown in Fig 3.10A indicated that a robust 3-5 fold increase in
1P; formation was effected by the addition of endothelin-I to cultured astrocytes (Fig.3.10 B), a
finding consistent with previous reports (Stanimirovic et al., 1995). Thus, the assay was clearly
sensitive enough to measure PIP; hydrolysis in CTLL-2 cells if it had occurred, and these results
strongly suggest that IL-2 does not stimulate detectable levels of PIP; hydrolysis in these cells.

This conclusion was supported by experiments in which the effects of IL-2 on intraceltular Ca (
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[Ca?]in ) were measured. It is well understood that 1P, production in cells will induce the release
of Ca® from intracellular stores (Nishizuka 1992), and that this increase can be readily detected
in cells labelled with the Ca**-indicator, fura-2 (Grybjucwez ct al,, 1985). In control experiments,
fura-loaded CTLL-2 cells were found to respond to the addition of the Ca** ionophore,
ionomyecin, with a rapid increase in [Ca*');s, an increase which was partially reversed by the
chelation of extracellular Ca?* by EGTA (Fig.3.11A). Under these same conditions, IL-2
concentrations up to 1000 U/ml had no effect on [Ca*');, (Fig.3.11 A-D), The results of Fig 3.11
(D-G) indicated that CTLL-2 cells were indecd capable of releasing Ca® from intracellular
stores. Both thapsigargin (TG: Fig 3.11D-F) and cyclopiazonic acid (Fig. 3.11G), potent agents
which trigger the release of intracellular Ca®* stores (Scidler ct al., 1989, Demaurex ct al., 1992,
Morley et al., 1992), were able to stimulate measurable, albeit transient, increases in [Ca*']i, in
serum and IL-2 starved CTLL-2 cells. TG was able to increase [Ca®']i, even in the absence of
extracellular Ca?* (Fig.3.11F), thereby confirming that it was acting on the intracellular Ca?* .
reservoirs of these cells, - a reservoir not affected by 1L-2 (Fig. 3.11D-G). Thus, these rcsults_‘
clearly demonstrate that while 1L-2 and serum-starved CTLL-2 cells react as expected to a series
of Ca®* modulators, they did not respond to IL-2 addition with measurable changes in [Ca®*]i,.
Collectively, the results of Fig.3.7, 3.10 and 3.11 indicated that the production of DAG that was
temporally linked to PKC activation by IL-2 did not arise from PIP; hydrolysis. These data
suggest that IL-2 stimulates DAG production from sources other than that from PI-PLC
activation, most likely from the stimulation of PC-PLC or PC-PLD activity.
3.4.5 The role of, arachidoni_c acid in IL-2 stimulated PKC activation

As described in the Introduction, it is becoming increasingly clear that the production of

arachidonic acid (AA) by the action of PLA; can also cause the activation of PKC (McPhail et
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al., 1984, Lester 1990, Lester et al., 1990), in some cascs by acting in concert with DAG
(Piomelli 1993). Thus, the role of AA in the IL-2 stimulated activation of PKC in CTLL-2 cells
was examined. As was the case with DAG production, AA levels were measured in cells that had
been previously labelled to uniformity with (*H)-arachidonic acid. These labetled cells were then
deprived of IL-2 and serum for 4 hours in the absence of the radiolabel before being challenged
with IL-2 for 10 min. As shown in Fig.3.12, 1L-2 generated a biphasic production of AA in
CTLL-2 cells, with a minor peak occurring 5-10 minutcs after addition of the cytokine. This
relatively rapid, but transient 70% increase in AA levels was reproducibly found in each of 3
independent experiments performed. This initial peak was followed by a slower, but significantly
larger increase in AA that occur 30-45 minutes after stimulation, Once again, as was the case
with endogenous DAG production, the early increase in AA observed was temporally coupled to
the activation of PKC in CTLL-2 cells (see Fig.2.1, Chapter 11).

The exogenous application of AA to IL-2 and serum deprived CTLL-2 cells was also a
powerful PKC stimulant in that AA concentrations as low as 1 ng/ml gave a robust and near
maximal stimulation of PKC activity (Fig. 3.13). Interestingly, the addition of exogenous AA
+ seemed to induce a “biphasic” PKC response, in that the rapid increase in PKC activity by low
AA concentrations was followed by a much more gradual increase as AA levels increased
further. A similar situation was observed when AA was directly applied to isolated CTLL-2
membranes (Fig.3.14). AA concentrations as low as 0.25 ng/m! caused maximal stimulation of
inactive PKC in isolated membranes, a stimulation that matched that evoked by TPA. The co-
application of TPA and AA did not give an additive response (data not shown) suggesting that
both agents stimulated the same pool of inactive membrane PKC, The above data suggested that -

the production of AA in response to IL-2 could have contributed to the stimulation of inactive
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PKC by the cytokine. This suggestion was supported by experiments using PLA. inhibitors.
Oleoyloxyethyl phosphocholine {OOPC) is a site-specific porcine pancreatic PLA, inhibitor
(ICso= 6.2pM) (Magolda ct al., 1985), which completcly blocks AA-induced myogenic
responses in perfused dog renal arcuate arterics at 10 uM (Kauser et al,, 1991). The
trifluoromethyl ketone analogue of AA, AACOCF;, is a potent and selective slow-binding
inhibitor of human cytosolic (85 kDa) PLA: which can rcadily permeate the cell (Street et al.,
1993, Bartoli, et al., 1994), As shown in Fig. 3.15 and 3.16, botl PLA, inhibitors were effective
in reversing the IL-2 induced activation of PKC activity within the concentrations range
previously shown to inhibit PLA;. Thus, 10 pM OOPC completely inhibited the increase in PKC
activity after IL-2 stimulation, without reducing PKC activity below basal levels (Fig. 3.15).
This observation was even more dramatic in experiments with AACF. Whereas 10 uM AACF
completely inhibited the IL-2 stimulated PKC response, concentrations of the inhibitor as high as
100 pM had no furthef effect on basal PKC levels in these cells. These data suggest that AA
production is indeed an intermediate step in the mechanism by which IL-2 induced PKC
activation in CTLL-2 cells.

Further evidence was found suggesting that the production of AA was actively involved
in IL-2-stimulated PKC production. The Upjohn compound U73122, was initially heralded as
being a PI-PLC specific inhibitor (Bleasdale et al., 1989, Smith ct al., 1990b). However, more
recent studies have indicated that this compound is also a potent blocker of PLA; activity (Cass
et al,, 1991). As shown in Fig.3.17, the compound inhibited IL-2 stimulated PKC activity in a
dose-dependent manner, with complete inhibition observed at 7.5 pM. By contrast, even higher
doses (i.e. 10 uM) did not affect basal PKC activity. Since the compound can block both PLC

and PLA; activity, and since we have shown that IL-2 does not stimulate PLC’s, these results
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add further support that AA production via PLA, aﬁtivity is an important step in 1L-2 stimulated
PKC activity.
3.4.6 The role of a cytosolic component in IL.2 stimulated PKC activation

3.4.6.1_1L-2 treated cytosol can activate inactive membrane PKC and possibly induce PKC

translocation
The data presented to this point indicates that a pool of membrane-resident PKC exists

in CTLL-2 cells which can be activated by IL-2R stimulation in intact cells and by DAG and
arachidonic acid in vitro. Intcrestingly, during these studics it was observed that the cytosolic
fraction isolated from IL-2 treated CTLL-2 cells was in itsclf able to activate inactive membrane-
associated PKC in membranes isolated from unstimulated CTLL-2 cells, and possibly to induce
PKC translocation from the cytosol to membranes as well. Thus, cytosol isolated from CTLL-2
cells (i.c. IL-2 cytosol) previously stimulated for 10 minutes with 50 units/ml 1L-2 was found to
activate PKC activity in membranes isolated from control, unstimulated cells (Fig. 3.18). In these
experiments, control CTLL-2 membranes were mixed with IL-2 treated or control cytosol and
incubated at 27°C for 10 min with gentle shaking, The membranes and cytosols were
Subsequcntly separated by ultracentrifugation, and membrane PKC activity then measured by the
direct PKC assay. As shown in the Figure 3.18, IL-2 treated cytosol stimulated a 3 fold increase
in membrane PKC activity while the control cytosol had no measurable effect. As a control in
these experiments, TPA was added to the assay mixture so as to determine the levels of inactive
PKC in the control unStimulated membrane preparation. Surprisingly, the effects of IL2 cytosol
on membrame PKC far exceeded that of TPA, indicating that PKC pools other than the
. “inactive” membrane pool were being stimulated. It was probable that PKC pliesent in the

cytosolic fraction may have been translocated to the membranes during the incubation period.
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This possibility was confirmed in experiments in which membrane and cytosolic PKC activitics
were measured by the conventional assay before and after incubation with 1L-2 cytosol. As
shown in Table 3.1 the addition of IL-2 cytosol increased membrane PKC activity greater than
two fold with a compensatory loss in assayable cytosol enzyme, a characteristic feature of
translocation.

IL-2 cytosol increased membrane PKC activity in a dose-dependent manner up to
concentrations as high as 400 pl (1mg cytosol protein, Fig. 3.19), whereas control cytosol had no
activity over this volume mngé (data not shown). 1L-2 cytosol was also found to stimulate PKC
activity in membranes isolated from NIH3T3 fibroblasts (data not shown) indicating that the
factor present in IL-2 cytosol (i.e. factor X), was ablc to stimulate PKC from cell sources other
than CTLL-2 cells, Given these results it was clearly important to further define the nature of

factor X,

3.6.4.2 Preliminary characterizaton of factor X

It was apparent that the activation of membrane PKC by cytosol isolated from IL-2
treated cells (i.e., IL-2 cytosol) did not arise from the introduction of st‘imulatory levels of the
known PKC intracellular Ca®* in CTLL-2 cells (sce Chapter 111, section 3.4.4), the cytosol used
in these experiments was diluted by a factor of 100,000 before being used in the direct PKC
assay.

It is clear that under these conditions the added cytosol would at best make an
inconsequential contribution to the 1 pM Ca®" already present ip the assay buffer. The same
afgument holds for DAG, AA or any other of the known PKC co-factors as being responsible for
the observed phenomenon. Thus, these arguments suggest that some cytosolic factor was

generated during the brief (i.., 10 min) exposure of CTLL-2 cells to IL-2 that had the ability to
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Table 3.1 IL-2 treated cytosol caused PKC translocation from cytosol to membrane

Membrane PKC activity Cytosolic PKC activity
(cpm/8pg protein) (cpm/8ug protein)
CONTROL 3956 £ 322 1730+ 223
+IL-2 CYTOSOL 8962 + 773 (226%) 542+ 5

Exponcatially growing CTLL-2 cells (20 X 10° cells) were washed twice, resuspended in
unsupplimented RPMI medium incubated for 4 hour at 37°C. The cells were then lysed
hypotonically and the membrane and cytosolic fractions isolated as described in Methods.
Membranes were incubated with 200 pl IL-2 stimulated CTLL-2 cell cytosol, which was
generated according to the procedures described in the Merhods section, at 27°C for 10 min,
Membrane and cytosol fractions were separated again, and total membrane and cytosolic PKC
activity was measured by the conventional PKC assay as described in Methods. These values
were compared to the levels of PKC activity in the membranes and IL-2 cytosol before being
mixed (i.e. control). The PKC activity in control cytosol was 1151180, The values are the means
+ SEM of triplicate determinations, and are representative of three experiments,

cofactors DAG, Ca®*, Aside from the fact that IL-2 was found not to stimulate increases in

activate PKC in isolated membranes. This possibility was explored in some detail in our effort
to understand the mechanism(s) of PKC activation in IL-2 stimulated T-cells.

To determine whether factor X was a protein, IL-2 cytosol and control cytosols were
treated with trypsin for 10 minutes at 27°C and then inactivated with a large excess of soybean
trypsin inhibitor. The trypsin-treated and untreated cytosols were then assayed for their ability to
stimulate membrane PKC activity in unstimulated control membranes. As shown in Fig, 3.20,
trypsin treatment completely ablated the PKC stimulatory activity present in IL-2 cytosol. The
observation that membranes exposed to trypsin-treated control cytosol exhibited PKC levels
indistinguishable from membranes incubated with untreated control cytosol, indicated that the

loss in PKC activity noted with trypsin-treated IL-2 cytosol was not due to residual trypsin (if
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any) effecting membrane PKC itself. It was a real possiblity that the large drop in 1L-2 cytosol-
induced PKC activity by trypsin was due to the protcase digesting the cytosolic PKC destined to
translocate to the membrane during incubation. This may have been true, but this fact could not
account for the levels of PKC activity in membranes exposed to trypsin-treated 1L-2 cytosol
being substantially less than that observed in TPA-treated membranes (Fig 3.20). This latter
observation indicated that membrane-associated “inactive” PKC was not activated by IL-2
cytosol after it had been subjected to trypsin treatment. The results of these trypsin experiments
are thercfore consistent with factor X being a ﬁmtcin. |

To determine the possible molecular size of factor X, control and 1L-2 treated cytosols
were fractionated through spin columns of 10 kDa molecular weight cut off. The cluents was
collected, incubated with control CTLL-2 cell membranes, and membrane PKC activity
subsequently determined. As shown in Fig 3.21, the eluants from fractionated TL-2 cytosol were
stiil able to activate inactive membrane PKC while the control cytoesols had little or no
stimulatory activity.

It was clear from the results presented in Figure 3,22 that factor X was unlikely a
phosphatase since the potent phosphatase 1 and 2A inhibitor okadaic acid (MacKintosh and
MacKintosh 1994) was unable to block the PKC-stimulating activity present in 1L-2 cytosol or
fractionated IL-2 cytosol when it was added directly to the assay at 1uM. Morcover, the PKC-
stimulating activity of IL-2 cytosol was equally unaffected if 1uM okadaic acid was added to the
IL-2 cytosel 10 min before it was added to the control membrane preparation (data not shown).
The concentration of okadaic acid used in these experiments was 1000 times that used in other
studies (MacKintosh and MacKintosh 1994) to effectively inhibit cellular phosphatase activity,

Similarly, the potent tryrosine kinase inhibitors herbimycin A and genistein used at
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concentrations previously shown to effectively block IL-2 mediated ccll proliferation (sce Fig.
3.4) were unable to block the PKC stimulatory activity of IL-2 cytosol when added to the
preparation for 10 min before asssay (data not shown). Collectively, these data suggest that the
cytosolic component(s) was unlikely a protein phosphatase or a tyrosing kinase.

3,6.43 Studies on the mechanism by which factor X activates PKC

During this study we have shown that the 1L-2R-mcdiated activation of inactive

membrane PKC in CTLL-2 cells is a process which likely involves a PTX-sensitive G; -protein,
AA, and DAG. Thus, it was important to determine which step in the process from IL-2R
stimulation to PKC activation the cytosolic component (factor X) acted. Did factor X act
upstream or downstream of the G-rrotein step or the steps generating AA and/or DAG? In order
to address these questions, exponentially growing CTLL-2 cells were labeled with *H-AA for 24
hr, followed by a 4 hour period in serum/IL-2 free medium in the presence or absence of PTX
(75ng/ml). The cell membranes were subsequently isolated and stimulated with IL-2 cytosol for
10 min, and the extent of membrane PKC activation as well as the levels of membrane AA and
DAG was determined. As shown in Fig, 3.23, factor X stimulated PKC activity equally well in
PTX-treated and untreated membranes, suggesting that factor X either acts downstream of the G
protein in this pathway, or is activating PKC through a PTX-sensitive G protein independent
pathway. When AA and DAG leve! were compared (Fig.3.24), both AA and DAG level
decreased when memboranes were incubated \ﬁth 1L-2 cytosol. The reasons for IL-2 cytosol
effecting a reduction in AA and DAG are unclear, but the fact remains that the levels of these
PKC co-factors were indeed less in membranes treated with IL-2 cytosol despite the fact that
PKC activity was stimulated under these conditions. These results suggest that some component,

likely a protein, is rapidly activated in the cytosol of CTLL-2 cells during a brief exposure to IL-
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2 which is capable of activating PKC in isolated membranes, and that its mechanism of action
cannot be readily linked to the mechanism by which 1L-2 appears to activatc inactive membrane

PKC inintact CTLL-2 cells.
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Figure 3.1 IL-2 stimulated tyrosine kinase activity in CTLL-2 cells

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium at a density of 5 X 10° cells/ml and incubated for 4 hour at 37°C. The cells were
stimulated with 100 U/ml IL-2 for indicated times, and the reaction stopped by adding ice cold
PBS. The cells were lysed hypotonically and cell nuclei and unlysed cells were sendimented by
centrifugation as described in Methods, The post-nuclear supernatants were collected and
tyrosine kinasc activity determined as described in Methods. The values are the means = SEM of
triplicate determinations, and are representative of two separate determinations.
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Figure 3.2 Tyrosine kinase activity is not involved in IL-2 stimulated PKC activation

Exponentially growing CTLL-2 cells were washed twice in unsupplimented RPMI medium,
resuspended in same medium at a density of 6 X 10° cells/ml, and incubated for 4 hour at 37°C.
The cells were then treated with the tyrosine kinase inhibitors, genistein (14.8 uM) and
herbimycin A (875 nM) for 30 min before being challenged with 100 U/ml IL-2 for 10 min at
37°C. The reaction was stopped by adding ice cold PBS, and the cells were lysed hypotonically
and the membrane and cytosolic fractions isolated as described in Methods. Membrane PKC

~ activity were measured by the direct PKC assay as described in Methods. The values are the
means + SEM of triplicate determinations and are representative of four separate experiments.
P>0.05 between IL-2 and herbimycin A (student t-test).
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Figure 3.3 Herbimycin A inhibits CTLL-2 cells DNA synthesis and proliferation

Exponcntially growing CTLL-2 cells were resuspended in RPMI medium supplimented with 10
% serum and 100 U/ml 1L.-2 at a density of 1 X 10° cells/ml and the indicated concentrations of
herbimicyin A were added to culture dishes for 24 hours at 37°C. For some cultures, viable cell
numbers were determined by trypan blue exclusion method as described in Merhods. For others,
[*H]-thymidine uptake was determined. Cells were labeled with [*H]-thymidine (3 pl/dish, 25
Ci/mmol) for the last 17 hours of the 24 hour incubation period and the incorporation of [*H]-
thymidine into DNA was determined as described in Methods. The values are the means + SEM
of triplicate cell cultures and are representative of two separate experiments.
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Figure 3.4 Genistein inhibits CTLL-2 cells DNA synthesis and proliferation

Exponentially growing CTLL-2 cells were resuspended in RPMI medium supplimented with 10
% serum and 100 U/ml IL-2 at a density of 1 X 10° cells/ml and the indicated concentrations of

genistein were added to culture dishes for 24 hours at 37°C. At that time, viable cell numbers

were determined in some culiures by the trypan blue exclusion method as described in Methods.

- For others, [H]-thymidine uptake was in a manner detailed in the legend to Fig.3.3.
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Figure 3.5 The effect of pertussis toxin on IL-2 stimulated PKC activity

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium at a density of 6 X 10° cells/ml either in the presence or absence of pertussis toxin (75
ng/ml) and incubated for 4 hours at 37°C. Cells were then stimulated with 100 U/ml IL-2 for 10
min at 37°C, and the reaction was stopped by adding ice cold PBS. Cells were then lysed
hypotonically and the membrane and cytosolic fractions isolated as deseribed in Methods.
Membrane PKC activity were measured by the direct PKC assay as described in Methods. The
values are the means + SEM of triplicate determinations and are representative of three separate
experiments.
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Figure 3.6 The effect of pertussis toxin on IL-2's ability to maintain cell viability

Exponcntially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium at a density of 2 X 10° cells/ml and incubated for 7 hour at 37°C cither in the presence
or absence of pertussis toxin (100 ng/ml). Then 100 U/ml IL-2 was added to some culture dishes
and incubated for an additional 19 hour. Viable cell numbers were determined as described in
Method. The valucs are the means + SEM of triplicate cell cultures and are representative of
three separate experiments. * P<0.001 between IL-2 and PTX plus IL-2 (student t-test).
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Figure 3.7 1L-2 stimulated DAG accumulation in CTLL-2 cells

Exponentially growing CTLL-2 cells were labeled with [*H]-arachidonic acid (AA, 0.05 pCi/ml,
100 Ci/mmol) for 24 hour and then placed in RPMI medium without scrum and IL-2 for 4 hour.
100 U/ml of IL-2 were added to the cclls for the indicated times at 37°C. The stimulation was
then stopped by adding ice-cold PBS and total cellular lipids were extracted as described in
Method. Neutral lipids were separated by TLC, stained with iodine vapor, and radioactivity co-
migrating with DAG standards determined by liquid scintillation counting as described in
Methods. Values are the percentage of [’H] in DAG rclative to total radioactivity on TLCs of 12
X 10° cells, and are representative of three separate experiments.
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Figure 3.8 The effect of exogenous DAG on intact CTLL-2 cells PKC activity

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour at 37°C. Cells were then stimulated with the indicated
concentrations of exogenous DAG (1-oleoyl, 2-acetylglycerol) for 10 min at 37°C. The reaction
were stopped by adding ice cold PBS and the cel's were then lysed hypotonically, Membranc and
cytosolic fractions were isolated as described in Merhods and membrane PKC activity was
measured by the direct PKC assay as described in Methods. The valucs arc the means £ SEM of
 triplicate determinations and are representative of two separate experiments.
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Figure 3.9 The effects of exogenous DAG on inactive membrane associated PKC activity

Exponentially growing CTLL-2 cells (40 X 10° cells) were washed twice, resuspended in
unsupplimented RPMI medium and incubated for 4 hour at 37°C, The cells were then lysed
hypotonically and membrane and cytosolic fractions isolated as described in Methods. The
indicated concentrations of exogenous DAG (1-oleoyl, 2-acetylglycerol) were added to
membrane and membrane PKC activity was determined by the direct PKC assay as described in
Methods. The values are the means + SEM of triplicate determinations and are representative of
two experiments.
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Figure 3.10 The effect of IL-2 on inositol phosphatide turnover

(A) Exponentially growing CTLL-2 cells were resuspended in RPM! medium with 5% serum
and 25 U/ml IL-2 and labeled with [’H]-myo-inositol (6 nCi/mi, 20.5 Ci/mmol) for 24 hour and
then placed in RPMI medium without serum and IL-2 for 4 hour in the presence of [*H]-myo-
inositol (6 pCi/ml, 20.5 Ci/mmol). The cells were washed three times, resuspended in RPMI
medium with LiCl (20 mM) without serum and IL-2 for 10 min at 37°C. The indicated
concentrations of IL-2 were added to the cultures and incubatcd for 10 min at 37°C. The cells
were then rapidly pelleted by centrifugation, and 10 % trichloroacctic acid (TCA) was added to
each sample. Cellular lipids were extracted and inositol phosphates separated by DOWEX-AG
1X8-formate anion exchange chromatography as described in Methods. (B) As a positive control
for these experiments, confluent rat type I astrocytes grown in 60 mm Petri dishes were
prelabeled with ["H]myo-inositol (2.5 uCi/ml) for 16-18 h in scrum-and inositol-free DMEM,
Unbound [*H]myo-inositol was washed thoroughly with DMEM. LiC! (20mM) was added to the
cells for 10 min at 37°C. Endothelin-1 (ET, 20nM) was added to astrocytes in the presence of 20
mM LiCl for 10 min. The reaction was stopped by replacing the medium with cold 0.3 M TCA,
and cells were scraped, briefly sonicated, and sedimented by centrifugation. Cellular lipids were
extracted, inositol phosphates were separated, and measured as described in Methods. In all
cases CH)-IP’s measured were expressed relative to the levels of protein present in the TCA
precipitated formed. The values are the average of two experiments performed in duplicate.
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Figure 3.11 The effects of IL-2 on intracellular Ca** levels

Exponentially growing CTLL-2 cells were washed twice and incubated for 2 hour in
unsupplimented RPMI medium. Cells were then loaded with fura-2 by incubation for 30 min at
37°C in a normal buffer solution (NBS) containing 5 pM fura-2-acetoxymethyl ester, washed
three time in fura-free NBS, and incubated for 30 min in NBS at room temperature to cnsure full
hydrolysis of the fura-2 ester. Experiments were conducted at room temperature on 5X 10°
suspended cells in a cuvette placed in a CM3 cation measurement spectrofluorimetcr.
Measurements were performed using 350-nm and 380-nm excitation wavelengths altemating at a
frequency of 1 Hz as described in Methods. In figure A-G, the arrows indicate the time of
addition of the specified agents directly to the cuvette. Ionomycin and EGTA were added at 5
puM and 2 mM, respectively. The results shown are tracings of representative cxperiments,
similar results were observed in cells obtained from different cell preparations.
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Figure 3.12 IL-2-stimulated AA accumulation in CTLL-2 cells

Exponentially growing CTLL-2 cclls were labeled with [*H]-arachidonic acid (0.05 pCi/ml, 100
Ci/mmot) for 24 hour at 37°C at a density of 2.5 X 10° cells/ml and then incubated in
unsupplimented RPMI medium for 4 hour. 100 U/ml of IL-2 () or unsupplemented medium ()
were added to the cells for the indicated times at 37°C after which the reaction was stopped by
adding ice-cold PBS, and total cellular lipids were extracted as described in the Methods. Neutral
lipids were separated by TLC, stained with iodine vapor, and regions corresponding to standard
AA preparation (added to each sample) were excised and counted for [*H] in a liquid scintillation
counter as described in Methods. Values are the percentage of [*H] AA relative to total
radicactivity on TLCs and are representative of three separate experiments,
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Figure 3.13 The effect of exogenous AA on CTLL-2 cell PKC activity

Exponentially growing CTLL-2 celis were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour at 37°C. The cells were then stimulated with the indicated
concentrations of exogenous AA for 10 min at 37°C. The reaction was stopped by adding ice
cold PBS and the cells were then lysed hypotonically and membrane and cytosolic fractions
isolated as described in Methods, Membrane PKC activity was measured by the dircct PKC
assay as described in Methods. The values are the means + SEM of triplicate determinations and
are representative of two separate cxperiments.
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Figure 3.14 The effect of exogenous AA on inactive membrane associated PKC activity in
isolated CTLL-2 membranes

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour at 37°C. The cells were then lysed hypotonically and
membrane and cytosolic fractions isolated as described in Methods, The indicated

concentrations of exogenous AA were added to membrane and membrane PKC activity was
determined by the direct PKC assay. The valucs are the means + SEM of triplicate determination
and are representative of two separate experiments.,
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Figure 3.15 The effects of the PLA,; inhibitor oleoyloxyethyl phosphocholine (QOPC) on
IL-2 stimulated PKC activity

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour at 37°C. The cells were then incubated with the indicated
concentrations of PLA; inhibitor, OOPC, for 30 min at 37°C before adding 50 U/ml IL-2 for 10
min. The reaction was stopped by adding ice cold PBS and the cells were then lysed
hypotonically and membrane and cytosolic fractions isolated as described in Methods. Membranc
PKC activity was measured by the direct PKC assay. The values are the means + SEM of
triplicate determination and are representative of two separate experiments.



OOPC1uM _OOPC1OM

]ﬁ?ébuhnf

i
o
Q
0

1400 |-
200 |
1000 |

(urayoud Brignuda) iAoy DX aueiquiayy



159

Figure 3.16 The effects of the PLA; inhibitor, AACF, en IL-2 stimulated PKC activity

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour. The cells were then incubated with indicated concentrations of
ELA, inhibitor, AACF, for 30 min at 37°C before adding 50 U/ml IL-2 for 10 min. The reaction
was stopped by adding ice cold PBS and the cells were then lysed hypotonically and membrane
and cytosolic fractions isolated as described in Methods. Membrane PKC activity were measured
by the direct PKC assay. The values are the means + SEM of triplicate determination.
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Figure 3,17 PLA, inhibitor, U73122, on IL-2 stimulated PKC activity

Exponentially growing CTLL-2 cells were washed twice, resuspended in unsupplimented RPMI
medium and incubated for 4 hour. The cells were then incubated with indicated concentrations of
PLA, inhibitor, U73122, for 30 min at 37°C before adding 100 U/m! IL-2 for 10 min. The
reaction was stopped by adding ice cold PBS and the cells were then lysed hypotonically and
membrane and cytosolic fractions isolated as described in Methods. Membrane PKC activity
were measured by the direct PKC assay. The values are the means + SEM of triplicate
determination and are representative of two separate experiments.
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Figure 3.18 IL-2 treated cytosol, but not centrol cytosol, activates membrane PKC

Exponentially growing CTLL-2 cells (25 X 10° cell) were washed twice and resuspended in
unsupplimented RPMI medium for 4 hour at 37°C. The cells were then stimulated with
50Units/ml IL-2 for 10 min at 37°C or left unstimulated. The cells were lysed immediately
thereafier and the cytosolic fractions isolated as described in Methods. Membranes (20ug
protein), isolated from unstimulated CTLL-2 cells as described in Methods, were incubated with
200 pi of either the cytosol from unstimulated CTLL-2 cells (i.c. control cytosol) or IL-2 treated
cells (i.e. IL-2 cytosol) for 10 min at 27°C. Other membranc preparation were incubated in 200
ul lysis buffer (i.e. for control and TPA stimulated preparation}. The membrancs were isolated
by centrifugation and subjected to a direct PKC assay in the presence or absence of 1 uM TPA
av described in Merhods. The values are the mean £ SEM of triplicate determinations and are
representative of four separate experiments.
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Figure 3.19 IL-2 treated cytosol increases membrane PKC activity in a dose dependent
manner

Exponentially growing CTLL-2 cells (30 X 10° cell) were washed twice, resuspended in
unsupplimented RPMI medium and incubated for 4 hour at 37°C. The cells were then lysed
hypotonically and the membrane and cytosolic fractions isolated as described in Methods.,
Membranes were incubated with the indicated amount of IL-2 stimulated CTLL-2 cell cytosol at
27°C for 10 min (the final volume of each reaction was the same). IL-2 stimulated cytosol was
generated as described in Methods, Membrane and cytosol fractions were separated, and
membrane PKC activity was determined by the dircct PKC assay as described in Methods. The
values are the mean + SEM of triplicate detcrminations.



Membrane PKC activity (cpom/8ug protein)

10000

8000

6000

4000

2000

| 1 1 1 1 1 1 | I

0 200 400 600 800 1000 1200
cytosol protein (ug)



163

Figure 3.20 The effect of trypsin on the ability of IL-2 cytosol to stimulate membrane PKC
activity

IL-2 cytosol and control cytosol were gencrated as described in Methods, 400 pl of control and
1L-2 cytosol were either left untreated, or were treated with trypsin (Sigma) au J.05ug per pg
cytosol protein for 10 min at 27°C. Soybean trypsine inhibitor (Sigma: 0.2 pg/pg cytosol protein)
was then added to all tubes to stop any further trypsine act.. ity. Control CTLL-2 membrane (20
ug protein), isolated as described in the Methods scction, was incubated with 200 pl of cither IL-
2 cytosol (IL2cyto), trypsin treated IL-2 cytosol (TrypIL2cyto), control cytosol (cont.cyto) or
trypsin-treated control cytosol (tryp.c.cyto} at 27°C for 10 min, Membranes and cytosol were
separated and membrane PKC activity measured by the dircct PKC assay as described in
Methods. The values are the means£SEM of triplicate determination and are representative of
two separate experiments.
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Figure 3.21 The effect of IL-2 cytosol with molecular mass less than 10 kDa on membrane
PKC activity

IL-2 cytosol and control cytosol was isolated as described in Methods. One mililiter of these
preparation were fractionated using ultrafree-MC filter units (10,000NMWL; Millipore Corp.)
by centrifugation at 2000 g for 3-4 hours at 4°C. The cluant (i.e. < 10K matcrial) was collected.
Isolated membranes (20 pg protein) from IL-2/serum-deprived CTLL-2 cells, prepared as
described in Methods; were incubated for 10 min at 27°C with 200p! of cither IL-2 treated
cytosol (IL2cyto), control cytosel (cont.cyto), fractioned IL2 cytosol (IL2¢cyto<10K) or
fractioned control cytosol (c.cyto<10K), Membranes were isolated by centrifugation and
subjected to a direct assay in the presence or absence of 1pM TPA as described in Methods.

The values are the mean + SEM of triplicate determinations and representative of two
experiments.
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Figure 3.22 The effect of okaidic acid on the ability of IL-2 cytosol to stimulate membrane
PKC activity

IL-2 cytosol was prepared as described in Merhodls. In some cascs 1L-2 cytosol was fractionated
through a spin column (10,000NMWL) as described in the legend to Fig. 3.21. Control
membrane (20 pg), isolated from serum/IL2 deprived CTLL-2 cells as described in Methods,
were incubated at 27°C for 10 min with 200 pi of either lysis buffer (C), 1 pM TPA in lysis
buffer (TPA), IL-2 cytosol (IL2cyto), fractionated IL-2 cytosol (IL2cyto<10K), 1 pM okadaic
acid in lysis buffer (OKA), or IL-2 cytosol or fractionated IL-2 cytosol plus 1 pM okadaic acid
(IL2cyto+OKA, and IL2¢cyto<10K+OKA, respectively). After the reaction period the membrane
were isolated and subjected to a direct PKC assay as described in the Methods. The values are
the mean + SEM of triplicate determinations and are representative of two separate experiments,
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Figure 3.23 The effect of the G-protein inhibitor, pertussis toxin, on the ability of
: compound X to activate membrane PKC

IL-2 cytosol was prepared as described in the Methods section, Exponentially growing CTLL-2
cells were labeled with *H-AA (0.05 pCi/ml, 100 Ci/m) for 24 hour at 37°C. The labeled cells
were washed 3 times in unsupplimented RPMI medium, and incubated for 4 hour in the presence
or absence of pertussis toxin (75 ng/ml). Cells were then lysed hypotonically and the membrane
and cytosolic fractions isolated as described in Methods. Both PTX-treated and untreated |
unstimulated membranes were incubated with 200 pl IL-2 cytosol or lysis buffer (i.e. control) at
27°C for 10 min. Membrane and cytosol were separated and membrane PKC activity measured
by the direct PKC assay as described in Methods. The values are the means + SEM of triplicate
determinations and are representative of two separate experiments.
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Figure 3.24 The effect of compound X on AA nud DAG level

Exponentially growing CTLL-2 cells were labeled with *H-AA (0.05 pCi/m!, 100 Ci/mmol) for
24 hours at 37°C. The labeled cells were washed 3 times in unsupplemented RPMI medium, and
incubated for 4 hour at 37°C either in the presence or abscnce of pertussis toxin (75 ng/ml). Cells
were lysed hypotonically and the membrane and cytosolic fractions isolated as described in
Metheds. Both PTX treated and untreated unstimulated membranes were incubated with 200 pl
IL-2 treated cytosol or lysis buffer (i.e. control) at 27°C for 10 min. Membrane and cytosol were
separated, total lipid was extracted from the membrane and neutral lipids was separated by TLC
as described in Methods. The radioactivity of ['H] DAG, or AA was counted in liquid
scintillation counter. The values are the percentage of ["H] AA or DAG relative to total
radioactivity on TLCs and are representative of two separate experiments.
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3.5 DISCUSSION
3.5.1 The role of protein tyrosine kinases in PKC activation

Although it is well established that PI1P; breakdown generates 1P; and DAG which
induce the release of intracellular Ca™ and PKC activation respectively, relatively less is known
about the complex signals triggering PLC activation in cells. Several studics indicate that PLC
activation can occur subsequent to the activation of cellular tyrosing kinases (revicwed by Rhee
and Choi 1992). With respect to IL-2, it has been demonstrated that the IL-2Rp is physically
associated with the nonreceptor tyrosine kinase, p56™™* , and that the activity of this cnzyme is
increased after IL-2 stimulation (Hatakeyama et al., 1991, Horak ct al,, 1991). Thus, a link
between tyrosine kinase activity and 1L-2 stimulated PKC activation is a real possibility- onc that
needed to be examined. As shown in Fig. 3.1, IL-2 stimulated a significant increase in tyrosine
kinase activity in serum/IL-2 deprived CTLL-2 cclls. However, neither herbimycin A nor
genistein, two potent and specific tyrosine kinase inhibitors, were able to block 1L-2 stimulated
PKC activation (Fig.3.2), suggesting that tyrosine kinase activity was not likely linked to IL-2
stimulated PKC activation in these cells. At the concentrations used for PKC experiments, both
inhibitors were shown to functionally obstruct tyrosine kinasc activity in that cell proliferation
and DNA synthesis (IL-2 stimulated processes known to be tyrosine kinase dependent [Asao ct
al., 1990, Mills et al., 1990]) were effectively blocked by these agents.

The data suggested a role for tyrosine kinase activity in CTLL-2 cell proliferation. The
results presented in Figs.3.3 and 3.4 show that tyrosine kinases are nceded for the 1L-2-mediated
cell proliferation. These observations were consistent with previous reports suggesting a role for
tyrosine kinases in IL-2 -mediated cell proliferation (Rayhel et al., 1988, Mills et al., 1991).

Nevertheless, the current studies clearly demonstrate that a direct link between PKC and tyrosine
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kinases is unlikely in that tyrosine kinase inhibitors failed to block 1L-2 stimulated PKC
activation. Thus, tyrosine kinase and PKC activation likely work independently to stimulate cell
proliferation and maintain cell survival respectively. Collectively, the results suggest that IL-2
stimulated tyrosine kinase activity is not linked to PKC activation, and given the fact that both
herbimycin A and genistein are relatively specific, potent and broad spectrum tyrosine kinase
inhibitors (Uehara ct al., 1986, 1989a, 1989b, Akiyama ct al., 1987), the possibility that an
inhibitor-resistant tyrosine kinase activates PKC in IL-2 treated CTLL-2 cells is quite low.
3.5.2 The role of G-proteins in IL-2 stimulated PKC activity

It is well established that PI-PLC-B1 is activated by members of the Gq class of
pertussis toxin-insensitive G proteins (Rhee 1992), There are currently four distinct members
(Gags Gany, Gone, Gare) of the G, subfamily, none of which contain a site for pertussis toxin
(PTX) modification.

Taylor ct al. (1991} have shown that a purified G-protein a~-subunit, GPA-42, which is
immunologically related to Gq is able to activate PLCP, but not ¥; or §,. PLC activation was
observed only in the presence of ALF,, and not with the nonhydrolyzable GTP analog GTPYS.
Exton and co-workers (1993) have also reported that G, , Ga)y activate PLC-B1, but not PLC-
y1. It has been proposed (Rhee 1992) that the interaction of the heterotrimeric GDP-bound G,
with appropriate ligand-occupied receptors cause its dissociation into a By subunit and the active
GTP-bound G, PLC-BI is subsequently activated as a result of binding the GTP-bound G,
probably via the carboxyl-terminal region of both proteins. _

It has been reported that IL-2 stimulates G-protein activity in IL-2 sensitive cells (Evans

et al., 1987c). However, until the current study it was not known whether this G-protein
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activation led to downstream signaling events, especially those responsible for PKC activation.

it was demonstrated that PTX prevented PKC activation by 1L-2 while having no effect on basal
PKC activity (Fig.3.5). Nevertheless, PTX treatment only partially blocked 1L-2’s ability to
maintain cell viability (Fig. 3.6). It is tempting to speculate that both basal PKC activity and that
stimulated by IL-2 are part of the mechanism by which ccll viability is maintained by IL-2, and
that the profound loss in cell viability in the presence of the potent PKC inhibitors BIS and AMG
was due to the fact that both these PKC pools were abated.

Because of its PTX sensitivity, the G-protein(s) linked to 1L-2 stimulated PKC
activation in CTLL-2 cells is not likely a member of the G, family, but most probably a G; or G,
-like protein which, by definition, is sensitive to PTX. However, it has been reported that PTX
itself can behave as a T-cell mitogen (Tamura et al,, 1983). It has been speculated that this
mitogenic action of PTX arises from its ability to induce the cross-linking and clustering of
membrane-binding proteins which triggers intracellular signaling cascades leading to ccll
proliferation (Ui 1990). However, the concentrations required for this mitogenic effect (>1
mg/ml) were considerably higher than that used in this study to effect ADP ribosylation (< 100
ng/ml).

It has been reported that PTX had no cffect on the stimulation of PI-PLC by thrombin
and other agonists in Swiss 3T3 fibroblasts, but that PLA; activation in these cells was totally
blocked by prior exposure to this agent (Murayama and Ui 1985). The possibility that G-proteins
regulate PC hydrolysis By interacting with PC-specific PLCs and PLDs has also been reported
(see details in Introduction). Therefore , it is possible that a pertussis toxin sensitive G protein
may be linked to PKC activation via either PC-PLC and /or PC-PLD, or PLA; connected

pathways.
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3.5.3 Mechanisms of DAG generation by IL-2 in CTLL-2 celis

It was established that IL-2 did not stimulate PIP; breakdown in CTLL-2 cells since
ncither an increase in IP3 nor intracellular Ca®* levels was detected after IL-2 stimulation (Figs.
3.10, 3.11). However, IL-2 did stimulate increases in DAG (Fig 3.7), increases that were likely
responsible for PKC activation (Fig 3.8, 3.9). These results suggest that the generation of DAG
by IL-2 likely arosc from sources other than phosphatidylinositol turnover, This situation has
been found with several other hematopoietic active agents. For example, it has been convincely
shown that TNFa activates PC-PLC in the absence of PI-PLC activation, Ca®* mobilization and
PC-PLD activation (Schutz et al., 1991). Similarly, intcrfcron—d, IL-1, IL-3 and colony-
stimulating factor 1 (CSF-1) have all been reported to stimulate DAG production from a PC-
PLC linked pathway in the absence of PI hydrolysis (Rosoff ct al., 1988, Durino et al., 1989,
Imamura et al., 1990, Pfeffer et al.,, 1990). Since IL-2 receptors are also members of the cytokine
receptor superfamily, it was not entirely surprising to discern that IL-2 likely stimulates DAG
production via a PC-PLC or PC-PLD linked signalling pathway.
3.5.4 The role of arachidonic acid in IL-2 stimulated PKC activation

Over the years it has become increasingly clear that PKC activation in cells is
mechanistically much more complex than initially imagined. One clear example is the realization
that AA and other unsaturated long-chain fatty acids activate PKC, and that this activation is
independent of phospholipids and Ca** (McPhail et a., 1984, Lester 1950, Lester et al., 1991). In
the current study it was demonstrated that IL-2 not only stimulated DAG increases in CTLL-2
cells, but aiso increases in cellular AA (Fig. 3.12). The increase in AA probably participated in
IL-2 mediated PKC activation since exogenous AA was a potent stimulator of membrane PKC

activity when applied to intact cells or isolated CTLL-2 cell membranes (Fig 3.13, 3.14). The
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fact that two different PLA; inhibitors blocked IL-2 stimulated PKC activation (Fig.3.15, 3.16)
suggested that PLA; activity was likely responsible for the generation of AA, and consequently
for the activation of PKC. The results indicate that 1L-2 stimulated both DAG and AA
production in CTLL-2 cells, and that both events could account for the activation of PKC -
cffected by the cytokine. It is possible that the mechanisms by which AA and DAG stimulate
membrane PKC may be quite different, and that AA may be another potent second messenger in
CTLL-2 cells, one 'that may act in concert with DAG and 1P; to regulate PKC activity under both
physiologically and pharmacolocically relevant conditions. This apparent redundancy probably
reflects the importance of PKC activity in a wide range of cellular functions- cell survival being
only one of many PKC-dcpendent processes likely occurring in CTLL-2 cells.
3.5.5 IL-2 generates a soluble component capable of activating PKC

The cytosolic component, factor X, generated within 10 min of IL-2 stimulation of
CTLL-2 cells was able to activate inactive membrane associated PKC as well as cause PKC
translocation from the cytosol to membranes (Fig. 3.18, 3.21, Table 3.1). PKC activation was
observed only with IL-2 treated cytosol and not with cytoso! isolated from unstimulated cells,
suggesting that some factor was rapidly generated or activated in the cytosol during the process
of IL-2 receptor stimulation. 1L-2 cytosol was clearly able to induce the translocation of PKC -
from the cytosol to membranes. However, the data suggested that IL-2 cytosol was also ablc to
activate membrane resident enzyme since increases in membrane PKC were observed using a
<10kDa fraction of IL-2 cytosol that was devoid of measurable PKC activity (Fig. 3.21). These
results are consistent with the growing realization that cells contain multiple pools of membrane
PKC, some of which are not activated by phorbol esters, such as aPKCs (r(;vicwcd by Nishizuka

1992, 1995) and enzyme actively suppressed by cndogenous membrane-associated PKC
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inhibitors (Chakravarthy ct al., 1995). The PKC-stimulatory activity of 1L-2 cytosol was totally
lost (i.¢., both translocation and the activation of membrane resident enzyme [sec Fig. 3.20])
when cxposed to trypsin, suggesting that factor X may be a protein with molecular weight under
10,000. Since factor X was active at dilutions of ccllular cytosol estimated to be greater than
100,000 (bascd on cytosolic volume calculations), it is most difficult to imagine that the
activation of PKC arosc from IL-2 induced changes in the concentrations of Ca**, ATP, GTP,
DAG or any other PKC-cofactor present in the cytosolic preparation.  Further studies will be
needed to confirm that factor X is indeed a protein and not a PKC stimulatory lipid, or other
known PKC activator of small molecular weight.

With respect to studics designed to explore possible mechanisms by which factor X
stimulated PKC activity, it appeared unlikely that the cytosolic component was responsible for
the generation of DAG and AA. The data clearly showed that IL-2 cytosol activated membrane
PKC activity without increasing the cellular levels of cither AA and DAG (Fig.3.23, 3.24). In
fact, IL-2 cytosol reduced the amounts of both compounds in CTLL-2 membranes. It is possible
that factor X dirccted the conversion of AA and DAG to eicosanoids and phosphatidic acid or
other compounds capable of stimulating inactive membrane PKC. With respect to this later
point, it is interesting to note that the AA derivative, lipoxin A, has been reported to activate
PKC (Piomelli 1993). This study has also shown that pertussis toxin-sensitive G-proteins are
likely involved in IL-2 stimulated PKC activation (Fig.3.5), yet pertussis toxin did not block
factor X’s ability to activate PKC in vitro (Fig.3. 23). Thus, it is unlikely that factor X activated
PKC via steps upstream of the pertussis toxin-sensitive G-protein in the signalling pathway.
Thus, the mechanism responsible for factor X stimulated PKC activation is not clear at present.

It is possible that factor X directly stimulates PKC on membranes, but this possibility is most
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difficult to determinc experimentally. It is also possible that the factor stimulated PKC by
pathways independent of a PTX-sensitive G protein as well as DAG and AA production in
CTLL-2 cells. These and other possibilities will need to be examined in future attempts to
determine what physiological role, if any, factor X plays in 1L-2 signalling and IL-2 mediated

PKC activation in CTLL-2 cells.
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3.6 CONCLUSION
The studies embodied in this chapter have been able to cast significant light on the
mechanism(s) responsible for the activation of membrane PKC in CTLL-2 cells by IL-2. In
gencral, it can be stated that there appears to be a sct of complex and interactive mechanisms
responsible for this process in CTLL-2 cells, ranging from well established membrane-linked
signalling steps to a surprising and likely novel cytoplasmic component, The specific
conclusions reached were:

3.6.1 While protein tyrosine kinases are activated after IL-2 stimulation, they are not likely
linked to PKC activation.

3.6.2 A pertussis toxin sensitive G-protein(s) is likely involved in IL-2 stimulated PKC
activation.

3.6.3 DAG production is likely at least partially responsible for PKC activation, but it is
probably produced from sources other than PIP, hydrolysis.

3.6.4. AA production from PLA; is also likely at least partially responsible for IL-2 stimulated
PKC activity.,

3.6.5 A cytosolic component, designated factor X, is able to activate inactive-membrane
associated-fKC as well as to cause PKC translocation from cytosol to membranes.
Factor X is likely a protein with a molecular mass less than 10kDa, and is not a tyrosine
kinase or phosphatase. The mechanism(s) of PKC activation by factor X is unlikely
through the generation of AA, DAG, or the activation of pertussis toxin sensitive G-

protein, It might act directly on PKC or through other unknown signaling pathways.
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GENERAL CONCLUSIONS

IL-2, one of the most important lymphokines secreted by activated helper T-cells, plays a
vital role in the generation and regulation of the immune response (Taniguchi ct al., 1986, Smith
1988a). IL-2 has pleiotropic effects on T, B. and natural killer (NK) lymphocytes, as weil as
nonlymphoid cells. Numerous biclogical activitics have been ascribed to IL-2, including the
stimulation of T-cell proliferation and survival (Morgan 1976, Walker ct a., 1993), the
generation of lymphokine-activated killer cells (Lotze ¢t al., 1981, Grimm ct al., 1983), the
augmentation of natural killer cell activity (Henney et al., 1981), the induction of cytotoxic T-cell
reactivity (Gillis et al., 1979), and the stimulation of B cell growth and differentiation (Kishi ¢t
al., 1985, Mond et al., 1985). However, in contrast to the wealth of information regarding the
biological actions of IL-2, the molecular mechanisms involved in the IL-2-stimulated signal
transduction remains elusive, in particular, the physiological role of protein kinase C and the
mechanisms of PKC activation, In this thesis [ have studied the role of PKC in IL-2 signal
transduction and the mechanisms responsible for its activation in the cytotoxic T-cell line,
CTLL-2.

In Chapter 1 it was established that CTLL-2 cells constitute a relevant model to study
the role of PKC in IL-2 signaling. It was initially demonstrated that IL-2 is critical for CTLL-2
cell survival and for the cytolytic activity associated with this cytotoxic T-cell line. It was also
shown that changes in cellular function and behavior occurring in response to the withdrawal
and/or addition of IL-2 tack place within experimentally acceptable timeframes. It was then
shown that CTLL-2 cells possess measurable levels of PKC activity, and having done this, the

distribution of the various PKC isozymes was examined. A pivotal finding was the determination
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that PKC activity, measured by the dircct assay, was indeed responsive to IL-2 withdrawal and
addition. This step permitted an in depth analysis of the mechanism of IL-2 initiated PKC
activation in these cells which formed the basis of the studies presented in subsequent chapters.
In Chapter 2, It was determined that PKC is not translocated from the cytosol to
membrane after IL-2 stimulation. This finding was in agreement with the previous study of
Mukaida and co-workers who also were unable to detect PKC translocation after IL-2
stimulation (Mukaida et a!.; 1988). However, there have been an increasing number of reporﬁ
over the past few years indicating that PKC activity can be stimulated in cells in the absence of
detectable translocation. In most cases this activation has been shown to arise from the activation
of inactive membrane PKC already resident on membranes (Chakravarthy et al., 1991, 1992,
1994, 1995, Durkin ct al., 1992, Jouishomme ct al,, 1992) or due to hyper-stimulation of the
enzyme of some kine chemical modification (Pelech et al,, 1990b). In the case of CTLL-2 cells,
I determined despite the absence of detectable translocation, PKC was nevertheless activated in
these cells after IL-2 stimulation. This finding was made possible by the use of the “direct” PKC
assay (Chakravarthy et al., 1991), which enables one to distinguish between active and inactive
PKC associated with cell membranes. As discussed in the General Introduction (Section 1-4.6),
this direct PKC assay measures enzyme activity directly in its native membrane-associated state
without prior detergent solubilization and reconstitution of the enzyme with the exogenous PKC
activating co-factors, PS, TPA, and Ca>*. As demonstrated in Chapter 2, a significant
proportion of membrane PKC in CTLL-2 cells exésts in an inactive, but primed state which can
be readily activated by IL-2. It was shown that the cellular levels of this pool of inactive
membrane PKC increased after withdrawing IL-2 from the media of exponentially proliferating

CTLL-2 cells, and that it underwent rapidly reactivation when IL-2 were restored. This
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reversible activation of a membrane-resident pool of inactive PKC was similar to that reported
previously in other cell types stimulated by a varicty of mitogens and other stimulatory agents
(Chakravarthy ct al., 1992, 1994; Durkin et al., 1993,1995),

Substantial data was presented in Chapter 2 indicating that IL-2’s ability to maintain cell
viability was dependent on PKC activity. Two specific PKC inhibitors, BIS and AMG were able
to block IL-2’s ability to suppress CTLL-2 cell death as measured by viable cell numbers.
Moreover, DNA laddering experiments demonstrated that PKC activity was necessary for the 1L-
2 induced suppression of apoptosis, since blocking PKC activity at the time of restoring 1L-2 to
IL-2/seram deprived cultures effectively reversed the cytokine-mediated suppression of DNA
fragmentation. While the data clearly suggested a role of PKC in the mechanism by which IL-2
prevented apoptosis, it was more difficult to dcfinitively conclude that it was the transient
increase in inactive membrane PKC within the first few minutes of 1L-2 addition that was the
critical PKC activity involved in the suppression of cell death. However, one important picce of
data was wholly consistent with the view that PKC activation was crucial to this process. The
results of Fig.2.8 indicated that inhibiting PK.C before IL-2 stimulation, but not 2 hours aftcr the
addition of IL-2, blocked the ability of the cytokine to rescue CTLL-2, From this experiment it
was apparent that an early and transient requirement of PKC activity was indeed needed for the
IL-2 induced suppression of apoptosis, a finding which supports the contention that the transient
activation of PKC by IL-2 was an important step in this process. Collectively, the results of
Chapter 2 suggested that the activation of inactive membrane-associated PKC is linked to
important cellular functions in CTLL-2 cells, notably the ability of IL-2 to maintain cell survival.
On the other hand, PKC is unlikely involved in other IL-2-mediated processes, such as cytotoxic

activity,
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In Chapter 3, the mechanism(s) of IL-2 induced PKC activation in CTLL-2 cells was
investigated. It was shown that while tyrosine kinases were activated after IL-2 stimulation, it
‘was unlikely that they were linked to the activation of PKC. The data did indicate that a pertussis
toxin sensitive-G-protein was likely involved in PKC activation since PTX blocked IL-2
stimulated PKC activation. This result was consistent with, and extended, the previous finding of
Evans (1987c) that IL-2 stimulates G-protein activity in IL-2 dependent cells. The observation
that DAG, but not IP, and intracellular calcium, increased after IL-2 stimulation, indicated that
DAG was unlikely being generated from the breakdown of PI. It was probable that the DAG
produced by IL-2 in CTLL-2 cells arose via the PC-PLC or PC-PLD pathways. This conclusion
is consistent with a growing list of reports indicating that cytokines can generate physiologically
relevant DAG by routes independent of the PI-PLC pathway (Rosoff et al., 1988, Durino et al.,
1989, Imamura et al., 1990, Pfeffer et al., Schutz et al.,1991). It was also shown that the
increase in DAG by IL-2 was likely responsible for the ensuing activation of inactive membrane
PKC since exogenously applied DAG stimulated similar increases in PKC in both intact cells
and in isolated membranes. IL-2 also stimulated the levels of AA in CTLL-2 cells. This increase
likely resulted from increased PLA; activity since PLA; inhibitors effectively blocked the IL-2
stimulated activation of PKC. As was the case with DAG, the addition of exogenous AA to
intact cells and to isolated membranes caused a rapid increase in membrane PKC activity,
suggesting that the endogenous production of AA by IL-2R stimulation was likely linked to PKC
activation in CTLL-2 cells. These data are consistent with previous reports that AA is able to
activate PKC in vitro and in vivo by a Ca®* and phospholipid independent mechanism (McPhail
etal.,, 1984), and that AA can act in collaboration with DAG to stimulate PKC activity (Lester

1990, Lester et al., 1991). These results suggest that the PLA; pathway is likely part of the
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mechanism responsible for IL-2 stimulated PKC activation, with AA itself behaving as a second
messenger vith properties similar to but distinguishable from DAG. Future studics will be
needed to determine whether the PLA; pathway stimulate by IL-2 is coupled to G-protein
activation and to determine the exact role of G-proteins play in the PLA; and /or PC-PLC/PLD
pathways in IL-2 stimulated cells.

The possibility of a cytoplasmic factor rapidly gencrated or activated by the stimu]'ation
of the IL-2 receptor(s) in CTLL-2 cells added an intercsting and novel aspect to the mechanistic
study of PKC activation in these cells. This conipound, designated factor X, is likely a protein(s)
with a molecular weight of less than 10 kDa. Much more work will be necessary before a proper
characterization of the factor can be made. Its role in the pathway leading to PKC activation
after IL-2R stimulation is unclear, although it appears not to act upstream or to be linked to the
G-~protein requirement or the generation of AA and DAG. Understanding the exact nature of this
factor and the role it plays in PKC activation by IL-2 and perhaps other cytokines would be most
illuminating, and would constitute an interesting follow-up project. |

In the following illustration I propose a scheme summarizing the findings made in
Chapter 3 with respect to IL-2 stimulated activation of PKC in CTLL-2 cells. It is postulated
that the signals transduced from the IL-2R to either PLA;, PC-PLC, PC-PLD is mediated by a
pertussis toxin sensitive G-protein. PC-PLC and /or PC-PLD activation is seen as being
responsible for DAG generation while PLA; activation causes an increase in AA production.
Both AA and DAG are responsible for the overall increase in PKC activation possibly through
different mechanisms, since AA activates PKC in the absence of Ca® and phospholipid. It is
reasonable to propose that DAG and AA activate different sub-pools of PKC or that they

stimulate PKC in an isoform-specific manner. The placement of factor X in the scheme is not
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clear at present. It is possible that factor X activates PKC dircctly or through some mechanism
unrelated to the above.

In summary, during the course of thesis study I have observed that IL-2 stimulates PKC
in CTLL-2 cells not through the translocation of cytosolic enzyme to membrane, but via
activation of inactive membrane associated PKC, This PKC activation is involved in IL-2’s
ability to suppress apoptosis in these cells. The mechanism{s) of PKC activation by IL-2 is
substantially more complicated than we initially thought, and it lilkcly involving multiple sccond

messengers, including G-proteins, DAG, AA and factor X.
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APPENDIX : CHEMICAL SOLUTIONS
1. Complete CTLL-2 cell growing medium

RPMI 1640 medium, 10% fetal bovine serum, 100 U/ml penicillin, 0. 1mg/ml streptomycin,
0.2% sodium bicarbonate, 57 uM 2-mecaptolethenol, and 100 U/mi IL-2.

2, Phosphate-buffered saline

140 mM NaCl, 4 mM Kcl, 500 uM Na,HPOQ,, and 150 uM KH.PO,,

3. Solubilizing buffer for conventional PKC assay

50 mM Tris-HCI buffer (pH 7.5), 2 mM EGTA, 0.5 mMEDTA, and 0.1% Triton X-100.

4, Conventional assay buffer

50 mM Tris-HC! buffer (pH7.5), 5 mM MgCl,, 2 mM CaCl,, 10 ug phosphatidylserin, 1
pM TPA, 100 gM sodium vanadate, 100 pM sodium pyrophosphate, 1 mM sodium fluoride,
100 uM PMSF.

5. Direct PKC assay buffer

S0mM Tris-HCl (pH 7.5), 5 mM MgCl;, 1 pM CaCly, 100 uM sodium vanadate, 100 gM
sodium pyrophosphate, 1 mM sodium fluoride, and 100 xM PMSF.

6. Hypotonic Lysis bulfer
1 mM NaHCo,, 5 mM MgCl,, 100 uM phenylmethyl sulfonylfluoride.

7. SDS Solubilization buffer

10% glycerol, 5% B-mercaptoethanol, 3% SDS (w/v), 10mM Tris, pH 6.8, 0.01% (w/v)
bromophenol blue.

8. Transfer buffer

192 mM glycine, 25 mM Tris-base (pH8.3), 0.1% SDS in 20% (v/v) methanol.
9. Blocking Solution

1% BSA, 2.5 mM Tris-HCI, pH 8.0, 37.5 mM NacCl, 0.05% tween 20 {v/v).
10. TBST Solution

2.5 mM Tris-HCI, pH 8.0, 37.5 mM NaCl, 0.05% tween (v/v).
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11. Color development solution

100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 5 mM MgCl,, 0.01% (w/v) nitro blue
tetrezolium (NBT), 0.02% (w/v) 5-bromo-4-chloro-3-indolylphosphate (BCIP).

12. Lysis buffer for detecting DNA fragmentation

5 mM Tris-HCI, pH 7.5, 5 mM EDTA, and 0.5% Triton X-~100.
13. Tris/EDTA buffer

10 mM Tris-HCI, pH7.5, 1| mM EDTA.,

14, Normal buffer solution (NBS)

140 mM NaCl, 5 mM Kcl, 2.5 mM CaCl,, 1.1 mM MgCla, 2.6 mM dextrose, and 10 mM
HEPES.
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