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Abstract

The serine—threonine protein kinase, protein kinase C-&6 (PKCS8), is emerging as a bi-functional
regulator of cell death and proliferation. Studies in PKC&—/- mice have confirmed a pro-apoptotic
role for this kinase in response to DNA damage and a tumor promoter role in some oncogenic
contexts. In non-transformed cells, inhibition of PKC8 suppresses the release of cytochrome ¢and
caspase activation, indicating a function upstream of apoptotic pathways. Data from PKC6-/-
mice demonstrate a role for PKCS in the execution of DNA damage-induced and physiologic
apoptosis. This has led to the important finding that inhibitors of PKC8 can be used
therapeutically to reduce irradiation and chemotherapy-induced toxicity. By contrast, PKCS is a
tumor promoter in mouse models of mammary gland and lung cancer, and increased PKC&
expression is a negative prognostic indicator in Her2+ and other subtypes of human breast cancer.
Understanding how these distinct functions of PKCS are regulated is critical for the design of
therapeutics to target this pathway. This review will discuss what is currently known about
biological roles of PKC8 and prospects for targeting PKC8 in human disease.
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1. Introduction

The first identification of a protein kinase, phosphorylase kinase, and the elucidation of its
role in glucose metabolism led to intense investigation of protein phosphorylation as a
mechanism for regulation of biological processes (Fischer & Krebs, 1955; Krebs & Fischer,
1955). Since that discovery over 60 years ago, phosphorylation and dephosphorylation of
proteins by protein kinases and phosphatases, respectively, have been shown to control
virtually all cellular functions (Cohen, 2002). Indeed, it has been postulated that up to 30%
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of cell proteins may be post-translationally modified by phosphorylation on serine, threonine
or tyrosine (Cohen, 2000). These dynamic events allow cells to respond rapidly to changes
in the intra- and extracellular environment through modification of the activity, stability, and
localization of proteins. In addition to kinases and phosphatases, signaling cascades can also
include transmembrane receptors and a variety of cytoplasmic and nuclear anchoring and
modifier proteins. As most protein kinases and phosphatases are widely expressed, dynamic
remodeling of these multi-component signaling complexes may help to determine the
specificity of substrate phosphorylation/dephosphorylation in response to diverse stimuli.

Early studies established the paradigm of regulation of protein kinase activity by cyclic
nucleotide second messengers (Smith, White, Siegel, & Krebs, 1981). Thus, when it was
identified nearly 40 years ago, protein kinase C (PKC) represented a unique type of protein
kinase that was cyclic nucleotide-independent but Ca2* and lipid-dependent (Inoue,
Kishimoto, Takai, & Nishizuka, 1977; Takai, Kishimoto, Inoue, & Nishizuka, 1977). Further
studies revealed a family of related isoforms that are conserved in mammals, and to a lesser
extent in lower eukaryotes (Ono et al., 1988; Mellor & Parker, 1998). The identification of a
lipid-regulated protein kinase family led to the exploration of membrane lipids as signaling
molecules and was a turning point in our understanding of how the cell membrane
transduces extracellular signals to regulate intracellular functions. Subsequent studies have
identified additional lipid-regulated kinases, most notably the Akt isoforms, which together
with PKC regulate intracellular signaling cascades that control many cellular processes.

The PKC superfamily in mammals is comprised of 10 isoforms that are subdivided into
conventional, novel, and atypical subfamilies based on their dependency on lipid second
messengers, calcium and ion co-activators for activation (Fig. 1) (Newton, 2001). Most cells
have multiple PKC isoforms. PKCa, -B, -8, -e, -A/1, and -C are expressed in many, or all
tissues, while PKC®, -y, and -1 have amore tissue specific expression pattern (Wetsel et al.,
1992). Early attempts to understand the biological function of this kinase family used global
regulators such as 12- O-tetradecanoylphorbol-13-acetate (TPA), which activates all
conventional and novel PKC isoforms, and ATP-competitive kinase inhibitors, which have
little or no isoform specificity. Hence, these approaches provided little insight into the
function of specific PKC isoforms. The development of isoform-specific tools, including
dominant inhibitory kinases, transgenic and knock-out mouse models, antisense/siRNA, and
recently CRISPR/CAS9, has revealed unique roles for PKC isoforms in regulation of the
DNA damage response, immune function, neural plasticity, cell migration, proliferation,
survival, apoptosis, and metabolism (Reyland, 2009; Antal et al., 2015). Surprisingly, these
studies suggest that PKC isoforms can have cell type specific functions, perhaps reflecting
the interaction of kinases with unique anchoring proteins or regulatory pathways in a given
cell type. Moreover, a given PKC isoform can participate in many different cellular
pathways, and such “wiring” can change depending on the cellular environment. Given its
central role in cell function, it seems likely that the alteration of PKC isoform expression,
activity, or signaling could have important implications for human diseases, particularly in
the context of cancer. This review will focus on PKC8, a member of the novel isoform
subfamily. We will explore the seemingly disparate biological functions of PKCS, discuss
how dysregulation of PKC8 may contribute to tissue damage and cancer, and explore
prospects for targeting PKC8 in human disease.
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2. Physiologic regulation of PKC isoforms

A thorough understanding of how activation of PKC is regulated is critical as these steps
represent potential targets for therapeutic intervention. Fig. 2 illustrates known mechanisms
of PKCS5 activation that will be discussed in the following sections. Regardless of the
upstream signals, PKC activation is dependent on modification of the interaction of the C-
terminal kinase core with a N-terminal regulatory domain (Newton, 2003). Early studies
showed that allosteric activation of PKC is mediated by interaction with membrane lipids.
Such “canonical” mechanisms of regulation have been well defined and known to be shared
between PKC isoforms and other members of the closely related AGC kinase superfamily
(Newton, 2003; Antal & Newton, 2014). However, it is also clear that PKC isoforms can
function in a variety of subcellular sites and in response to stimuli that do not appear to
induce hydrolysis of membrane phospholipid (Scott & Newton, 2012). A common theme of
“non-canonical” activation is the modification of interactions between the C-terminal kinase
core and the N-terminal regulatory domain via changes in intra- and intermolecular binding
and kinase phosphorylation.

2.1. Canonical regulation

The catalytic domain of PKC is conserved between isoforms and includes the ATP-binding
site, the kinase core, and the substrate-binding site (Fig. 1) (Gold, Barford, & Komander,
2006). The N-terminal regulatory domain is much less conserved and contains motifs that
determine how specific isoforms are activated in response to extracellular signals.
Regulatory modules in this domain include the pseudosubstrate motif and the diaclyglyerol
(DAG) and Ca?* cofactor binding C1 and C2 domains (Gold et al., 2006). The affinity of the
C1 and C2 domains for DAG and Ca2* determines the cofactor requirements for activation
of specific PKC isoforms. PKCa, -p, and -y make up the conventional PKC subfamily and
contain functional C1 and C2 domains that bind DAG and Ca2*, respectively, while isoforms
in the novel subfamily (PKCS, -e, -1, and -6) have functional C1 domains and non-
functional C2 domains (i.e., does not bind Ca2*), rendering these kinases dependent on
DAG, but independent of Ca2* for activation (Fig. 1).

Physiologic regulators of PKC, such as growth factor and G-protein-coupled receptors,
stimulate the hydrolysis of membrane lipids by recruiting phospholipase C to the activated
receptor (Kharait, Dhir, Lauffenburger, &Wells, 2006). Phospholipase C generates
diaclyglyerol (DAG) and inositol-1,4,5-triphosphosphate (IP3) through hydrolysis of the
membrane phospholipid, phosphoinositol. In response to increased generation of DAG, PKC
localizes to the membrane via the C1 domain, enabling substrate binding and
phosphorylation (Fig. 2, arrow 1) (Newton, 2001, 2003). The turnover of membrane
phosphoinositol in response to extracellular signals is often referred to as the
phosphoinositide (PI) cycle. Although first described in the 1950s, the significance of the Pl
cycle was not understood until much later when PKC was identified as the major cellular
target for DAG.
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2.2. Non-canonical regulation

For PKCS, activation by alternative “non-canonical” pathways includes allosteric regulation
via protein binding to the C1, C2, and/or V5 domains, tyrosine phosphorylation, and
removal of the regulatory domain by caspase cleavage to generate a constitutively active
kinase. A common theme of these activation mechanisms is the modification of interactions
between the catalytic and regulatory domains. For example, tyrosine phosphorylation of
PKCS8 by non-receptor Src family tyrosine kinases, including Src, Fyn, and Lyn, can regulate
redox-dependent activation of the kinase independent of lipids (Konishi et al., 2001; Rybin
et al., 2004; Sumandea et al., 2008; Gong et al., 2015; Steinberg, 2015). Additional studies
by Gong et al. show that redox-induced tyrosine phosphorylation of PKC6 can alter
intramolecular interactions with the C2 domain and change substrate preference through a
mechanism that involves dephosphorylation of Ser359 in the activation loop (Gong et al.,
2015). Studies from our lab and others have demonstrated a role for tyrosine
phosphorylation in activation of PKCS in response to agonists (Rosenzweig, Aga-Mizrachi,
Bak, & Sampson, 2004; Kajimoto, Sawamura, Tohyama, Mori, & Newton, 2010) and
apoptotic stimuli(Yuan et al., 1998; Blass, Kronfeld, Kazimirsky, Blumberg, & Brodie,
2002; Humphries, Ohm, Schaack, Adwan, & Reyland, 2008; Lomonaco et al., 2008; Adwan,
Ohm, Jones, Humphries, & Reyland, 2011; Gridling et al., 2014). Tyrosine residues shown
to be important in the context of apoptosis include Y64, Y155, Y187, Y311, Y332, and
Y512 (Konishi et al., 1997; Blass et al., 2002; Humphries et al., 2008; Gridling et al., 2014).
Our studies show that phosphorylation of PKCS at Y155 (Cla domain) and Y64 (C2
domain) exposes a cryptic nuclear localization signal (NLS) (V5 domain) through disruption
of intramolecular contacts between the C2 and catalytic domains, allowing nuclear import
(Adwan et al., 2011) (Fig. 2, arrows 4, 5 and 6; Fig. 3)).

2.3. Subcellular targeting

In addition to the plasma membrane, there is evidence that “active” PKC can be targeted to
many subcellular locations including the Golgi, ER, and nucleus. Studies by Gomel et al.,
which targeted exogenously expressed PKC5 to specific subcellular sites, revealed that
cytoplasmic, nuclear, and mitochondrial targeting of PKC8& was pro-apoptotic, whereas
targeting of PKCS to the ER protected against etoposide and TNF-a-induced apoptosis
(Gomel et al., 2007). Elegant studies by the Newton lab have used FRET-based fluorescence
reporters to study the intracellular distribution of PKCS in response to agonists (Kajimoto et
al., 2010; Scott & Newton, 2012; Wu-Zhang, Schramm, Nabavi, Malinow, & Newton,
2012). These studies demonstrate recruitment of PKCS to the mitochondria for regulation of
metabolic respiration (Wu-Zhang et al., 2012) and UTP-induced nuclear translocation
(Kajimoto et al., 2010). We have shown that the translocation of PKC6 from the cytoplasm
to the nucleus is a highly regulated process that requires apoptosis-specific signals, including
tyrosine phosphorylation of PKCS8 and activation of caspase-3 (DeVries, Neville, &
Reyland, 2002; Humphries et al., 2006).

Targeting of activated kinases to specific subcellular sites and/or substrates may depend on
interaction with anchoring proteins. Such targeting proteins may function as scaffolds to
assemble signaling complexes and/or disrupt intramolecular interactions to regulate kinase
activation (Antal & Newton, 2014). DariaMochly-Rosen first proposed the existence of PKC
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isoform-specific anchoring proteins, or RACK’s (receptor for activated C-kinase) and her
lab, and others have since identified a number of such proteins (Mochly-Rosen, 1995; Poole,
Pula, Hers, Crosby, & Jones, 2004). They proposed that RACKSs bind selectively to PKC
isoforms upon activation and help to localize the active kinases to the membrane and
possibly other intracellular sites. Other PKC binding proteins including C-KIPS (C-kinase
interacting proteins) have been identified and may anchor PKC to sites where it can be
activated and/ or direct PKC to specific subcellular compartments (Jaken & Parker, 2000). In
addition, the A-kinase anchoring protein (AKAP) family of scaffold proteins has been
shown to regulate localization of PKC to complexes that control NMDA and AMPA receptor
function (Sanderson & Dell’ Acqua, 2011).

Domains of PKCS8 particularly important for facilitating protein—protein interactions include
the C1 and C2 domains in the N-terminus and the highly flexible V5 domain in the C-
terminal portion of the protein. Wang et al. have shown that interactions between the
Golgi/ER protein p23/TMP21 and the C1 domain of PKC8& can modulate its apoptotic
function by anchoring PKCS to the perinuclear region (Wang, Xiao, & Kazanietz, 2011).
Likewise, PKC&-annexin V interactions mediated by the C2 domain can regulate membrane
recruitment of PKC8 (Kheifets, Bright, Inagaki, Schechtman, & Mochly-Rosen, 2006;
Hoque et al., 2014), and the binding of HSP25 to PKCS has been shown to inhibit cell death
(Lee et al., 2005) (see Fig. 2, arrows 2 and 3). Soltoff and colleagues have also identified a
phosphotyrosine-binding domain within the C2 domain of PKC (Benes et al., 2005). The
targeting of PKCS to specific subcellular locales may explain the substrate specificity of
different PKC isoforms as multiple isoforms can be activated downstream of a given signal.
Importantly, the interaction of PKC with these anchoring proteins also suggests a level at
which PKC activity may be modulated therapeutically.

3. Biological functions of PKC8

PKCS is a ubiquitously expressed kinase linked to the regulation of diverse cell and tissue
functions. The current challenge is to understand how these seemingly disparate functions of
PKCS are specified, and whether they are mediated by the differential regulation of common
signaling modules or pathways. Lessons from mouse models, particularly those in which the
PKCS8 gene has been disrupted, have been very informative in this regard, as has the
manipulation of PKCS expression and activity in vitro to test the contribution of PKCS§ to
specific signaling pathways.

3.1. Lessons from PKC8 knock-out and transgenic mice

Studies in PKC6-/- mice have identified roles for this isoform in proliferation, immune
function, apoptosis, and cell migration (Reyland, 2009). While loss of PKC8 has been
reported to reduce fertility, post-natal development of PKC&-/- mice appears to be normal
(Ma, Baumann, & Viveiros, 2015), although subtle developmental phenotypes have been
reported. For instance, we show a transient delay in mammary gland development in PKC6
—/- mice, including reduced ductal branching (Allen-Petersen et al., 2010). Stress and
disease related phenotypes have also been reported. These include a link between PKC8 and
the pathophysiology of nonalcoholic fatty liver disease (Greene et al., 2014; Zhang et al.,
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2014), endotoxin-induced lung injury (Chichger et al., 2012), and the expression of
proinflammatory genes in vascular smooth muscle cells and pancreatic islet cells (Cantley et
al., 2011; Ren et al., 2014).

Among the most significant phenotypes reported in PKC6-/- mice are alterations in
immune function. PKC&-/- mice develop autoimmune disease as the mice age, supporting a
role for PKCS in self-antigen-induced B-cell tolerance (Mecklenbrauker, Saijo, Zheng,
Leitges, & Tarakhovsky, 2002; Miyamoto et al., 2002; Banninger et al., 2011). Studies by
Limnander et al. have shown that the PKC8-dependent regulation of the Ca2* sensor,
STIM1, and Ca2*-dependent extracellular regulated kinase (ERK) activation is critical for
the clonal deletion of auto-reactive B cells, suggesting a mechanism for the survival of auto-
reactive B cells in these mice (Limnander et al., 2011). Interestingly, the expression of a
dominant negative form of PKCS specifically in T cells of transgenic mice also results in
induction of lupus-like autoimmunity (Gorelik, Sawalha, Patel, Johnson, & Richardson,
2015). Recently two groups have described a similar phenotype associated with a rare loss-
of-function mutation in the PRKCD gene in a human patient (Belot et al., 2013; Kuehn et
al., 2013).

3.2. PKC8 and apoptosis

Studies from our lab and others have defined a critical role for PKCS in the apoptotic
response to DNA damage and cytotoxic stress (Majumder et al., 2001; Matassa, Carpenter,
Biden, Humphries, & Reyland, 2001; Reyland, 2009; Basu & Pal, 2010). In vitro, salivary
epithelial and smooth muscle cells isolated from PKC8-/- mice are resistant to apoptotic
stimuli (Leitges et al., 2001; Humphries et al., 2006). In vivo, PKC8—/- mice are protected
from irradiation-induced damage to the salivary gland and thymus and have a delay in
mammary gland involution, a process driven by apoptosis (Humphries et al., 2006; Allen-
Petersen et al., 2010). PKC56 can also contribute to apoptosis induced by death receptors
including TRAIL and TNFa (Khwaja & Tatton, 1999; Gonzalez-Guerrico & Kazanietz,
2005; Yin, Sethi, & Reddy, 2010; Gordon, Anantharam, Kanthasamy, & Kanthasamy, 2012;
Xu, Su, & Liu, 2012). Gonzalez-Guerrico et al. have shown that phorbol ester-induced
apoptosis in LNCaP cells is mediated in part through PKC&-dependent release of death
receptor ligands (Gonzalez-Guerrico & Kazanietz, 2005). Likewise, PKC8 has been shown
to regulate death receptor expression in response to ER stress (Xu et al., 2012) and is a
downstream effector of TRAIL and TNFa-induced apoptosis (Gonzalez-Guerrico &
Kazanietz, 2005; Yin et al., 2010; Gordon et al., 2012). The Mochly-Rosen lab has used
tools based on RACKSs to define a role for PKCS in damage induced by ischemia and
reperfusion in both the heart and the brain (Bright et al., 2004; Bright, Steinberg, & Mochly-
Rosen, 2007; Churchill & Mochly-Rosen, 2007; Churchill, Qvit, & Mochly-Rosen, 2009;
Churchill, Ferreira, Brum, Szweda, & Mochly-Rosen, 2010). Their studies show that the
inhibition of PKCS in mice prior to an experimentally induced ischemic event suppresses
apoptosis and significantly reduces damage (Bright et al., 2004, 2007; Churchill &Mochly-
Rosen, 2007; Churchill et al., 2009). Similar findings have recently been reported for
ischemic injury to the lung (Kim et al., 2015, 2016).
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The studies described above suggest a role for PKCS as an integrator of damage signals
upstream of the mitochondria. In support of this, our studies show that loss or inhibition of
PKCS8 suppresses early apoptotic events including loss of mitochondrial membrane potential
and events downstream of the mitochondria such as caspase activation and DNA
fragmentation (Reyland, Anderson, Matassa, Barzen, & Quissell, 1999; Matassa et al.,
2001). Multiple mechanisms have been suggested by which PKC8 may control apoptosis
including direct phosphorylation of substrates, regulation of transcription and mRNA
processing, regulation of protein stability, and protein binding and sequestration. Potential
substrates of PKCS in apoptotic cells include heat shock proteins, transcription factors,
kinases, DNA repair proteins, and Bcl-2 family members. For instance, PKCS8 can promote
apoptosis by suppressing phosphorylation of the pro-apoptotic protein, Bad (Murriel,
Churchill, Inagaki, Szweda, & Mochly-Rosen, 2004), and through enhancing activation of
Bax and Bak (Choi et al., 2006). PKC8 may also regulate cell death by binding to and
sequestering proteins that either inhibit or promote apoptosis. For example, Masoumi et al.
have shown that PKCS can bind to Smac, an antagonist of inhibitor of activated proteases
(IAPs) (Masoumi, Cornmark, Lonne, Hellman, & Larsson, 2012). Several reports suggest
that PKCS can regulate protein stability/degradation. PKCS binds to Tap63 to increase its
stability and promote apoptosis (Li et al., 2015), while PKCS targets the antiapoptotic
protein, Mcl-1, for degradation to trigger apoptosis (Sitailo, Tibudan, & Denning, 2006). In
addition, PKCS8 has been shown to regulate 3" end processing of BIK mRNA to induce
apoptosis through a mechanism that requires the Star-PAP processing complex and nuclear
PIPKIa (Li et al., 2012). Finally, as discussed below, there is ample evidence that PKCS can
regulate cell survival pathways to induce apoptosis, including NF-xB, Akt and ERK (Lu,
Liu, Yamaguchi, Miki, & Yoshida, 2009) as well as DNA damage-induced pathways.

3.2.1. Activation of PKCS8 by pro-apoptotic signals—As PKCS is a ubiquitously
expressed kinase, its ability to activate apoptosis must be tightly regulated in order to prevent
inappropriate cell death. Most studies indicate that specification of PKC8 function in the
context of apoptosis is regulated by subcellular localization, and the translocation of PKC8
to specific subcellular areas in response to apoptosis stimuli is well documented. Many
studies support a role for nuclear PKC8 in regulation of apoptosis (DeVries et al., 2002;
DeVries-Seimon, Ohm, Humpbhries, & Reyland, 2007; Yoshida, 2008), however PKCS has
also been shown to translocate to the mitochondria in response to oxidative stress, ischemia
and phorbol ester, where it presumably plays a direct role in regulating the apoptotic
machinery (Li, Lorenzo, Bogi, Blumberg, & Yuspa, 1999; Majumder et al., 2000, 2001;
Murriel et al., 2004; Qi & Mochly-Rosen, 2008). Additionally, the treatment of HeLa cells
with ceramide also induces apoptosis and translocation of PKCS to the Golgi (Kajimoto et
al., 2004). Finally, splice variants of PKCS have been identified that may play a role in
modulating apoptosis (Patel, Song, & Cooper, 2006; Kim et al., 2011; Apostolatos et al.,
2012). In particular, two splice variants, PKC8IX and PKC&lII, both caspase-3 resistant, have
been shown to inhibit apoptosis and/or promote survival (Patel et al., 2006, 2013; Kim et al.,
2011; Apostolatos et al., 2012).

Our lab has shown that nuclear accumulation of PKCS is critical for execution of the
apoptotic program in response to DNA damage (DeVries et al., 2002). Key structural
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features important for the proapoptotic function of PKCS in this context include a C-
terminal nuclear localization signal (NLS), tyrosine residues in the regulatory domain, and a
caspase cleavage site in the hinge region of the kinase (Fig. 3). Our studies support a model
whereby nuclear translocation of PKCS is initiated by tyrosine phosphorylation at Y155 and
Y164 by Abl and Src tyrosine kinases, respectively, resulting in a conformational change
that facilitates importin-a binding and nuclear import (see Fig. 2, arrows 4, 5, and 6)
(Adwan et al., 2011; Wie, Adwan, DeGregori, Anderson, & Reyland, 2014). The sequential
phosphorylation of PKCS8 by Abl and Src is likely to be critical to cellular homeostasis as it
assures that pro-apoptotic signaling by PKCS is linked to activation of other cell death
signals. Numerous other studies support a role for activation of PKC8 by Abl, and in some
cases reciprocal activation of Abl by PKCS (Yuan et al., 1998; Li et al., 2004; Lasfer et al.,
2006). Activated caspase-3 is translocated to the nucleus with similar kinetics as PKC8 and
can cleave nuclear PKCS in the hinge region of the protein to generate the PKC5 catalytic
fragment, a constitutively activated, nuclear-targeted form of PKC& (Ghayur et al., 1996;
DeVries-Seimon et al., 2007). While the PKCS catalytic fragment is a potent inducer of
apoptosis, whether it is functionally distinct from uncleaved PKCS is not known, as both
forms of PKC8 can induce apoptosis when overexpressed (DeVries-Seimon et al., 2007).

3.2.2. PKC8 and the DNA damage response—Many of the PKCS substrates
identified in apoptotic cells are nuclear proteins and suggest a role for PKCS in the DNA
damage response and/or DNA repair. Indeed, this proposed role for PKCS fits well with the
evidence that PKCS functions as an apical regulator of apoptosis. Some studies place PKC8&
upstream of the DNA damage sensors, DNA-dependent protein kinase, and ataxia
telangiectasia mutated (ATM) and suggest a role for PKCS in their activation in response to
DNA damage (Bharti et al., 1998; Arango et al., 2012; Soriano-Carot, Quilis, Bano, & Igual,
2014). PKCS has also been shown to function downstream of ATM activation (Li et al.,
2004; LaGory, Sitailo, & Denning, 2010). Blocking PKCS6 function inhibits phosphorylation
of the ATM target, histone H2AX, a key regulator of the DNA damage response (Arango et
al., 2012). PKCS can also phosphorylate DNA-dependent protein kinase in cells exposed to
genotoxins to inhibit DNA binding and suppress DNA double stranded break repair (Bharti
et al., 1998). Further downstream, PKC8 phosphorylates the checkpoint protein Rad9 to
regulate formation of the Rad9-Hus1-Rad1 (9-1-1) complex in response to DNA damage
(Yoshida, Wang, Miki, & Kufe, 2003). Other studies support a role for PKC isoforms in cell
cycle arrest (Watanabe et al., 1992) and specifically PKC8 in mediating G1 arrest through
induction of p21 (Nakagawa et al., 2005), in S phase arrest (Santiago-Walker et al., 2005),
and in the maintenance of the G2/M DNA damage checkpoint (LaGory et al., 2010). Finally,
PKC& may regulate the transcription of apoptotic genes and p21 through activation of p53
(Nakagawa et al., 2005; Perletti et al., 2005; Ryer et al., 2005; Yoshida, Liu, & Miki, 2006;
Liu, Lu, Miki, & Yoshida, 2007; Saha, Adhikary, Kanade, Rorke, & Eckert, 2014).

3.2.3. Integration of PKC8 with cell survival pathways—Survival and death
signaling are intimately linked such that cells can respond rapidly to environmental cues.
During development, tissue patterning and remodeling occurs through orchestrated changes
in proliferation and cell death. Likewise, growth factors and cell—cell contacts drive survival
pathways such as mitogen-activated protein kinase (MAPK) and Akt in adult tissues, and
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disruption of these signals induces cell death. Thus, understanding how PKCS$ interfaces
with survival pathways is important for deciphering mechanisms of regulation of apoptosis
by PKCS. In one scenario, PKC8 could negatively regulate survival signaling in response to
apoptotic signals, thus indirectly allowing apoptotic pathways to be activated. In this regard,
PKCS&-dependent regulation of MAPK pathways (Efimova, Broome, & Eckert, 2004;
Murriel et al., 2004; Blank et al., 2013), PI3K-Akt (Murriel et al., 2004), signal transducer
and activator of transcription-1 (STAT-1) (DeVries, Kalkofen, Matassa, & Reyland, 2004),
and NFxB (Ren et al., 2014; Dong et al., 2015) has been shown in many contexts. In a
second scenario, PKCS could directly regulate the DNA damage response and cell cycle
arrest mechanisms, as discussed above, pushing a cell toward initiation of apoptotic
pathways (Bharti et al., 1998; Yoshida et al., 2003; LaGory et al., 2010; Arango et al., 2012;
Soriano-Carot et al., 2014). Evidence supports both scenarios, raising the possibility that
PKCS8, or a PKCS effector, may have a dual function in cell survival and cell death.

ERK kinases and other members of the MAPK family (c-Jun. N-terminal kinases (JNKSs),
and p38 MAPK(S) are activated via cell surface receptors to regulate survival, proliferation,
migration, and apoptosis (Zehorai, Yao, Plotnikov, & Seger, 2010; Plotnikov, Zehorai,
Procaccia, & Seger, 2011). Studies have shown a role for PKC5 in regulation of all three
MAPK pathways. PKCS regulates ERK signaling downstream of growth factors, and in
response to cell stress, including apoptotic stimuli (Efimova et al., 2004; Ryer et al., 2005;
Choi et al., 2006; Hu, Kang, Philp, & Li, 2007; Symonds et al., 2011). Biphasic activation of
ERK is often described in cells treated with DNA damaging agents (Zhuang & Schnellmann,
2006). In this regard, PKCS has been shown to regulate the sustained activation of ERK,
which is typically associated with cell death (Basu & Tu, 2005; Zhuang & Schnellmann,
2006; Lomonaco et al., 2008; Cagnol & Chambard, 2010). PKCS has also been shown to
enhance radiation-induced apoptosis via ERK activation and suppression of radiation-
induced G2-M arrest (Lee et al., 2002). Other studies indicate that the activation of ERK in
the context of DNA damage induces the G2M checkpoint (Tang et al., 2002; Wei, Xie, Tao,
& Tang, 2010; Kolb, Greer, Cao, Cowan, & Yan, 2012). In addition to ERK, PKC5 also
activates the JINK pathway in irradiation and chemotherapy-induced apoptosis (Yoshida,
Miki, & Kufe, 2002). Primary cells derived from PKC8-/- mice are deficient in INK
activation, and JNK activation in vivo in response to irradiation is reduced in these mice
(Humphries et al., 2006). Finally, activation of p38& downstream of PKCS has been reported
in many cell types (Efimova et al., 2004; Ryer et al., 2005; Choi et al., 2006; Blank et al.,
2013; Saha et al., 2014). The activation of a PKC56->p386 pathway can regulate p53
activation, p21 expression (Ryer et al., 2005; Saha et al., 2014) and the subcellular
localization of ERK (Efimova et al., 2004), potentially activating cell cycle arrest.

3.3. Dual role of PKCS8 in Cancer

The ability of phorbol esters to promote tumors has been known for many years; however, it
was not until the identification of PKC as the major phorbol ester “receptor” in the cell that
the potential contribution of these kinases to human cancer was investigated (Castagna et al.,
1982; Kikkawa, Takai, Tanaka, Miyake, & Nishizuka, 1983). In contrast to the pro-apoptotic
function demonstrated in most non-transformed cells, numerous studies demonstrate a role
for PKCS in cancer cell proliferation and survival. Likewise, PKC8 has been shown to
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function as a tumor promoter in most (but not all) mouse models of cancer studied (Mauro et
al., 2010; Symonds et al., 2011; Allen-Petersen, Carter, Ohm, & Reyland, 2014). Changes in
PKCS expression have been reported in some human tumors (Kahl-Rainer, Karner-Hanusch,
Weiss, & Marian, 1994; D’Costa et al., 2006; Reno et al., 2008; Fukase et al., 2011) and
increased PKC56 expression correlates with poor prognosis in specific subtypes of human
breast cancer (McKiernan et al., 2008; Allen-Petersen et al., 2014). Notably, functional
genomic alterations of PKCS are rarely found (Antal & Newton, 2014). In fact, only two
mutations in PKCS associated with any disease have been identified (Belot et al., 2013;
Kuehn et al., 2013). Thus, other factors such as PKCS8 expression, localization, and/or the
oncogenic context of tumor cells may be important for dictating the function of this kinase
in cancer.

3.3.1. PKCS8 as a tumor suppressor—As apoptosis is an important anti-tumor
mechanism, PKC8 was initially proposed to be a tumor suppressor. Early studies showed
that PKC& overexpressing transgenic mice were resistant to certain types of chemically
induced skin cancer (Reddig et al., 1999); however, these mice did get skin cancers with
repeated exposure to UV irradiation (Aziz, Wheeler, Bhamb, & Verma, 2006). Similarly,
Mischak et al. showed that overexpression of PKC6 could suppress proliferation of NIH 3T3
cells (Mischak et al., 1993), and similar findings have been reported in a variety of cancer
cells. For instance, PKC8 negatively regulates the Wnt pathway to suppress proliferation of
colon cancer cells (Hernandez-Maqueda, Luna-Ulloa, Santoyo-Ramos, Castafieda-Patlan, &
Robles-Flores, 2013), Glil activation and Hedgehog signaling in hepatocellular
carcinoma(Cai, Li, Gao, Xie, & Evers, 2009), ERK activation in breast cancer cells, and the
proliferation and migration of human malignant fibrous histocytoma cells (Fukase et al.,
2011). PKCS also regulates apoptosis in prostate cancer cells through a mechanismin
dependent of caspase cleavage and that involves the p38MAPK pathway (Fuijii et al., 2000;
Tanaka, Gavrielides, Mitsuuchi, Fujii, & Kazanietz, 2003). In addition, there are reported
roles for PKCS in the negative regulation of cell cycle progression and activation of cell
cycle arrest (Nakagawa et al., 2005; Santiago-Walker et al., 2005; LaGory et al., 2010). Such
proapoptotic and anti-proliferative roles for PKCS in vitro are consistent with a tumor
suppressor function; however, experimental models of cancer in mice generally support a
tumor promotional function for PKCS8. This may reflect in part the more complex milieu in
vivo, which includes both tumor cells and stroma. The specific genetic lesions that drive
cancer cells may also dictate PKCS8 function, as discussed below.

3.3.2. PKC8 as a tumor promoter—Our lab has shown that lung tumors are
dramatically reduced in urethane treated PKC&—/— mice compared to PKC&+/+ mice
(Symonds et al., 2011), and that Her2/neu-induced tumorigenesis is reduced in PKC&—/-
mice (Allen-Petersen et al., 2014). Likewise, PKCS8 supports the proliferation and survival of
cancer stem cells (Chen, Forman, Williams, & Faller, 2014; Berardi et al., 2015) and helps to
maintain c-Kit activation in colon cancer cells by promoting its recycling (Park et al., 2013).
Other studies have demonstrated a synthetic lethal interaction between K-ras and PKC8
(Luo et al., 2009), and a recent report shows that the activation of PKC8 confers resistance
to ALK inhibitors in ALK-dependent NSCLC cells (Wilson et al., 2015).
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Our studies in KRAS mutant lung cancer suggest that PKCS8 cooperates with other signaling
circuits to drive specific tumor phenotypes. Thus, the function of PKC8 may be dictated by
the specific oncogenic context of a cancer cell. Recently, several groups have defined
subpopulations of KRAS mutant tumors based on their functional dependence on K-ras for
survival (Singh et al., 2009; Collisson et al., 2011). We have previously shown that
functional dependency on K-ras in lung cancer cells correlates with a pro-survival, pro-
tumorigenic role for PKC6 (Symonds et al., 2011). By contrast, in the subset of KRAS
mutant lung cancers that are no longer functionally dependent on K-ras, PKCS regulates the
apoptotic response to chemotherapeutic agents (Ohm et al., unpublished results), and PKC8&
has been linked to survival pathways, particularly MAPK signaling cascades, through
regulation of growth factor receptor signaling (Farshori, Shah, Arora, Martinez-Fuentes, &
Catt, 2003; Iwabu, Smith, Allen, Lauffenburger, & Wells, 2004; Kharait et al., 2006; Xia &
Land, 2007; Paugh et al., 2008). Our studies suggest that the pro-survival role of PKCS in K-
ras-dependent lung cancer cells is mediated through regulation of ERK, as the depletion of
PKCS& results in decreased activation of ERK. However, the depletion of PKC6 does not
suppress K-ras activation in K-ras-dependent lung cancer cells, indicating that PKC8
functions downstream of K-ras or in a collateral pathway (Symonds et al., 2011). Studies by
Ueda et al. support this interpretation as they show that PKCS6 regulates ERK signaling
downstream of K-ras through activation of Raf (Ueda et al., 1996). PKCS likely contributes
to ERK activation by regulating the recycling of activated cell surface receptors as has been
shown for ErbB2, KIT, and EGFR (Llado et al., 2004; Hu, Cheng, Pan, Wu, & Wu, 2013;
Park et al., 2013; Bailey et al., 2014), and through ADAM-17-mediated ectodomain
shedding of receptor tyrosine kinases (Kveiborg, Instrell, Rowlands, Howell, & Parker,
2011; Thorp et al., 2011). PKC8 may also support tumorigenesis via other survival pathways
as studies from Xia et al. show that PKC5 is required for survival of NIH3T3 and pancreatic
cancer cells expressing activated K-ras through a mechanism resulting in activation of Akt
(Xia, Forman, & Faller, 2007; Xia, Chen, Forman, & Faller, 2009). We have shown that
PKCS is required for formation of an active signaling complex between Src and the Her2
receptor (Allen-Petersen et al., 2014). Similarly, PKCS is important for the tissue
colonization through formation of a signaling complex with Src, Akt, and CDCP1 (Casar et
al., 2014). Still other studies have defined roles for PKCS in the invasion and migration of
tumor cells (Cerda et al., 2001; Jackson et al., 2005; Villar et al., 2007; Kho et al., 2009;
Symonds et al., 2011). A novel substrate of PKC8, BAG3, has recently been identified, and
phosphorylation of BAG3 has been shown to regulate epithelial-mesenchymal transition in
thyroid cancer cells (Li et al., 2013). Finally, studies from our lab and others have identified
PKCS as a potential regulator of tumor progression and metastasis through modulation of
integrin aP3 regulated survival pathways (Putnam, Schulz, Freiter, Bill, & Miranti, 2009;
Symonds et al., in press).

4. Targeting PKC8

A major challenge in developing PKC-specific inhibitors is the very high degree of
homology and conformation similarity between the different isoforms. This is particularly so
for the kinase domains, and as this similarity extends to many other kinases, it becomes
more challenging to target PKC in an isoform-specific manner. Another major challenge is

Pharmacol Ther. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Reyland and Jones

Page 12

that cells express multiple isoforms of PKC that are required for normal function, and each
isoform can often regulate multiple functions. Therefore, inhibiting PKC can have
significant off-target effects and also produce unwanted effects by on-target inhibition. As
reviewed above, the activity of different PKC isoforms is in many cases tightly regulated by
a series of inter- and intramolecular interactions that are accompanied by conformational
changes in the enzyme leading to changes in subcellular localization and activity. One of the
hallmarks of PKC activation is enzyme translocation to the plasma membrane, but also to
the other cellular organelles. This translocation leads to the formation of newprotein—protein
and protein-lipid interactions. Focusing on regions of the protein away from the active site,
and which share much less sequence homology, has allowed development of novel reagents
that can function either to activate or inhibit PKC activity in an isoform-specific manner
(Mochly-Rosen, Das, & Grimes, 2012; Gower, Chang, & Maly, 2014).

Fig. 4 summarizes potential mechanisms of targeting PKC6 therapeutically; these are
discussed in more detail below. In general, such approaches can be classified according to
their specific site of action (Mochly-Rosen et al., 2012). Agents that target catalytic activity
of the kinase domain can either bind competitively to the ATP-binding site, or alternatively
may compete for substrate binding (Fig. 4, arrow1). Approaches that target the regulatory
domains may compete for binding (Fig. 4, arrows 2 and 3, Anx V peptide) or mimic the
effects of DAG and lipid binding (Fig. 4, arrow4, ¥-RACK), to either inhibit or activate the
enzyme, respectively. Alternatively, reagents that target protein—protein interactions can be
used to disrupt intramolecular regulatory interactions leading to increased activity, or to
disrupt inter-molecular interactions to reduce activity (6VV1-1). A final option that has
recently been exploited uses knowledge of the specific pathways leading to non-canonical
PKCS activation by inhibiting upstream events such as tyrosine phosphorylation by Abl and
Src to prevent PKCS activation (Fig. 4, arrow 5).

4.1. Targeting kinase activity

Significant efforts have been made to target PKC activity by discovering competitive
inhibitors of ATP binding (Sobhia, Grewal, Bhat, Rohit, & Punia, 2012). The most well
characterized of these are the bisindolylmaleimides (Wilkinson, Parker, & Nixon, 1993)
exemplified by staurosporine, a non-specific pan-kinase inhibitor (Karaman et al., 2008). A
number of efforts have focused on identifying derivatives; these include 7-
hydroxystaurosporine (UCN-01) (Seynaeve, Kazanietz, Blumberg, Sausville, & Worland,
1994) and A-benzoyl-staurosporine (Midostaurin or PKC412) (Propper et al., 2001;
Monnerat et al., 2004). However, these agents display significant off-target effects (Karaman
et al., 2008). Sotrastaurin (AEBQ071), another potent PKC inhibitor (Ki 0.2-3.2 nM), shows
some specificity for PKC 6, PKCa, and PKCg compared to PKC6, PKCe, and PKCn
(Evenou et al., 2009), but it also shows a significant inhibition of many other kinases.
Sotrastaurin inhibits T-cell activation by peptide-MHC and CD28 co-stimulation in a PKC-
dependent manner (Evenou et al., 2009; Wagner et al., 2009) and is currently in clinical
trials for liver transplantation (Matz et al., 2011) and renal transplantation (Kovarik et al.,
2011).
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Efforts to identify more isoform selective inhibitors of PKC led to the discovery of inhibitors
that were selective for PKCp. This included enzastaurin (Graff et al., 2005; Lee et al., 2008;
Neri et al., 2008), which shows a 3- to 5-fold selectivity for PKCP over other PKC isoforms
but also inhibits other kinases. Enzastaurin is currently in clinical trials, either alone or in
combination with conventional chemotherapies for malignant gliomas and pediatric brain
tumors (Kilburn et al., 2015; Odia et al., 2015). Ruboxistaurin (RBX:LY333531) is another
inhibitor shown to inhibit PKCB 10-100x more selectively than other isoforms, and with
minimal toxicity (Danis & Sheetz, 2009). Preliminary clinical trials suggested potential
efficacy to reduce loss of vision in patients with diabetic retinopathy; however, subsequently
it appears that the overall effect was very small (Deissler & Lang, 2016).

Efforts to develop novel PKCS inhibitors using different scaffolds have met with limited
success. A notable example is rottlerin, which was initially described as a selective inhibitor
for PKC8 (Gschwendt et al., 1994). However, it was ultimately demonstrated that rottlerin
could inhibit multiple kinases and was not selective for PKC8 (Soltoff, 2007). Recently,
Faller and Williams et al. used computational pharmacophore modeling of the interactions of
rottlerin and staurosporine with the kinase domains of PKC to develop novel PKCS selective
inhibitors (Chen et al., 2011, 2014; Takashima et al., 2014). These chimeric hybrid inhibitors
were designed to retain the features of rottlerin that give it the apparent specificity over other
PKC isozymes, while retaining features of staurosporine (and other general inhibitors) that
make it a potent inhibitor. The third-generation compound (BJE106) targets PKC8& with an
ICsq of 50 nM and shows a 1000-fold selectivity for PKC6 over PKCa (ICsq 50 UM)
(Takashima et al., 2014). These inhibitors were effective in suppressing growth of NRAS
mutant melanoma cell lines, and this was mediated by caspase-dependent apoptosis.
Furthermore, they showed that these inhibitors were also effective in inducing cell death in
BRAF-mutant melanomas that had evolved resistance to BRAF inhibitors, suggesting a
potential clinical application (Takashima et al., 2014).

A recurrent theme is that almost all kinase inhibitors that function by competing for ATP
binding exhibit significant off-target effects (Karaman et al., 2008). To overcome these
issues, an alternative approach has been developed that uses bisubstrate and bivalent
inhibitors that target different regions of the kinase (reviewed in Gower et al., 2014). This
approach was first developed for PKC by Ricourt et al., where they linked a pseudosubstrate
peptide with a 5-isoquinolinylsulfonyl ATP-competitive inhibitor (Ricouart, Gesquiere,
Tartar, & Sergheraert, 1991) and showed a 67-fold increase in potency versus the 5-
isoquinolinylsulfonyl inhibitor alone. Subsequent efforts to target other isoforms of PKC
show modest selectivity that was dependent on the identity of the pseudosubstrate sequence,
which appears to steer the selectivity (van Ameijde et al., 2010).

4.2. Targeting the C1 regulatory domains

Exploration of PKC as a therapeutic target in cancer was initially based on its identification
as the major cellular receptor for tumor-promoting phorbol esters (Castagna et al., 1982;
Kikkawa et al., 1983; Ono et al., 1988; Newton, 1993). Binding to these phorbol esters
occurs through interactions with the C1 domains, which are also involved in binding to DAG
(Burns & Bell, 1991; Quest & Bell, 1994; Kazanietz, Barchi, Omichinski, & Blumberg,
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1995). Subsequently, it was found that these same domains are involved in binding to the
potent antitumor agent bryostatin-1. Bryostatin-1 is a partial agonist of several isoforms of
PKC and leads to activation and translocation to the cell membrane. Paradoxically,
bryostatin-1 can prevent PKC6 membrane translocation and down-regulation in prostate
cancer cells (Szallasi et al., 1994; von Burstin, Xiao, & Kazanietz, 2010). In contrast to
phorbol ester, bryostatin-1 was found to have little tumor promoter activity but instead could
antagonize the effects of tumor promoters (Hennings et al., 1987; Szallasi et al., 1994).
Bryostatin-1 subsequently was shown to significantly inhibit the growth of multiple cancer
cell lines both in vitro and in vivo. It showed promising activity in phase I clinical trials;
however, phase Il trials as a monotherapy were disappointing (Propper et al., 1998; Zonder
etal., 2001; Ajani et al., 2006). However, it has shown improved efficacy in combination
therapy with other cytotoxic agents in advanced esophageal, gastric, or gastroesophageal
cancers (Ajani et al., 2006; Ku et al., 2008; Barr et al., 2009) and in B-cell non-Hodgkin
lymphoma (Barr et al., 2009). PKC activation also plays a critical role in Alzheimer’s
disease (Savage et al., 1998) and AIDs (Roebuck, Gu, & Kagnoff, 1996), and bryostatin-1 is
being investigated for the treatment of these diseases. The limited availability of bryostatin-1
and the complex synthesis has impeded more extensive studies. Significant efforts are
underway to synthesize more accessible analogs with similar activity (Wender et al., 2011).

4.3. Disrupting protein—protein interactions to modulate PKC activity

Targeting PKC activity in an isoform-specific manner through the kinase or C1 regulatory
domains has significant challenges because of the high degree of sequence and structural
homology that exist between the different isoforms. Recognizing that different isoforms of
PKC have isoform specific interactions, both through intramolecular regulatory interactions
but also as part of inter-molecular targeting effects, led to efforts to understand the nature of
these interactions. Early studies used peptides as tools to probe the mechanisms and
functional consequences of these various protein—protein interactions, but it soon became
apparent that peptides capable of mimicking or interfering with these important regulatory
and scaffolding interactions could be useful of themselves as potential therapeutic
molecules.

The Mochly-Rosen group pioneered the development of peptide agonists and antagonists as
a way to modulate PKC activity in an isoform-specific manner (reviewed in Budas,
Koyanagi, Churchill, & Mochly-Rosen, 2007; Churchill et al., 2009; Qvit & Mochly-Rosen,
2010). The activity of PKC is regulated via intramolecular interactions of the kinase domain
with the regulatory domains that maintain the enzyme in an inactive state. Following
activation, these regulatory domains become available to make interactions with scaffolding
partners, or RACKSs, that regulate the unique subcellular localizations (Mochly-Rosen, 1995;
Budas et al., 2007). Mochly-Rosen and colleagues used a number of criteria to identify
peptides that could potentially disrupt such protein—protein interactions (reviewed in Budas
et al., 2007). They reasoned that scaffolding interactions with RACKSs and other cellular
partners should occur at specific sites, and that regions of PKC that shared homology with
regions of the RACK could form similar interactions within the inactive state of the enzyme
and function as auto-inhibitory sequences. Therefore, peptides derived from PKC that have
sequence similarity to the RACK protein, termed pseudo-RACK (¥-RACK) peptides, could
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compete for the intramolecular interaction to activate the enzyme. Similarly, peptides
derived from the RACK protein itself, or regions of PKC known to interact with the RACK,
could prevent scaffolding interactions and thus inhibit PKC activity. This led to the
identification of number of specific peptides that can function as isoform-specific inhibitors
and which have potential therapeutic relevance. The §V1-1 peptide (aa8-17 of PKCS,
KAI-9803 or delcasertib), which has a thousand-fold selectivity for PKCS8 over other
isoforms, was shown in animal models to reduce infarct size when given during reperfusion
following myocardial infarction (Inagaki et al., 2003; Qvit & Mochly-Rosen, 2014).
However, the §VV1-1 peptide did not show any significant effect in phase 11 trials in humans
(Lincoff et al., 2014). A similar peptide derived from the C2 domain of PKCe, eV1-2 (aa
14-21, KAI-1678), has a 100-fold selectivity for PKCe over other enzymes and showed
efficacy in animal models for prevention of heart failure (Inagaki, Koyanagi, Berry, Sun, &
Mochly-Rosen, 2008) and for the inhibition of inflammatory pain (Sweitzer et al., 2004), but
again did not show any significant effect in human clinical trials (Cousins, Pickthorn,
Huang, Critchley, & Bell, 2013; Moodie, Bisley, Huang, Pickthorn, & Bell, 2013).

Other studies have targeted the interaction of PKC6 with HSP27 to sensitize cancer cells to
apoptosis (Kim et al., 2007; Lee et al., 2011). A heptapeptide (HEPT) based on the PKC8
catalytic V5 (PKC&-V5) region (FEQFLDI) was shown to inhibit the interaction of HSP27
with PKCS and to restore HSP27-mediated radio- or chemoresistance in human lung and
breast cancer cells (Kim et al., 2007; Lee et al., 2011). Fourteen treatments with HEPT
(100mg/kg of body weight given intravenously) in mice did not induce toxicity during a 2-
month examination (Lee et al., 2011). However, detailed in vivo studies of tumor targeting
or therapeutic effects of the abolition of radio- and chemoresistance were not performed.

Scaffolding interactions with RACKs, AKAPs, and other cellular proteins clearly play
important roles in regulating PKC activity and provide additional opportunities for targeting
PKC in diseases. For example, the apoptotic activity of PKCS6 in LnCaP cells in response to
doxorobuicin and phorbol esters is negatively regulated by an association with the Golgi/ER
protein p23/Tmp21 (Wang et al., 2011). The association of PKC8 with p23/TMP21 occurs
through its C1b domain, and mutations in the C1b domain that disrupt this interaction, or
alternatively knockdown of p23, dramatically increase cell death (Wang et al., 2011). Other
C1 domains, including C1 domains in PKCe, PKCB, and the RacGAP f also interact with
p23/Tmp21 through their C1 domains (Wang & Kazanietz, 2010). This suggests that the
discovery of peptides or small molecules that could disrupt this interaction could have
potential therapeutic applications.

4.4. Inhibiting signaling pathways upstream of PKCS§ activation

Patients undergoing cancer treatment will typically be subjected to chemo- and radiation
therapy either as solo or combined modalities. Although the goal of such treatments is to
eradicate the tumor, most patients also suffer debilitating damage to non-tumor tissue, which
can impact their quality of life and in some cases limit the duration of therapy (Vissink et al.,
2010). We have shown that PKC&—/- mice are protected from IR-induced damage to the
salivary gland, suggesting that the inhibition of PKC8& may be an attractive strategy for
protection of non-tumor tissues (Humphries et al., 2006). In support of this, Arany et al.
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have shown that depletion of PKCS in the salivary gland using siRNA-coupled nanoparticles
can protect against IR-induced loss of salivary gland function (Arany et al., 2012; Arany,
Benoit, Dewhurst, & Ovitt, 2013), while Pabla et al. report that loss of PKCS leads to
reduced damage to the kidneys of mice treated with cisplatin for GI cancer (Pabla et al.,
2011).

As tyrosine phosphorylation initiates pro-apoptotic signaling by PKCS, we proposed that
inhibiting the tyrosine kinases that mediate this step may suppress apoptosis in the salivary
gland. We show that phosphorylation of PKCS at Y64 and Y155, nuclear accumulation of
PKCS, and apoptosis can be specifically inhibited by pre-treatment with tyrosine kinase
inhibitors such as dasatinib and imatinib (Wie et al., 2014). Importantly, suppression of
apoptosis in mice treated with irradiation to the head and neck is coupled with protection of
salivary function in vivo (Wie and Reyland, unpublished data). Many tyrosine kinase
inhibitors are FDA approved for cancer therapy; hence, these drugs could potentially be
quickly transitioned into the clinic for use in patients receiving radiation therapy. Our
findings provide a rationale for future clinical trials to investigate TKIs as a radioprotective
therapy.

5. Conclusions

Over the past 40 years, our understanding of how the PKC family, and PKCS specifically, is
regulated has expanded tremendously. For instance, it is now appreciated that in addition to
canonical lipid-regulated activation, many non-canonical mechanisms, including protein—
protein interactions and tyrosine phosphorylation, regulate kinase activation. Furthermore,
the ubiquitous expression of PKCS suggests that its activation is highly regulated and that
target specification must depend on interactions with other signaling and scaffolding
proteins. Given the paucity of genetic alterations in PKCS, altered expression, subcellular
localization or activation of PKC8 may contribute to human diseases. Thus, strategies that
directly alter PKCS activity, or that regulate PKCS activation, are likely to be useful
therapeutically. The development of novel therapeutics for targeting PKCS8 and other PKC
isoforms may have wide applications for the treatment of cancer and other diseases.

Abbreviations

PKC Protein kinase C

PKC8 Protein kinase C-6

TPA 12- O+etradecanoylphorbol-13-acetate
DAG Diaclyglyerol

RACK Receptor for activated C-kinase

AKAP A-kinase anchoring protein
ATM Ataxia telangiectasia mutated

ERK Extracellular regulated kinase
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MAPK Mitogen-activated protein kKinase

JNK ¢-Jun N-terminal kinase
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Fig. 1.

Plgc family members: Schematic representation of PKC domain composition among PKC
isoform sub families. Pseudosubstrate (PS); lipid binding domain (C1-domain); Ca**
binding domain (C2-domain); ATP-binding domain (C3-domain); kinase domain (C4-
domain); protein interaction domain (PB1). For novel PKC isoforms, the C2 domain is non-
functional (nf). See text for additional information.

Pharmacol Ther. Author manuscript; available in PMC 2017 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Reyland and Jones

Page 31

—~. Eb
\ apoptotic stimulus /m® mitochondria

Fig. 2.
Mechanisms of PKCS activation. PKCS is maintained in an inactive state through a series of

interactions between the kinase and regulatory domains (C1, C2a, and C1b). Activation can
occur through multiple pathways. In response to generation of DAG PKCS translocates to
cellular membranes (arrowl). This may occur through interaction with scaffolding proteins
such as RACKSs (also AKAPs, C-KIPS, and p23/Tmp21; see text for more information). In
some cases, translocation requires interactions with other cellular factors such as Annexin V
(arrows 2 and 3). Non-canonical activation of PKCS can result from upstream activation of
Abl resulting in increased phosphorylation of Y155 (pY) in the Cla domain, which results in
phosphorylation of Y64 (C2 domain) by Src kinase (arrow 4). This exposes a nuclear
localization sequence that binds importin-a leading to nuclear import (arrows 5 and 6).
Alternatively, PKC can traffic to mitochondria through interactions with HSP family
members and Abl (arrow 6).
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Fig. 3.

PKCS: Functionally important motifs for apoptosis. Y64 and Y155 are known to be required
for nuclear import in response to apoptotic signals. Other tyrosine residues known to be of
functional importance are also shown. The nuclear localization signal (NLS) in the V5
region is highlighted in blue. Caspase cleavage in the hinge region releases a constitutively
active, nuclear-targeted form of PKCS. See text for details.
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Fig. 4.
Methods to target PKCS activity. Activated PKC can be targeted with small molecule ATP-

binding antagonists or substrate competitors (arrowl). Alternative strategies to overcome
off-target effects have focused on disrupting intra- and intermolecular interactions. Peptides
derived from inter-molecular binding partners, including Annexin V can disrupt interactions
by binding to the C2 and V5 domains and prevent appropriate trafficking and activation
(arrows 2 and 3). While peptides derived from PKCS such as the §VV1-1 peptide can bind to
the target protein (e.g., RACKSs) and prevent activation. Conversely, the pseudo-rack y6-
RACK peptide derived from the C2-domain appears to disrupt regulatory interactions that
maintain the kinase in the inactive state which leads to kinase activation (arrow 4). More
recently targeting the upstream kinases (Abl and Src) required for non-canonical activation
can also prevent PKC6 activation and protect against irradiation-induced cell death (arrow
5).
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