1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Front Biosci (Landmark Ed). Author manuscript; available in PMC 2017 January 02.

-, HHS Public Access
«

Published in final edited form as:
Front Biosci (Landmark Ed). ; 14: 2386-2399.

Protein kinase C isoforms: Multi-functional regulators of cell life
and death

Mary E. Reyland
Department of Craniofacial Biology, University of Colorado Health Sciences Center, Aurora, CO
80045, USA

Abstract

The protein kinase C (PKC) family consists of 10 related serine/threonine protein kinases some of
which are critical regulators of cell proliferation, survival and cell death. While early studies relied
on broad spectrum chemical activators or inhibitors of this family, the generation of isoform
specific tools has greatly facilitated our understanding of the contribution of specific PKC
isoforms to cell proliferation and apoptosis. These studies suggest that PKC-alpha, PKC-epsilon,
and the atypical PKC’s, PKC-lambda/iota and PKC-zeta, preferentially function to promote cell
proliferation and survival, while the novel isoform, PKC-delta is an important regulator of
apoptosis. The essential role of this kinase family in both cell survival and apoptosis suggests that
specific isoforms may function as molecular sensors, promoting cell survival or cell death
depending on environmental cues. Given their central role in cell and tissue homeostasis, it is not
surprising that the expression or activity of some of these kinases is altered in human diseases,
particularly cancer.
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2. INTRODUCTION

The PKC family consists of 10 serine/threonine protein kinases originally characterized by
their dependency upon lipids for catalytic activity (1-4). The past 30 years of investigation
has revealed roles for PKC in the regulation of a plethora of cellular processes. Early studies
relied on activation of PKC by phorbol-12-myristate-13-acetate (PMA) and/or inhibition by
pharmacological agents to demonstrate a role for PKC in the regulation of specific cell
functions. More recently, the complexity and potential redundancy of the PKC signaling
network has prompted the development of PKC isoform specific tools including dominant
inhibitory kinases, mouse models in which specific PKC isoforms are disrupted, and PKC
isoform specific antisense/siRNA to define isoform-specific functions of PKC. These tools
have provided evidence that PKC isoforms regulate a variety of essential biological
processes including cell migration, contraction, immunity, neural plasticity, proliferation,
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differentiation, apoptosis and metabolism (5). A remarkable finding is that the function of a
specific PKC isoform can vary between different cell types, implying that the specification
of responses may rely on interaction of PKC isoforms with anchoring proteins or other
regulatory pathways in the cell. This review will focus on the biology of the PKC isoform
family and discuss the role of specific isoforms in the regulation of cell proliferation and
apoptosis. The implications of alterations in the activation/expression of this important
kinase family in human cancer will also be considered.

2.1. The PKC superfamily

Protein kinase C was discovered by Yasutomi Nishizuka in 1977 when his group purified a
cyclic nucleotide independent, Ca2* and lipid-dependent, kinase from rat and bovine
cerebellum (1, 2). Southern hybridization using low stringency probes later revealed a family
of related isoforms (6). In mammals, the PKC superfamily is divided into conventional,
novel and atypical subfamilies based on isoform structure and requirement for specific lipid
and ion co-activators (3, 5) [see Figure 1]. PKC’s are also found in lower eukaryotes; C.
elegans has four PKC’s that represent all classes of mammalian isoforms, while S. cerevisae
has a single PKC (Pkc1) that resembles the mammalian atypical PKCs (7). The remarkable
conservation of this kinase family from yeast to humans suggests that PKC plays a critical
role in cellular signaling, and analysis of their role in simple systems has provided valuable
insights into more complex mammalian systems.

2.2. Modes of regulation

The PKC superfamily, together with cAMP-dependent kinase (PKA) and cGMP- dependent
kinase (PKG), comprises a related family of enzymes, the “AGC” kinases (8). The AGC
kinases consist of a catalytic core whose activity is allosterically controlled by a regulatory
domain. The lipid dependence of the PKC enzyme family has greatly facilitated the
identification of upstream activators of these kinases. Physiologic regulators of PKC,
including growth factors and hormones, induce the generation of diacylglycerol (DAG) and
the release of intracellular Ca**. Sub-families of PKC are defined by their requirement for
these activators. The conventional isoforms (PKC-alpha, -beta I, -beta II and -gamma)
require DAG and Ca**, the novel isoforms (PKC-delta, -epsilon, -eta and -theta) require
DAG, but not Ca**, while the atypical isoforms (PKC-zeta and lambda/iota) require neither.

The conventional and novel PKC isoforms are structurally conserved, consisting of a N-
terminal regulatory domain which contains a pseudosubstrate binding site, and the DAG and
Ca** cofactor binding C1 and C2 domains, respectively (8). The C-terminal domain is
highly conserved between isoforms and contains the ATP binding domain, the substrate
binding site, and the catalytic domain (Figure 1). Phosphorylation at three sites in C-terminal
domain is required to generate a mature form of the kinase that can be activated by lipids (9-
15). It should be appreciated that these are constitutive, and not stimulus regulated,
phosphorylation events and thus are not thought to play a role in determining the specificity
of isoform activity. The first of these phosphorylation events occurs at a conserved threonine
in the activation loop; phosphorylation at this site appears to be essential for activity of most
isoforms (12, 15). Several laboratories have identified the PIP3 regulated kinase, PDK-1, as
the kinase responsible for PKC activation loop phosphorylation (10, 16). Phosphorylation at

Front Biosci (Landmark Ed). Author manuscript; available in PMC 2017 January 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reyland

Page 3

two additional C-terminal sites contributes to the stability of the kinase. These include an
autophosphorylation site and a C-terminal hydrophobic site (12). Phosphorylation at these
sites renders PKC protease and phosphatase resistant, and catalytically competent; however
phosphorylated PKC is still in an inactive conformation in which the substrate binding
pocket is occupied by the pseudosubstrate domain.

It is thought that most cellular PKC is fully phosphorylated and in an auto-inhibited
conformation in the cytoplasm. Stimulus induced generation of DAG and Ca** results in
allosteric activation of the conventional and novel PKC isoforms via a number of well
defined steps (4, 12). First, binding of DAG to the C1 domain increases the affinity of PKC
for the membrane. In the case of isoforms that are also regulated by Ca*™*, Ca** is thought to
increase the affinity of the C1 domain for DAG. Second, interaction with acidic membrane
lipids provides the energy necessary to dislodge the pseudosubstrate from the substrate
binding pocket and activate the kinase. Activated PKC can then bind and phosphorylate
substrates at the membrane. Notably, while membrane translocation is often used as a read
out of PKC activation, “active” PKC is known to be targeted to other locations within the
cell. This targeting may follow activation of the kinase at the membrane, or PKC may be
activated at non-membrane sites perhaps by lipid-independent mechanisms (see discussion
below). For instance, the PKC N-terminal regulatory domain contains binding sites for
anchoring proteins; interaction with these anchoring proteins is hypothesized to target the
activated kinase to specific subcellular sites and/or substrates. These include the Receptors
for Activated C Kinase (RACK’s) as well as other PKC-interacting proteins (17, 18).
Interaction of PKC with anchoring proteins may help to explain the substrate specificity of
PKC isoforms, a perplexing question since multiple isoforms can be activated downstream
of a given signal.

While lipid-dependent conventional and novel isoforms are thought to be largely activated
by the “canonical” pathway described above, little is known about how the lipid-independent
atypical PKC’s (PKC-zeta and PKC-lambda/iota) are activated. Recent studies suggest that
the activity of these isoforms may be regulated through protein-protein interactions
involving the PB-1 domain of the kinase. Interaction of PKC-lambda/iota with Prostate
Apoptosis Response-6 (PAR-6), and PKC-zeta with Prostate Apoptosis Response-4 (PAR
-4), both require the PB-1 domain of the kinase and these interactions have been shown to
modulate kinase activity (19, 20). Notably, candidate drugs that disrupt interaction of the
PB-1 domain of PKC-lambda with PAR-6 have been identified and shown to inhibit the
transformed growth of lung cancer cell lines (19). It is likely that in response to some stimuli
conventional and novel PKC isoforms may also be activated by alternative, lipid-
independent pathways. This includes allosteric regulation via protein-protein interactions,
tyrosine phosphorylation, and perhaps most dramatically, caspase cleavage of PKC-delta in
apoptotic cells to generate a constitutively active kinase (21, 22). A common theme of these
alternative activation mechanisms appears to be modification of interactions between the
catalytic and regulatory domain, or in the case of caspase cleavage, removal of the
regulatory domain, to allow exposure of the substrate binding site and possibly other C-
terminal motifs.
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3. PKC ISOFORMS THAT REGULATE CELL SURVIVAL

The tumor promoting properties of phorbol esters have been known for many years and well
documented in animal models of human cancer. The discovery of PKC as the phorbol ester
“receptor” lead to a heightened interest in the contribution of these kinases to tumorigenesis
and tumor progression. In fact, as discussed below, altered expression of many PKC
isoforms has been documented in human cancer, suggesting that these family members may
function as oncogenes or tumor suppressors. Here we will discuss those PKC isoforms that
are associated primarily with a pro-survival phenotype. However it should be appreciated
that given the impact of cellular context on phenotype, attempts at categorizing specific PKC
isoforms as pro-survival or pro-apoptotic will most certainly be inaccurate at times.

3.1. PKC-alpha

Numerous studies suggest that PKC-alpha promotes cell survival and that loss of PKC-
alpha activity sensitizes cells to apoptotic agents. Whether PKC-alpha enhances cell survival
by promoting cell proliferation is controversial. On one hand, overexpression of PKC-alpha
increases proliferation in many cell types, including mouse fibroblasts, MCF-7 breast cancer
cells and U87 malignant glioma cells, and depletion of PKC-alpha reduces the proliferation
of lung cancer cells (23-26). On the other hand, some studies, including /7 vivo tumor
studies (see below), suggest that PKC-alpha can negatively regulate cell proliferation and
that loss of PKC-alpha function results in increased proliferation (27, 28).

Both the positive and negative effects of PKC-alpha on cell proliferation appear to be
mediated via effects on the cell cycle machinery. For instance, PKC-alpha promotes cell
cycle progression by increasing transcription of cyclin D1 in 3T3 fibroblasts and through up
regulation of the CDK inhibitor, p21, in glioma cells (25, 29). However, PKC-alpha can also
suppress proliferation in hepatoma cells, intestinal epithelial cells and pancreatic cancer cells
through down regulation of cyclin D1 and/or up regulation of the CDK inhibitors, p21 and
p27 (30-34). Intestinal epithelial cells have provided a useful model to investigate the
signaling pathways downstream of PKC-alpha in suppression of proliferation. Studies in
these cells suggest that PKC-alpha -dependent activation of the Ras/Raf/MAPK and/or Akt
pathways may account for many of the effects of PKC-alpha on cell cycle regulators,
including cyclin D1, p21 and p27 (31, 35). PKC-alpha can suppress cyclin D1 translation
through Akt-dependent activation of the translational repressor, 4E-BP1 (31). PKC-alpha
can also regulate the Akt pathway via direct phosphorylation of Akt at serine 473, and
through activation of the serine/threonine protein kinase Raf-1 (36-39).

There is abundant evidence that PKC-alpha may support survival by suppressing apoptosis.
In glioma cells, salivary epithelial cells, and melanoma and bladder carcinoma cell lines,
depletion or inhibition of PKC-alpha induces apoptosis (23, 40-42). Likewise, Heregulin-
induced apoptosis is enhanced by down regulation of PKC-alpha (43). Our studies in
salivary epithelial cells indicate that the absence of PKC-alpha induces a PKC-delta-
dependent apoptotic program (40). However, treatment of LNCaP prostate cancer cells with
a synthetic DAG analog that activates PKC-alpha, but not PKC-delta, was shown to induce
apoptosis (44, 45). Apoptosis induced by loss of PKC-alpha maybe secondary to loss of a
proliferative signal, or may occur through a direct effect on the apoptotic machinery. In
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support of the later possibility, proteins involved in the execution of apoptosis have been
identified as targets of PKC-alpha. Overexpression of PKC-alpha suppresses apoptosis in
human pre-B REH cells and increases Bcl-2 phosphorylation at serine 70 which stabilizes
and increases the anti-apoptotic function of Bcl-2 (46-48). Conversely, depletion of PKC-
alpha in COS cells induces apoptosis and down regulation of Bcl-2 expression (42).

How can the discordant effects of PKC-alpha on proliferation, cell cycle progression and
apoptosis be reconciled? Studies indicate that these divergent outcomes may be mediated at
least in part by PKC-alpha-induced increases in the expression of p21. Although known
primarily as a cell cycle inhibitor, p21 can also promote cell cycle progression and inhibit
apoptosis, presumably through its interaction with distinct regulatory complexes (49, 50). A
recent study by Oliva et al indicates that activation of PKC-alpha can also induce senescence
of non-small cell lung cancer cells through increased expression of p21 (51). In non-dividing
cells, PKC-alpha mediated increases in p21 may contribute to cell cycle inhibition and
maintenance of the senescent state. However in the context of a proliferative cell, p21 may
drive proliferation through interaction with a set of cell cycle regulators distinct from those
that regulate senescence. The dual role of PKC-alpha in promoting and suppressing the cell
cycle suggests that the cellular context may play a significant role in determining the
outcome of PKC-alpha activation.

3.2. PKC-epsilon

PKC-epsilon plays a well established role in cell proliferation (52). Overexpression of PKC-
epsilon in NIH 3T3 cells or Rat 6 fibroblasts results in increased growth rate, loss of contact
inhibition and tumors in nude mice (53). Furthermore, overexpression and activation of
PKC-epsilon in mouse epidermis results in squamous cell carcinomas, consistent with its
proposed oncogenic function (54, 55). Downstream effectors of PKC-epsilon associated
with proliferation and cell transformation include the Ras/Raf/MAPK pathway and Signal
Transducer and Activator of Transcription 3 (STAT 3) (54, 55). Activation of the Ras/Raf/
MAPK pathway is necessary for transformation by PKC-epsilon , as expression of a
dominant negative Raf-1 can reverse the PKC-epsilon mediated transformation of Rat 6
fibroblasts and colonic epithelial cells (52, 56-58).

Suppression of apoptosis may contribute to PKC-epsilon-mediated tumorigenesis (59-63).
Early /n vitro studies showed that PKC-epsilon is required for PMA mediated protection of
U937 cells from TNF-a or calphostin C induced apoptosis (64). Subsequent studies have
demonstrated an anti-apoptotic role for PKC-epsilon in most, but not all, cell models
investigated. In some cases PKC-epsilon may function down stream of growth factors to
suppress apoptosis. In endothelial cells, activation of PKC-epsilon downstream of VEGF can
suppress apoptosis associated with vascular injury (62). In small cell lung cancer cells, PKC-
epsilon is required for suppression of apoptosis downstream of FGF-2 activation (61).
Likewise, overexpression of PKC-epsilon generally protects against Fas and TRAIL-induced
cell death (59, 60, 65). Caspase cleavage of PKC-epsilon also occurs in some cells
undergoing apoptosis; in glioma cells caspase cleavage of PKC-epsilon contributes to the
TRAIL-induced apoptotic program (66—68).
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PKC-epsilon also protects against apoptosis induced by DNA damaging agents, and has
been implicated in the resistance of tumor cells to anti-cancer drugs. Elevated PKC-epsilon
levels are observed in chemoresistance non-small cell lung cancer cell lines and in chemo-
resistant ovarian cells (63, 69). Consistent with these observations, overexpression of PKC-
epsilon can promote survival of lung cancer cells and increase their resistance to
chemotherapeutic drugs (63). In breast cancer cells PKC-epsilon controls Akt activation, and
this appears to contribute to the suppression of apoptosis observed in breast cancer cells in
which PKC-epsilon is overexpressed (59). PKC-epsilon may also directly inhibit apoptosis
through up regulation of the anti-apoptotic protein, Bcl-2, or downregulation of pro-
apoptotic proteins such as Bid (60, 62).

3.3. PKC-lambda/iota and PKC-zeta

The atypical PKC isoforms, PKC-iota (and the mouse homolog, PKC-lambda) and PKC-
zeta are critical for cell survival signaling, presumably due to their role as downstream
effectors of PI-3 kinase (70). Most of the effects of PKC-iota and PKC-zeta can be attributed
to activation of the pro-survival NF-xB signaling pathway and suppression of apoptosis (20,
71, 72). Many studies indicate a correlation between the expression or activation of PKC-
iota and/or PKC-zeta and sensitivity to apoptosis. PKC-zeta suppresses Fas-induced
apoptosis in Jurkat cells, and PKC-zeta inhibition increases apoptosis in leukemia cells
exposed to etoposide and TNF-a (73, 74). Conversely, overexpression of PKC-zeta
suppresses apoptosis induced by chemotherapeutic agents in U937 cells; topoisomerase 11
was identified as a downstream target of PKC-zeta in these studies (75). Due to the high
homology between the PKC-iota and PKC-zeta isoforms, tools to distinguish their individual
functions have been limited. However recent studies in knock-out mice indicate distinct roles
for these isoforms, as PKC-iota, but not PKC-zeta, is critical for mouse development (20).
Studies by Murray and Fields suggest that PKC-iota may be the more important of these
isoforms in the context of suppression of apoptosis. Their studies show that PKC-iota, but
not PKC-zeta, protects leukemia cells from chemotherapeutic agents and that Ber-Abl
mediated resistance to apoptosis is mediated by PKC-iota (19, 76, 77).

One of the more interesting aspects of the atypical PKC’s is their dynamic regulation by
agents which induce cell death. In some contexts, transient activation of these isoforms is
observed in response to apoptotic agents. PKC-iota/PKC-zeta are activated by caspase
cleavage which results in its degradation through the ubiquitin-proteasome pathway (78, 79).
Likewise, atypical PKC expression is increased prior to cell death induced by UV, ceramide,
and in cytokine-mediated cartilage destruction (80-82). PKC-zeta activity in apoptotic cells
is negatively regulated by it’s interaction with the pro-apoptotic protein, PAR-4, which
suppresses NF-xB activation (71, 83-85). Sequestration of PKC-zeta and PKC-lambda by
PAR-4 is one mechanism by which PAR-4 induces apoptosis. PAR-4 can also directly
interact with and suppress the enzymatic activity of PKC-zeta and PKC-lambda in apoptotic
cells (86). PKC-zeta may also be inhibited by interaction with p38, as seen in apoptotic
chondrocytes (87). Recently it has been shown that p38 interacts with the regulatory domain
of PKC-zeta and suppresses PKC-zeta activity by blocking autophosphorylation of the
kinase (88). Conversely, PKC-zeta and PKC-lambda have been shown to bind to, and
inactivate, the pro-survival kinase, Akt, in response to ceramide and growth factors, and to
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phosphorylate and inhibit the pro-apoptotic protein, Bad (89-92). The cumulative data
suggests that through regulation of pro-survival pathways, the atypical PKC’s may act as a
switch between cell survival and cell death.

4. PKC ISOFORMS THAT REGULATE APOPTOSIS

Both PKC-delta and PKC-theta can be cleaved by caspase-3 to generate a constitutively
activated kinase, which, when introduced into cells, can induce apoptosis (93, 94). Based on
this observation these kinases are often grouped together as “pro-apoptotic”. However, there
is only limited evidence that PKC-theta plays a significant role in apoptosis. PKC-theta
appears instead to be critical for immune cell function and T cell survival, and PKC-theta
null mice display severe defects in T-cell signaling and activation (95). In contrast, the
function of PKC-delta in apoptotic cells has been well established.

PKC-delta is a ubiquitously expressed isoform and studies in PKC-delta-/- mice have
identified diverse roles for this signaling molecule in control of proliferation, immunity,
apoptosis and cell migration (96). While PKC-delta is clearly an important regulator of
apoptosis, it also has been shown to suppress cell cycle progression and negatively regulate
proliferation. Studies from Santiago-Walker, et al, suggest that the anti-proliferative effects
of PKC-delta may contribute to induction of apoptosis (97). In these studies, the
overexpression of PKC-delta stimulated progression through the G1 phase of the cell cycle,
but induced S phase arrest followed by apoptosis (97). In contrast, some studies, particularly
in transformed cells, support a role for PKC-delta in promoting cell cycle progression and
proliferation (98). In this context PKC-delta may act downstream of growth factors such as
IGF-1 to promote proliferation (99, 100). Here we will discuss data that supports a role for
PKC-delta as an early regulator of apoptosis, and mechanisms which regulate pro-apoptotic
signal transduction by this ubiquitously expressed kinase.

4.1. Regulation of apoptosis by PKC-delta

PKC-delta is activated by numerous apoptotic stimuli and is required for apoptosis induced
by genotoxins (22, 101), oxidative stress (102) and death receptors (103). Treatment with the
PKC-delta selective inhibitor, rottlerin (104), expression of kinase inactive PKC-delta (PKC-
delta KD) (101) or the introduction of a PKC-delta specific RACK inhibitory peptide (105),
have all been shown to inhibit apoptosis. We have used inhibitors of PKC-delta to probe the
function of PKC—delta in the apoptotic pathway. Our studies show that expression of PKC-
delta KD inhibits both downstream apoptotic events such as caspase activation and DNA
fragmentation, as well as upstream apoptotic events such as loss of mitochondrial membrane
potential (101, 104). These studies from our lab, together with numerous studies from other
labs, point to an essential role for PKC-delta as a regulator of early events in the apoptotic
pathway (101, 104, 106, 107). In support of this conclusion, smooth muscle cells and
primary salivary epithelial cells derived from PKC-delta -/- mice are defective in
mitochondria-dependent apoptosis (107, 108). Analysis of primary parotid cells from PKC-
delta -/- mice shows a decrease in cytochrome c release, PARP cleavage and caspase-3
activation in response to etoposide, however, apoptosis can be completely restored by
reintroduction of wild type PKC-delta (107). Loss of PKC-delta also protects parotid glands
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against y-irradiation induced apoptosis /n vivo (107). Although apoptosis is suppressed,
activation of p53 is normal in primary parotid cells from wild type and PKC-delta -/- mice,
suggesting that PKC-delta is activated downstream of cellular damage signals (107).

Substrates of PKC-delta identified in apoptotic cells include transcription factors, protein
kinases, structural proteins, DNA repair and checkpoint molecules and Bcl-2 family
members. The majority of PKC-delta’s substrates in apoptotic cells are nuclear proteins.
PKC-delta interacts with and phosphorylates DNA-dependent protein kinase (DNA-PK) in
cells exposed to genotoxins (109, 110). Phosphorylation of DNA-PK inhibits DNA binding,
suggesting that PKC-delta mediated phosphorylation inactivates the DNA double strand
break repair function of this protein (109). PKC-delta can also phosphorylate the checkpoint
protein Rad9; phosphorylated Rad9 can then bind and sequester Bcl-2, inducing cell death
(110). Other reports suggest that PKC-delta may directly target and inactivate the apoptosis
machinery. PKC-delta has been shown to phosphorylate and activate capsase-3 (111), to
phosphorylate and target the anti-apoptotic protein Mcl-1 for degradation (112), and to
suppress phosphorylation of the pro-apoptotic protein, Bad (113). Finally, PKC-delta may
regulate transcription through activation of p53. In one study, downregulation of PKC-delta
inhibited basal transcription of p53, while other studies report PKC-delta dependent
accumulation of the p53 protein in apoptotic cells (114-116).

PKC-delta has been shown to interface with downstream signaling cascades to regulate the
apoptotic machinery. Our laboratory has shown that PKC-delta and Signal Transducer and
Activator of Transcription 1 (STATL) can interact in etoposide treated cells and that STAT1
is a downstream target of PKC-delta in the apoptotic pathway (115). In addition, there is
accumulating evidence that the P13-kinase/AKT pathway, the ERK, JNK and p38 pathways
may be downstream targets of PKC-delta in apoptotic cells. In cardiomyocytes exposed to
ischemia, Akt is dephosphorylated and inactivated in a PKC-delta dependent manner.
Inactivation of Akt results in dephosphorylation and release of the pro-apoptotic protein,
Bad, and initiation of cell death (113). PKC-delta enhances radiation-induced apoptosis via
ERKZ1/2 activation and suppression of radiation-induced G2-M arrest. PKC-delta activates
the JNK pathway in irradiation and Ara-c induced apoptosis, possibly through
phosphorylation and activation of MEKKZ1 (117). Primary cells derived from PKC-delta -/-
mice are deficient in JNK activation, and JNK activation /7 vivo in response to x-irradiation
is reduced in these mice (107). In contrast, binding of HSP25 to PKC-delta inhibits cell
death, suggesting that the pro-apoptotic function of PKC-delta may be negatively regulated
through interaction with other proteins (118).

4.2. Activation of PKC-delta by apoptotic signals

PKC-delta is ubiquitously expressed and regulates diverse cell functions, hence, under
normal conditions the proapoptotic function of PKC-delta must be tightly regulated in order
to assure cell survival. We have defined multiple events that regulate the pro-apoptotic
function of PKC-delta and have shown that these events are temporally coordinated in
apoptotic cells (see Figure 2). The first event appears to be transduction of a “death” signal
to PKC-delta by a damage sensing pathway. Our studies suggest that this occurs through
phosphorylation of PKC-delta on specific tyrosine residues (119). Activated PKC-delta then
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transiently accumulates in the nucleus (120). If caspase-3 is also translocated to the nucleus,
nuclear PKC-delta is cleaved by caspase to generate the PKC-delta catalytic fragment (delta-
CF), a constitutively activated, pro-apoptotic form of PKC-delta that accumulates in the
nucleus (120). Nuclear accumulation of PKC-delta appears to be both necessary and
sufficient to commit a cell to apoptosis, whereas cytoplasmic retention of PKC-delta in the
cytoplasm assures cell survival (120).

4.2.1. Tyrosine phosphorylation of PKC-delta—Studies from our lab and others
suggest that phosphorylation of PKC-delta on tyrosine may be a mechanism to dictate
stimulus specific functions of PKC-delta (119, 121, 122). Functionally important tyrosine
residues in the context of apoptosis include in PKC-delta include Y64 and Y187 in glioma
cells treated with etoposide (121) and Y311, Y332 and Y512 in response to H,O, (122). We
have shown that tyrosine phosphorylation of PKC-delta in response to apoptotic agents
occurs very rapidly and that tyrosines 64 and 155 in the regulatory domain must be
phosphorylated for nuclear translocation of PKC-delta to occur (119). Non-receptor tyrosine
kinases, specifically c-Abl, Src and Lyn have been implicated in the phosphorylation of
PKC-delta in response to apoptotic agents (95, 123, 124).

4.2.2. Nuclear localization of PKC-delta—Many PKC-delta substrates in apoptotic
cells are nuclear proteins, consistent with the nuclear translocation of PKC-delta in response
to many apoptotic agents (125, 126). We have defined a nuclear localization sequence in the
catalytic domain of PKC-delta and have shown that nuclear localization is required for
regulation of apoptosis by PKC-delta (125). Our studies suggest that once tyrosine
phosphorylated PKC-delta rapidly accumulates in the nucleus (119). Hence, tyrosine
phosphorylation in the regulatory domain may facilitate the binding of nuclear import
receptors to the PKC-delta nuclear localization signal. This suggests that the regulatory
domain of PKC-delta functions in part to retain PKC-delta in the cytoplasm in the absence
of an apoptotic signal.

4.2.3. Caspase-cleavage of PKC-delta—Cleavage of PKC-delta by caspase occurs in
the hinge domain of the protein between the regulatory and catalytic domains and results in
release of a constitutively active catalytic fragment (delta-CF). We have shown that cleavage
of PKC-delta by caspase occurs in the nucleus of apoptotic cells and is dependent on the
coordinated import of activated caspase-3 into the nucleus (120). Importantly, while PKC-
delta transiently accumulates in the nucleus in response to genotoxins, delta-CF when
generated is largely or entirely nuclear at the early stages of apoptosis (120). Thus caspase
cleavage facilitates the sustained nuclear accumulation of PKC-delta, which appears to be
critical for commitment to apoptosis in some cells (120). The delta-CF may have additional
functions in apoptotic cells, particularly in the later stages of apoptosis when it is also found
in the cytoplasm (120). For instance, Sitailo et al have shown that expression of delta-CF
results in activation of the pro-apoptotic protein, Bax, and cytochrome c release in
keratinocytes (127). Taken together, our studies suggest that regulating the subcellular locale
of PKC-delta is critical for cell survival, and that caspase cleavage of PKC-delta, which
allows its nuclear accumulation, signals an irreversible commitment to apoptosis.
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5. PKC AND DISEASE: A POTENTIAL ROLE IN HUMAN CANCER

The ability of phorbol esters to promote tumors has been known for many years and well
documented in animal models of human cancer. The discovery of PKC as the major phorbol
ester “receptor” in the cell has lead to intensive investigation into the potential contribution
of these kinases to human cancer (128, 129). Not surprisingly, the PKC isoforms most
commonly associated with increased proliferation and/or survival, PKC-alpha and PKC-
epsilon, are those most commonly overexpressed in human cancer, and represent potential
oncogenes. To this group should be added PKC-iota, as increased expression of PKC-iota
has recently been shown to correlate with tumor stage in non-small cell lung cancer, and
depletion of PKC-iota was shown to reverse the transformed phenotype of these cells (30).
In contrast, the observation that loss of PKC-delta is associated with cell transformation in
some cells, together with the preponderance of data suggesting an anti-proliferative/pro-
apoptotic role for PKC-delta, has lead to the suggestion the PKC-delta may function as a
tumor suppressor (98, 130). Although this hypothesis has not been tested /n vivo, PKC-delta
expression is reduced in human squamous cell carcinomas, and PKC-delta expression
decreases with increasing tumor grade in human endometrial carcinomas (131, 132).

Overexpression of PKC-alpha is seen in a variety of human tumors, suggesting that it may
contribute to tumor progression (133-135). In particular, in human breast cancer cells PKC-
alpha has been shown to regulate HER2/neu expression and contribute to HER2/
neumediated cell invasion (43, 133). PKC-alpha antisense oligonucleotides have been shown
in some instances to decrease proliferation and sensitize cells to apoptosis, and PKC-alpha
antisense oligonucleotides reduce tumor growth in mouse xenographs (136-138). However,
clinical trials using this approach for the treatment of human tumors using have been
disappointing (139, 140). Given the overlapping roles of PKC-alpha in both promoting and
suppressing cell cycle progression, its functional analysis /7 vivois likely to be complex. In
this regard, recent studies using mouse models in which PKC-alpha is inhibited or
genetically “knocked-out” indicate that, perhaps contrary to expectation, that the loss of
PKC-alpha can accelerate colon cancer and result in increased B cell proliferation and
leukemia (27, 28).

Clinical studies suggest that increased PKC-epsilon expression is strongly associated with
tumor progression in many human cancers. PKC-epsilon has been documented as a
biomarker of aggressive breast cancer, and high PKC-epsilon expression correlates with
poor prognosis and positive Her2/neu status (141). The PKC-epsilon gene is also amplified
in 28% of thyroid cancers and a chimeric/truncated version of PKC-epsilon has been cloned
from human thyroid cancer cells (142). Likewise, PKC-epsilon expression is increased in
gliomas, and depletion of PKC-epsilon can trigger apoptosis in glioma cell lines possibly
through an effect on Akt mediated survival (65, 143). Overexpression of PKC-epsilon is
commonly seen in human prostate tumors, and is associated with conversion from an
androgen dependent to androgen independent state (144, 145). PKC-epsilon may also
contribute to the resistance of prostate cancer cells to apoptosis through interaction with the
pro-apoptotic protein, Bax (146). Interestingly, increased association of PKC-epsilon with
Bax correlates with the increased resistance to apoptosis in prostate cancer cells (146). In
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addition to its pro-proliferative properties, PKC-epsilon may regulate the invasion and
metastasis of cancer cells (147).

With few exceptions, proof of a definitive role for specific PKC isoforms in cancer cell
growth, invasion and survival has been elusive. This presumably reflects both the paucity of
in vivo models available, as well as the multiple functions many of these kinases appear to
have /n vivo. However, there is compelling evidence that PKC isoform expressions is altered
in human tumors, suggesting that a subset of these kinases may function as tumor
suppressors or oncogenes, or cooperate with other genes to promote human tumors (148).

6. CONCLUSIONS

Abundant evidence implicates PKC isoforms as critical regulators of cell proliferation and
apoptosis. PKC kinases regulate cell survival and apoptosis both “upstream” via growth
factor signaling, as well as “downstream” via regulation of transcription factors and/or
posttranslational modification of proteins. As might be expected, alterations in the
expression and/or activity of specific members of this family are associated with the
pathogenesis of some human diseases. In most cases, the contribution of PKC isoforms to
human disease appears to be related to their role as regulators of cell proliferation and
apoptosis. Thus, understanding the molecular mechanisms by which specific isoforms
regulate cellular signaling pathways may enable the identification of new therapeutic targets
to treat human disease.
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Abbreviations

PKC protein kinase C

DAG diacylglycerol

RACK’s Receptors for Activated C Kinase

STAT 3 Signal Transducer and Activator of Transcription 3
PAR-4 Prostate Apoptosis Response-4

PAR-6 Prostate Apoptosis Response-6

PKC-delta KD kinase inactive PKC-delta
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STAT1 Signal Transducer and Activator of Transcription 1

delta-CF PKC-delta catalytic fragment
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Figure 1.
The PKC superfamily. PKC isoforms contain four structurally conserved domains (C1-C4).

The N-terminal regulatory domain contains a pseudosubstrate binding site (PS), and the
DAG (C1) and Ca** C2, or “C2-like”) binding sites. The catalytic terminal domain contains
the ATP binding domain (C3), the substrate binding site, and the kinase domain (C4). The
regulatory and catalytic domains are separated by a flexible hinge region which is the site of
cleavage of PKC-delta by caspase-3 in apoptotic cells.
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Figure 2.
Regulation of the proapoptotic function of PKC-delta. Under normal growth conditions

PKC-delta is retained in the cytoplasm by a mechanism that is dependent upon the
regulatory domain. Apoptotic signals result in tyrosine phosphorylation of the regulatory
domain and allow nuclear accumulation of PKC-delta. Active capsase-3 likewise
accumulates in the nucleus resulting in cleavage of PKC-delta and generation of delta-CF.
Delta-CF localizes constitutively in the nucleus where it may regulate proteins involved in
the cell damage response.
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