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Protein Kinase C0 (PKC60): A Key Enzyme in T Cell Life and Death’
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The novel protein kinase C (PKC) isoform, PKC(0, is expressed in a relatively selective
manner in T lymphocytes (and muscle). Recent analysis of this PKC isotype in T cells
and the characterization of PKC0-deficient mice revealed important clues about its
function and regulation. PKC6 does not have an obvious role in T cell development, but
it is essential for the activation of mature T cells. The requirement of PKCO for T cell
activation, proliferation and cytokine production reflects the essential role of this iso-
type in inducing signaling pathways leading to the activation of the transcription fac-
tors AP-1 and NF-kB in a T cell-specific manner. A unique feature of PKC9 is its highly
selective translocation to the central region of the immunological synapse (IS) in anti-
gen-stimulated T cells, a property apparently important for its proper signaling func-
tions. This localization implies unique pathway(s) that regulate the translocation and/or
activation of this enzyme. Our work suggests that sustained PKC0 membrane transloca-
tion and phosphorylation are relatively independent of phospholipase C (PLC) activa-
tion and diacylglycerol (DAG) production. Instead, a pathway that requires Vav,
phosphatidylinositol 3-kinase (PI3-K), Racl and actin cytoskeleton reorganization medi-
ates these events. Additionally, PKC6 provides an important survival signal to T cells.
Nevertheless, several questions regarding the function and regulation of PKC6 and the
identity of its immediate targets/substrates remain open. Resolution of these questions
could open the way to the development of selective PKC0 inhibitors, which may have

therapeutic potential in immunological diseases and in cancer.
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1. Introduction

Much has been learned in recent years about the com-
plex signaling pathways that are set in motion by trigger-
ing of the antigen-specific T cell receptor (TCR) and ac-
cessory/costimulatory receptors such as CD28. Historically,
research on T cell signaling pathways began in the early
1980s with key studies that illuminated the important role
of inositol phospholipid turnover in T cell activation (re-
viewed in Ref 1). Key among these were the findings that a
combination of phorbol ester and Ca?* ionophore mimicked
the TCR signals required for complete T cell activation as
measured by interleukin-2 (IL-2) production and prolifera-
tion (2, 3). Coming on the heels of the discovery of protein
kinase C (PKC) (4, 5), and findings that PKC is a cellular
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receptor and activation target for tumor-promoting phorbol
esters (6-8), these findings implicated a role for PKC in T
cell activation. Thus, it was suggested that lymphocyte
mitogens may stimulate inositol phospholipid hydrolysis
and production of diacylglycerol (DAG), which acts as a
PKC-activating second messenger (9). Subsequent studies
employing PKC depletion or pharmacological inhibition
indicated that PKC activity is required for T cell activation
and proliferation (reviewed in Ref 1).

At the same time, the PKC family grew with the isola-
tion of new members in different laboratories (10). How-
ever, for a long time the contribution of distinct PKC
isoforms to TCR-mediated activation events was not clearly
understood. Recent studies have begun to fill this gap by
providing new information on PKC8, which is now known
to selectively mediate several essential functions in TCR-
linked signaling leading to cell activation, differentiation,
and survival (11, 12).

2. Discovery, structure, and expression of PKCo

The finding that PKC activity is essential for TCR/CD3-
induced T cell activation (I) led us to initiate a search for
PKC isoforms that may play a specific role in T cell devel-
opment and/or activation, resulting in the identification of
a new member of the Ca?*-independent novel PKC subfam-
ily termed PKC# by us (13) and others (14, 15). The human
PKC6O gene maps to the short arm of chromosome 10
(10p15), a region prone to mutations leading to T-cell leuke-
mia  and lymphomas and Tcell immunodeficiencies (16),

2702 ‘62 Jlequisldes uo A1sleAlun pezy dlwes| e /B10'seunofpioyxo-qlj/:dny wouy pepeojumoq


http://jb.oxfordjournals.org/

842

and to mouse chromosome 2 (17). The predicted structure
of PKCo displays the highest homology with members of
the Ca’-independent novel PKC subfamily, including
PKC3, €, and m, and a functional assay confirmed depen-
dency of its catalytic activity on phospholipids, but not on
Ca? ions (18). Within this subfamily, PKC8 is most closely
related to PKCS, since the V1 domains of these two en-
zymes share 49% homology (13).

PKC# displays a relatively restricted pattern of expres-
sion in mouse and rat tissues (reviewed in Refs. 71 and 12).
High levels of PKC6 are found in skeletal muscle and lym-
phoid tissues, predominantly in the thymus and lymph
nodes, with lower levels in spleen, and undetectable expres-
sion in the bone marrow. Expression in the muscle is
restricted to the plasma membrane, and immunochemical
analysis demonstrated an association of PKC6 with the
sarcolemma of skeletal muscle and its localization in the
neuromuscular junction (19). Analysis of PKC6 mRNA ex-
pression during mouse development by in situ hybridiza-
tion revealed expression in yolk sac blood islands and in
the liver, and later in the thymus and skeletal muscle. In
addition, high expression was detected in the embryonic
nervous system, including spinal ganglia, spinal cord,
trigeminal and facial ganglia, and a subsection of the thala-

Fig. 1. The central role of PKC8 in TCR/
CD28 signaling. Costimulation induces the
activation of Src-, Syk-, and Tec-family PTK,
leading to stimulation and membrane recruit-
ment of PLCy1, PI3K, and Vav (red arrows). A
Vav-mediated pathway, which depends on Rac
and actin cytoskeleton reorganization (27) as
well as on PI3K (42), is most likely responsible
for the selective recruitment of PKC8 to the
¢SMAC (36), possibly via some undefined, cy-
toskeleton-associated scaffold. These events
appear to be relatively independent of PLCyl1-
generated DAG (42), although a role for DAG
in the initial membrane recruitment of PKCo
cannot be ruled out. PLCyl-generated Ca*
signals also activate calcineurin (CN) via a
pathway that is relatively CD28-indpendent
(green arrow) and sensitive to immunosup-
pressive drugs (CsA, FK506). The receptor sig-
nals leading to the activation of PKC8 and CN
can be mimicked by phorbol ester (PMA) and
Ca? ionophore, respectively (blue arrows). The
two major targets of activated PKCO are NF-
kB and AP-1. PKC6 activates IKKB via un-
known intermediates, resulting in the stimu-
lation and nuclear translocation of NF-«B.
Activation of AP-1 may proceed through SEK1
and JNK, which also require Ca*/CN signals
(23, 25). However, the finding that JNK activa-
tion is intact in PKC6-deficient T cells (28) im-
plicates an alternative JNK-independent
pathway for AP-1 activation in primary T cells
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mus (20). The highest expression of PKCO mRNA in the
adult thymus was found in the cortex (20).

3. Functions and regulation of PKC6 in T cells

Soon after the discovery of PKC8 and the realization that
it is selectively expressed in T lymphocytes, we and others
began to search for unique functions of this PKC isotype in
signaling pathways associated with T cell development
and/or activation. These studies yielded a substantial
amount of information that clearly establishes a critical
role for PKCH in several aspects of T cell life and death.

a) AP-1 and the cJun N-terminal kinase (JNK)
pathways. The first clue for a selective function of PKCo
in T cell activation came when we found that it activates
activating protein-1 (AP-1) (21). AP-1, a transcription factor
composed of a dimer of Jun and/or Fos proteins, plays an
important role in the transcriptional activation of many
genes (22). Using transient transfection assays with consti-
tutively active or dominant negative mutants of PKC, we
demonstrated that PKC6, but not other PKC isoforms, acti-
vates AP-1 and, furthermore, that this PKCO activity is
dependent on intact Ras function (21). Selective AP-1 acti-
vation by PKC6 most likely accounts for the positive effects
of PKC8, in synergy with Ca?* signals, on the activation of
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(orange arrow). JNK may even inhibit IL-2
production by primary T cells, perhaps via
negative regulation of NFAT, but the role of
PKC6-dependent JNK activation in IL-2 in-
duction by memory or effector T cells is unre-
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solved. Activated NF-«B and AP-1 bind to their cognate sites in the IL-2 promoter, including the CD28RE, which is a major target of the PKC8
pathway (yellow arrows). In addition, PKC8 may phosphorylate and induce the binding of CREB to a cAMP-response element in the IL-2 pro-
moter (34). The functional outcome of this event ia undear, but it may be associated with the termination of IL-2 production and/or T cell an-
ergy (35). Yellow rectangles represent active transcription factors, purple lines correspond to inhibitory pathways, and question marks denote
potential and/or unresolved pathways. The dashed line indicates the border between the cytoplasm and the nudeus. The structure of the IL-

2 promoter is based on Ref. 32.
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the distal NFAT site in the IL-2 gene promoter (23), since
this-site-is-known to bind a combinatorial complex of AP-1/
NFAT (24).

Since JNK contributes to AP-1 activation by phosphory-
lating two positive regulatory serine residues in the activa-
tion domain of c~Jun (22), it was reasonable to implicate
JNK as a potential PKCO target. Several studies demon-
strated that in transfected Jurkat T cells, PKC8 (but not
other PKC isotypes) activates JNK and its upstream acti-
vating kinase, SEKI/MKK4, in a T cell-specific manner,
and that this activity is synergistically enhanced by cal-
cineurin (Cn) (23, 25-27). However, the immediate target
for PKCO-mediated phosphorylation in the SEKI/JNK
pathway is unknown. The physiological relevance of JNK
activation by PKC6 remains unclear since peripheral T
cells from PKCo-deficient mice display intact TCR/CD28-
induced JNK activation in the face of defective AP-1 activa-
tion (28).

b) The NF-«B pathway. Recent studies highlighted the
esgential role of PKCO in activating the NF-kB signaling
pathway in mature T cells. In transfected Jurkat T cells,
PKC6, but not other PKCs, mediates the activation of the
NF-«kB complex induced by TCR/CD28 costimulation via
selective activation of IkB kinase g (IKKB) (29, 30). This
effect i3 T cell-specific since PKCH is relatively inefficient in
activating NF-«kB in 293T cells (29). PKC8 appears to inte-
grate signals from TCR and CD28 (29). This notion is sup-
ported by the findings that CD28 costimulation enhances
and stabilizes the TCR-induced membrane translocation
and enzymatic activity of PKC6 (29), as well as its localiza-
tion to membrane lipid rafts (31). Thus, the NF-«B cascade,
together with AP-1, appears to represent the major and
physiologically most critical target of PKC6 in the TCR/
CD28 costimulatory pathway leading to IL-2 production.

¢) PKC6 and IL-2 production. The critical role of AP-1
and NF-kB in inducing transcription of the IL-2 gene (32)
implicates PKCH as an essential signal for the production of
I1-2, a major T cell growth factor. Indeed, PKC6 synergizes
with an active Cn mutant to effectively activate NFAT and
induce the IL-2 gene in transfected cells (23, 26). These two
signaling molecules may represent primary targets for two
pharmacophores, i.e., phorbol aster and Ca* ionophore,
which have long been known to mimic physiological recep-
tor signals leading to T cell proliferation (3). This notion
does not rule out a role for another important phorbol ester
target in T cells, ie, the Ras-activating exchange factor
Ras-GRP (33), in IL-2 induction . In fact, a functional link,
the molecular details of which remain to be defined, seems
to exist between PKC6 and the Ras signaling pathway in T
cells (11, 21).

Surprisingly, a recent study suggested that PKC0-depen-
dent phosphorylation of cAMP response element-binding
protein (CREB) negatively regulates IL-2 transcription
(34). Thus, T cell activation was found to induce a PKCé-
dependent phosphorylation of CREB, an event associated
with T cell anergy (35). However, it is unknown whether
CREB is a direct substrate of PKC6. It is difficult to recon-
cile such a negative regulatory role of PKC6 with the find-
ings that PKC6 is required for mature T cell activation (28).
It is possible that this represents a feedback regulatory
mechanism to terminate IL-2 production by activated T
cells. Mapping of the phosphorylation sites in CREB and
identification of the relevant phosphorylating kinases
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should resolve this question.

‘d) Phenotype of PKC0-deficient mice. The genera-
tion and characterization of PKC68-null mice (28) revealed
phenotypic manifestations that are generally consistent
with the biochemical studies implicating a critical role for
this isotype in mature T cell activation. The mature T cells
of these mice produce very little IL-2 and undergo minimal
proliferation in response to TCR/CD28 costimulation (28).
These deficiencies could be traced to a selective defect in
the receptor-induced activation of NF-xB and AP-1. Other
early activation events, such as inducible tyrosine phospho-
rylation and activation of MAP kinases (JNK or ERK), as
well as Tcell development and the numbers and pheno-
types of T cells in the periphery, are normal, indicating that
PKC# is not required for T cell development and thymic
selection (28). Beyond this, the effect of the PKC8 mutation
on a variety of in vivo immune responses has not been ana-
lyzed in detail.

e) PKCH, the immunological synapse and lipid
rafts. Contact between antigen-specific T cells and antigen-
presenting cells (APCs) induces the formation of a highly
ordered structure, termed the supramolecular activation
complex (SMAC; 36) or the immunological synapse (IS; 37),
at the contact site. This process involves the highly ordered
and directional assembly of productive signaling complexes,
which include the TCR and costimulatory receptors, intrac-
ellular signaling enzymes and adapters, actin cytoskeleton
and associated proteins, and specialized membrane micro-
domains known as lipid rafts (38, 39). The discovery that
PKCH selectively colocalizes to the T cell synapse (40) rep-
resents an important step forward in our understanding of
the unique function of this enzyme in T cells. Subsequently,
the mature SMAC/IS was resolved into a central SMAC
(cSMAC) where the TCR and PKC6 colocalize, and a
peripheral SMAC (pSMAC), where other signaling compo-
nents such as LFA-1 and talin are found (36).

T cell activation is also accompanied by the clustering of
lipid rafts to the site of T cell engagement (i.e., the SMAC/
IS) and the recruitment of different membrane or intracel-
lular signaling proteins into these rafts (31, 39, 41). We
found recently that antigen stimulation also induces PKC6
translocation into lipid rafts (31). This translocation is
mediated by the regulatory domain of the enzyme and is
dependent on the T cell-specific tyrosine kinase Lck. Lipid
raft recruitment is required in order for PKC#8 to activate
NF-«B (31).

The highly selective translocation of PKC8 to the IS/
SMAC suggests that some unique mechanism(s) in addi-
tion to, or in lieu of, the conventional mechanism for mem-
brane recruitment of PKC, i.e., DAG formation by activated
phospholipase C (PLC), regulates the specific localization,
and perhaps activation, of PKC6. Indeed, we found that
unlike other PKC isotypes, the membrane recruitment and
phosphorylation (activation?) of PKCO remain relatively
intact when several independent strategies are used to
inhibit cellular PLC activity (42). Instead, intact phosphati-
dylinositol 3-kinase (PI3-K), Vavl, Rac activity, and actin
cytoskeleton reorganization are essential for this selective
process (27, 42). In fact, only PKC#, and not other T cell-
expressed PKC isotypes, associates with the actin cytoskel-
eton in activated T cells (43, 44). These findings do not rule
out a requirement for DAG binding to the PKC68 C1 domain

-as an important step in its membrane binding and activa-
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tion. It is possible that a cooperative dual mechanism regu-
lates the localization and activation of PKCS. Initially, DAG
could weakly recruit PKCO to the membrane, and this
event may facilitate interaction of the enzyme with a mem-
brane or cytoskeletal component(s) required for its proper
translocation to the ISSMAC and its full activation. It is
tempting to speculate that some scaffold protein serves to
link PKC6 to the cytoskeleton and recruit it to the IS/
SMAC during antigen stimulation.

f) The role of PKCO in T cell survival. PKC-activat-
ing phorbol esters have long been known to protect T cells
from apoptosis, and PKC inhibitors can sensitize T cells to
Fas-mediated apoptosis. Recent studies demonstrated that
PKC6 and, to a lesser extent, PKCe (but not Ca?-depen-
dent PKCs), promote T cell survival by protecting the cells
from Fas-induced apoptosis and, furthermore, that this pro-
tective effect is mediated, at least in part, through the
RSK-dependent phosphorylation and inactivation of the
proapoptotic protein BAD (45, 46). Fas triggering leads to a
gelective and transient activation of PKCO, which is fol-
lowed later by caspase-dependent cleavage of the enzyme
and proteasome-mediated degradation and inactivation of
its catalytic fragment, events that precede the onset of cell
apoptosis (46). This anti-apoptotic function implicates
PKC6 as a potential drug target for therapeutic interven-
tion to facilitate the apoptosis of leukemic T cells (reviewed
in Ref 47).

In the early steps of activation-induced cell death (AICD)
of T lymphocytes, PKC6 (in synergy with Cn) has been
found to play a positive role in upregulating the expression
of the Fas ligand (FasL) on the T cell surface (48, 49), a pre-
requisite for the subsequent Fas-induced death of activated
T cells.

4. PKC#6-interacting proteins and substrates

a) Substrates. Progress in identifying physiological
PKC6 substrates has been slow in coming, but with ongo-
ing improvements in phosphoproteomics and other technol-
ogies, progress will likely be made in the near future. To
date, only moesin, a member of the ezrin-radixin-moesin
(ERM) protein family, which serves to crosslink the plasma
membrane to the actin cytoskeleton, has been identified as
a specific PKC6 substrate in vitro (50). This phosphoryla-
tion occurs on Thr®8, a conserved residue in ERM proteins
that regulates their interaction with actin. Interestingly,
PKC6 minimally phosphorylates moesin under standard
assay conditions using phosphatidylserine and DAG as
lipid cofactors. Instead, phosphorylation is much more
effective when phosphatidylglycerol is used (50), suggesting
that PKC6 may have unique cofactor requirements toward
its physiological substrates. It is not known, however,
whether moesin (or other ERM proteins) are specifically
phosphorylated in vivo by PKC6. The potential ability of
PKC#8 to phosphorylate and regulate ERM proteins is of
interest, since these proteins were recently found to become
phosphorylated and segregated from the IS into the rear
end (uropod) of the T cell early after T cell activation (51,
52).

b) Interacting proteins. recent studies have identified
several PKC#-interacting proteins but, for the most part,
these interactions are not specific for the 8 isotype since
they can be observed with some other isotypes. Proteins
that associate with PKCO but also with other isotypes
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include members of the 14-3-3 family (43), Cbl (53), and
PICOT, a novel thioredoxin-homology domain-containing
protein (54). 14-3-3 retains PKC# in the cytosol and inhibits
its membrane translocation, thereby inhibiting PKC6-de-
pendent functions such as I1-2 production by T cells (43).
PKC-mediated phosphorylation of Cbl enhances its associa-
tion with 14-3-3 (55). Conversely, it inhibits the TCR-
induced tyrosine phosphorylation of Cbl and, consequently,
its interaction with SH2 domain—containing proteins (53).
PICOT, on the other hand inhibits the PKC8-induced acti-
vation of the JNK/AP-1 and NF-«kB pathways, but is not a
substrate for PKC6 (54).

Interactions of some other proteins with PKC6O are
apparently more specific. PKC# interacts with two Src-fam-
ily tyrosine kinases, Fyn and Lck. Fyn has been implicated
as a PKC@-specific receptor for activated C kinase (RACK),
which phosphorylates PKC8 and enhances its catalytic
activity, thereby possibly contributing to its selective IS/
SMAC translocation (56). PKCH also associates with, and is
phosphorylated at, a defined site (Tyr*®) by Lck (57). Muta-
tion of this site reduces the ability of PKCO to activate
NFAT and NF-«B or promote the growth of Jurkat T cells
(31, 57). In fact, the PKC6-Lck complex associates preferen-
tially with the lipid raft fraction (31).

Akt/PKB, a Ser/Thr kinase that lies at the crossroads of
multiple cellular signaling pathways and acts as a trans-
ducer of many functions initiated by receptors that activate
PI3-K, is constitutively and directly associated with PKC6
in T cells. However, the two kinases do not phosphorylate
each other (58). This interaction may be functionally signif-
icant since PKC6 and Akt synergize to activate NF-«xB (58,
59), but the mechanism of this cooperation is not fully
understood.

Finally, PKC6 has been found (60) to constitutively asso-
ciate with Nef, an HIV protein that is expressed early after
viral infection and is essential for efficient viral infectivity.
The in vitro interaction is enhanced by phosphatidylserine
and DAG. Indirect support for the possible modulation of
PKC6 by Nef was obtained by the finding that Nef expres-
sion results in a rapid loss of membrane-residing immu-
noreactive PKC8, but not PKCB, -¢, or -{ (60). These results
suggest that Nef-induced changes in the content and distri-
bution of PKC#8 could partially account for some functional
alterations in HIV-infected T cells.

5. Functions of PKC6 in other tissues

As is evident from the above discussion, the overwhelm-
ing majority of studies on PKC6 were conducted using T
cells. Another potential function of PKC8 in T cells is its
positive modulation of retinoid X receptor a-dependent
transcription in activated T cells (61).

Little is known about the function of PKCS in other tis-
sues, but its expression in skeletal muscle suggests some
important role(s) in this tissue. One such role may be the
regulation of insulin sensitivity, where DAG production and
the resulting PKC activation are thought to terminate
insulin receptor signaling and, thus, induce insulin resis-
tance. Several studies have reported a selective increase in
the membrane translocation and/or activity of PKC6 in sev-
eral experimental models of muscle insulin resistance (62,
63). In vascular endothelial cells, PKC9 is required for cell
cycle progression and the formation of actin stress fibers
and filopodia (64). Similarly, inhibition of fetal myoblast dif-
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ferentiation by transforming growth factor 8 was found to
depend upen the selective expression of PKC8 (65). It
stands to reason that future studies on the role of PKCH in
other tissues, particularly skeletal muscle and the nervous
system, may reveal novel functions of this PKC isotype in
non-T cells.
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