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Abstract

Protein kinase C (PKC) isozymes belong to a family of Ser/Thr kinases whose activity is governed 

by reversible release of an autoinhibitory pseudosubstrate. For conventional and novel isozymes, 

this is effected by binding the lipid second messenger, diacylglycerol, but for atypical PKC 

isozymes, this is effected by binding protein scaffolds. PKC shot into the limelight following the 

discovery in the 1980s that the diacylglycerol-sensitive isozymes are ‘receptors’ for the potent 

tumor-promoting phorbol esters. This set in place a concept that PKC isozymes are oncoproteins. 

Yet three decades of cancer clinical trials targeting PKC with inhibitors failed and, in some cases, 

worsened patient outcome. Emerging evidence from cancer-associated mutations and protein 

expression levels provide a reason: protein kinase C isozymes generally function as tumor 

suppressors and their activity should be restored, not inhibited, in cancer therapies. And whereas 

not enough activity is associated with cancer, variants with enhanced activity are associated with 

degenerative diseases such as Alzheimer’s disease. This review describes the tightly controlled 

mechanisms that ensure PKC activity is perfectly balanced and what happens when these controls 

are deregulated. PKC isozymes serve as a paradigm for the wisdom of Confucius: “to go beyond is 

as wrong as to fall short.”
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Introduction

The discovery of protein kinase C solved a 25-year long mystery of how agonists that 

promote lipid hydrolysis alter cell physiology (Figure 1). In a story that involves a 

transatlantic boat crossing carrying test tubes of 32P-labeled samples (Hokin LE 1987), 

Hokin and Hokin unearthed the first clue that cells use lipids to transduce information. Their 

finding that cholinergic stimulation of pancreatic slices promoted the incorporation of 32P 

from radiolabeled ATP into phospholipids (Hokin MR and Hokin 1953) initiated a flurry of 

research into stimulus-dependent lipid turn-over. It became quickly apparent that the 

phosphoinositides were hydrolyzed in response to a plethora of extracellular signals to 
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generate two critical second messengers, the lipid backbone diacylglycerol and the water-

soluble headgroup inositol trisphosphate (IP3), which was eventually shown to directly 

elevate intracellular Ca2+ (Michell 1975; Streb et al. 1983). However, the effector enzyme 

coupled to this lipid signaling pathway remained elusive.

PKC Family and Regulation

The path from an unknown activity in brain fractions to a branch on the kinome

Protein kinase C was discovered by Yasutomi Nishizuka and colleagues at Kobe University 

as a histone and protamine phosphorylating activity in fractions of bovine and rat brain. 

Because the only requirement for activity was Mg2+, the new kinase was initially named 

protein kinase M (PKM) (Inoue et al. 1977; Takai et al. 1977). With the realization that 

PKM could be generated by Ca2+-dependent proteolysis, the race was on to identify the pro-

enzyme. Two years later, the Kobe group discovered that the activity of the parent enzyme 

was stimulated by extracts of brain phospholipids, namely phosphatidylserine (Takai, 

Kishimoto, Iwasa, Kawahara, Mori, Nishizuka 1979), and a ‘trace impurity’ which was very 

quickly thereafter identified as diacylglycerol (Takai, Kishimoto, Kikkawa, et al. 1979). This 

conclusively identified the new kinase as the missing link from agonist-evoked lipid 

hydrolysis to alterations in cell physiology (Takai, Kishimoto, Kikkawa, et al. 1979). The 

pro-enzyme was named Ca2+-phospholipid-dependent protein kinase, or protein kinase C 

(PKC) (Takai, Kishimoto, Iwasa, Kawahara, Mori, Nishizuka 1979; Takai, Kishimoto, 

Iwasa, Kawahara, Mori, Nishizuka, et al. 1979). Huang and coworkers then showed that this 

brain-isolated PKC resolved into three distinct species on hydroxylapatite columns, which 

they named Types I, II, and III, introducing the idea that PKC comprised multiple isozymes 

(Huang et al. 1986). In 1986, PKCα, β, and γ (corresponding to Types III, II, and I, 

respectively) were cloned and shown to have a similar domain structure, consisting of 

conserved domains 1, 2, 3, and 4 (C1, C2, C3, and C4) interspersed with variable regions 

(Coussens et al. 1986; Knopf et al. 1986; Parker et al. 1986); this domain structure defines 

the subfamily of conventional PKC isozymes. Shortly thereafter, a class of isozymes with a 

slightly different domain composition were cloned: this class was named the novel PKC 

isozymes (Ohno et al. 1988) and represents the Ca2+-independent but diacylglycerol-

dependent isozymes (δ, ε, η, θ). At the same time, PKC isozymes whose activity depended 

on neither Ca2+ nor diacylglycerol, but was stimulated by phosphatidylserine (Nakanishi H 

and Exton 1992), were cloned (Ono et al. 1988; Ono et al. 1989); this class was named the 

atypical PKC isozymes and comprises PKCζ and PKCι/λ (human/mouse) (Nishizuka 

1992). By 1992, there were nine mammalian PKC genes (Nishizuka 1992), which evolved 

from the single Pkc1 (corresponding not to PKC, but to the closely related PKN in mammals 

(Roelants et al. 2017)) in Saccharomyces cerevisiae (Levin et al. 1990; Watanabe et al. 

1994). Determination of the human kinome established that nine was, indeed, the total 

number of genes in the PKC family and verified that protein kinase D (PKD) (Valverde et al. 

1994), which had also been named PKCμ (Johannes et al. 1994), was not part of the family 

(Manning et al. 2002). The PKC isozymes belong to the AGC super family of eukaryotic 

protein kinases (Hanks and Hunter 1995) and are perched at the tip of a branch that contains 

Akt, S6 kinase, and PDK-1 (Figure 2A). Splice variants, including the common C-terminal 

splice variants, PKCβI and βII, and a brain-specific variant that encodes only the catalytic 
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domain of PKCζ, PKMζ, increase the number of isoforms (Ono et al. 1987; Hernandez et 

al. 2003; Patel et al. 2006).

Domain Composition of PKC Isozymes

All PKC isozymes share a common architecture of an N-terminal regulatory moiety 

(approximately 35 kDa) linked by a hinge region to a C-terminal kinase domain 

(approximately 45 kDa) (Figure 2B). The regulatory moiety of all PKC isozymes contains 

an autoinhibitory pseudosubstrate segment whose position in or out of the substrate-binding 

cavity is controlled by second messenger-binding or protein-binding modules specific to 

each PKC subclass.

Pseudosubstrate—The pseudosubstrate is a key molecular switch in the regulation of 

protein kinase C isozymes. It comprises a stretch of basic amino acids resembling the 

consensus substrates sequence but with an Ala at the position of the phosphoacceptor site 

(House and Kemp 1990). The affinity of isolated peptides based on this sequence for the 

kinase domain is relatively weak (0.1–1 μM range (House and Kemp 1987)), but they are 

effective for autoinhibition in the context of the full-length protein because their interaction 

with the kinase domain is intramolecular. Because of this relatively low affinity, 

pseudosubstrate peptides are not effective inhibitors of PKC in cells, even when 

myristoylated (Wu-Zhang et al. 2012). Additionally, there is little selectivity amongst PKC 

isozymes for pseudosubstrate sequences amongst family members, further invalidating the 

use of pseudosubstrate-based peptides for isozyme-specific studies in cells (Kazanietz M. G. 

et al. 1993; Nishikawa et al. 1997). This contrasts with PKI, the inhibitory peptide for 

protein kinase A (PKA), which binds its cognate kinase with high specificity and nM affinity 

and thus can be used to effectively inhibit PKA in cells (Scott et al. 1986).

C1 domains—All PKC isozymes contain either one or two C1 domains with no (atypical 

PKC isozymes), low (conventional PKC isozymes), or high (novel PKC isozymes) affinity 

for diacylglycerol. Conventional and novel PKC isozymes have tandem C1 domains (C1A-

C1B). Whereas isolated domains both bind diacylglycerol, only one domain binds in the 

context of the full-length protein. This was established by Scatchard plot analyses which 

revealed that the stoichiometry of binding of diacylglycerol, or its functional analogues, the 

phorbol esters, is one mole ligand per mole PKC (Kikkawa et al. 1983; König et al. 1985). 

Additionally, bisfunctional phorbols are ineffective at engaging both domains, consistent 

with one C1 domain binding ligand in a physiological context (Giorgione J et al. 2003). For 

the conventional PKCβII and the novel PKCδ, mutagenesis studies have revealed that the 

primary diacylglycerol sensor is the C1B domain (Szallasi et al. 1996; Pu et al. 2009; Antal 

et al. 2014). Of note, PKD also has tandem C1 domains with the C1B domain being the 

relevant diacylglycerol sensor in the context of the full-length protein (Iglesias et al. 1998). 

The C1B domain of novel PKC isozymes binds diacylglycerol with two orders of magnitude 

higher affinity than the C1B of conventional PKC isozymes, allowing novel PKC isozymes 

to respond to agonist-evoked increases in diacylglycerol alone, whereas conventional PKC 

isozymes also need increases in intracellular Ca2+ (Giorgione JR et al. 2006). This 

differential affinity is tuned by a single amino acid in one of the ligand-binding loops of the 

C1B domain: when present as a Tyr (conventional isozymes), diacylglycerol affinity is low 
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and when present as a Trp (novel isozymes), diacylglycerol affinity is high (Dries et al. 

2007). NMR studies have recently revealed that Trp restricts the dynamics of the ligand-

binding loops of the domain, with the more closed pocket favouring binding to 

diacylglycerol; Tyr permits increased movement and disfavours binding of the small 

diacylglycerol ligand (Stewart and Igumenova 2017). The larger phorbol ester is not 

influenced as much by these loop dynamics. Note that a Trp is present in this affinity-

toggling position of all PKC C1A domains, the module that appears to be masked in the full-

length protein. Atypical PKC isozymes have just one C1 domain and it is not a 

diacylglycerol sensor; a ring of basic residues surrounding the binding cleft precludes ligand 

binding (Kazanietz Marcelo G. et al. 1994; Pu et al. 2006). The C1 domain of atypical PKC 

isozymes also immediately follows the pseudosubstrate segment and functions as part of the 

autoinhibitory segment (Graybill et al. 2012).

C2 domain—Conventional PKC isozymes have a Ca2+-sensing C2 domain. Binding of 

Ca2+ to an Asp-lined binding pocket localizes the domain to the plasma membrane via 1] 

bridging of the C2-bound Ca2+ to anionic phospholipids and 2] interaction of a basic face in 

the C2 domain with phosphatidylinositol-4,5-bisphosphate (PIP2), a lipid localized to 

plasma membrane (Nalefski E. A. et al. 2001; Kohout et al. 2002; Corbalan-Garcia et al. 

2003; Sanchez-Bautista et al. 2006; Igumenova 2015; Morales et al. 2016). Novel PKC 

isozymes have a ‘novel’ C2 domain that does not serve as a Ca2+ or plasma membrane 

sensor: it lacks acidic residues that coordinate Ca2+ and basic residues that bind PIP2. 

Interestingly, novel C2 domains contain the same β-strand fold as conventional C2 domains, 

but it is circularly permutated, such that the N- and C- termini are at different positions in 

the fold (Nalefski Eric A. and Falke 1996). The C2 domain has also been identified to 

function as a phospho-Tyr binding module in PKCδ (Benes et al. 2005).

PB1 domain—Atypical PKC isozymes contain a PB1 domain that mediates binding to 

protein scaffolds. Engagement to binding partners such as p62 and Par6 serves the same 

function as diacylglycerol binding to the C1 domain of conventional and novel PKC 

isozymes: the interaction disengages the pseudosubstrate from the substrate-binding cavity, 

resulting in kinase activation. Thus, atypical PKC isozymes are constitutively active when 

bound to protein scaffolds via PB1 domain interactions (Graybill et al. 2012; Tsai et al. 

2015; Tobias and Newton 2016).

Kinase domain—The kinase domain of PKC isozymes is structurally similar to that of the 

archetypal kinase, protein kinase A (PKA), containing all the hallmark motifs, regulatory 

spines, and community networks that tune the catalytic step (Taylor and Kornev 2011). The 

catalytic rate of PKCβII is a few reactions per second (Johnson et al. 1997), comparable to 

the ‘average’ of 10 reactions per second for enzymes (Bar-Even et al. 2011) and slightly 

lower than that of PKA (20 reactions per second (Zhou and Adams 1997)); atypical PKC 

isozymes are exceptionally slow enzymes, catalyzing approximately 0.1 reactions per 

second (Tobias et al. 2016). Compared with its close cousins PKA and Akt, PKC isozymes 

do not have a strong consensus phosphorylation motif beyond the requirement for basic 

residues. Studies using an oriented peptide library to determine optimal peptide sequences 

phosphorylated by protein kinase C have confirmed the importance of basic residues at 
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either amino- or carboxyl-terminal ends of the phosphoacceptor site, showing particular 

importance of a basic residue at the P-3 position (Songyang et al. 1994). In addition, a 

hydrophobic residue at the P+1 position markedly enhances recognition by protein kinase C. 

Nonetheless, the selectivity for specific residues is modest and differences in preferences 

between isozymes are generally subtle. Thus, as noted above under Pseudosubstrate, peptide 

substrates based on the pseudosubstrate segment of one isozyme are generally effective 

substrates for other isozymes in vitro (Kazanietz M. G. et al. 1993; Songyang et al. 1994). 

Although the similarity in active site architecture has made it difficult to develop specific 

inhibitors, the bisindolylmaleimides Gö6983, which inhibits conventional and novel PKC 

isozymes, and Gö6976, which inhibits conventional PKC isozymes (but also protein kinase 

D), are effective tools for cellular studies (Wu-Zhang and Newton 2013). Note that PKC 

isozymes bound to protein scaffolds are generally refractory to ATP competitive inhibitors 

such as Gö6983 and Gö6976, but are effectively inhibited by BisIV, an uncompetitive 

inhibitor with respect to substrates (Hoshi et al. 2010). PZ09 is a small molecule inhibitor 

that effectively inhibits atypical, but not conventional or novel, PKC isozymes (Trujillo et al. 

2009; Tobias and Newton 2016).

C-terminal tail—The C-terminal tail is a key regulatory element of AGC kinases, serving 

both as a tether to structure determinants in the kinase domain and as a docking surface for 

regulatory proteins (Kannan et al. 2007). It wraps from the bottom of the C-terminal lobe up 

and over the N-terminal lobe (see inset in Figure 3), serving to structure the catalytic core, 

facilitate ATP binding, and promote substrate binding (Kannan et al. 2007). One of the key 

structural features of the C-terminal tail is a conserved PXXP motif which interacts with a 

conserved Tyr in the αE-helix of the kinase domain to create a binding surface for Hsp90 

and its co-chaperone Cdc37, an interaction that is required for PKC to undergo priming 

phosphorylations (Gould et al. 2009). The C-terminal tail contains two highly conserved 

phosphorylation sites, the turn motif and hydrophobic motif, whose phosphorylation is 

required for the stability of PKC (Bornancin and Parker 1997; Edwards and Newton 1997). 

In addition, it serves as the docking site for the upstream kinase PDK-1 (Gao T et al. 2001), 

the prolyl isomerase Pin1 (Abrahamsen et al. 2012), the heat shock protein Hsp70 (Gao T 

and Newton 2006), and the mTORC2 component, Sin1 (Cameron et al. 2011). Deletion of 

the C-terminal tail prevents the generation of functional PKC (Yeong et al. 2006). Although 

the C-terminal tail is intrinsically disordered as an isolated peptide in solution, it has a 

propensity to adopt a helical structure upon interaction with detergent:lipid mixed micelles, 

leading Igumenova and colleagues to propose that the C-terminal tail serves as a membrane 

tether during the maturation process of PKC (Yang and Igumenova 2013).

Maturation of PKC

All PKC isozymes are processed by a series of ordered phosphorylations that occur shortly 

after biosynthesis to yield a stable, autoinhibited enzyme that is primed to respond to second 

messengers. Studies with the conventional PKCβII have established that newly-synthesized 

enzyme is in an open conformation in which the membrane-targeting modules are exposed 

and the pseudosubstrate is not engaged in the kinase domain (Figure 3). The molecular 

chaperone Hsp90 binds this open PKC via a conserved PXXP motif in the C-terminal tail 

(see above) to allow PKC to become phosphorylated (Gould et al. 2009). The 
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phosphoinositide-dependent kinase, PDK-1 binds the C-terminus of newly-synthesized and 

‘open’ PKC (Newton 2010) to phosphorylate a highly-conserved Thr (Thr500 in PKCβII) on 

the activation loop, a segment near the entrance to the active site to position key 

determinants that control catalysis (Parker and Parkinson 2001; Taylor and Kornev 2011). 

This phosphorylation triggers two tightly-coupled phosphorylations in the C-terminal tail, 

the turn motif (containing the segment LTP in conventional and atypical PKC isozymes and 

LS/TX in novel isozymes; Thr641 in PKCβII) and the hydrophobic motif (with the 

consensus motif FXXFSF/Y; Ser660 in PKCβII). Pulse chase experiments reveal that the C-

terminal modifications, which result in distinct electrophoretic mobility shifts, occur with a 

half-time of approximately 15 minutes after biosynthesis (Borner et al. 1989; Keranen et al. 

1995; Sonnenburg et al. 2001). The C-terminal modifications depend on 1] the intrinsic 

catalytic activity of PKC, which in vitro, autophosphorylates by an intramolecular reaction 

at the hydrophobic motif (Behn-Krappa and Newton 1999), and 2] the kinase complex 

mTORC2 (Sarbassov et al. 2004; Ikenoue et al. 2008). The fully-phosphorylated enzyme 

undergoes conformational transitions to adopt an autoinhibited conformation in which the 

pseudosubstrate is now tucked in the substrate-binding cavity and the C1 and C2 domains 

become masked. The crystal structure of full-length PKCβII (Leonard et al. 2011) revealed 

an additional function of the C2 domain in clamping over the kinase domain of autoinhibited 

PKC, locking the pseudosubstrate segment in the substrate-binding cavity and ensuring 

minimal signaling in the absence of activators (Antal, Callender, et al. 2015). Effective 

autoinhibition also depends on intact C1 domains, in particular the C1A, which immediately 

follows the pseudosubstrate segment (Sommese et al. 2017). In this autoinhibited 

conformation, the phosphorylation sites are protected from dephosphorylation and the 

enzyme is relatively resistant to degradation. Disruption of any of the mechanisms that allow 

phosphorylation, such as reducing the binding of Hsp90, inhibiting mTORC2, removing 

PDK-1, or preventing autophosphorylation by kinase-inactivating mutations in PKC, results 

in the degradation of PKC; thus, enzyme does not accumulate in cells. PKC matured by 

these phosphorylation events is the species that accounts for almost all the PKC in the cell, 

and it is this species that is activated by lipid hydrolysis to transduce signals.

Novel PKC isozymes are also phosphorylated by PDK-1 at the activation loop (Cenni et al. 

2002), but only PKCε requires mTORC2 for processing phosphorylations (Facchinetti et al. 

2008; Ikenoue et al. 2008). Thus, PKCδ, PKCη, and PKCθ mature into fully-phosphorylated 

and stable enzymes in cells lacking mTORC2, in striking contrast to conventional PKC 

isozymes and PKCε which do not become phosphorylated and thus are degraded 

(Facchinetti et al. 2008; Ikenoue et al. 2008). PKCδ is unusual in that it is the only PKC 

reported to be active when expressed in bacteria, albeit with low activity (Stempka et al. 

1997); whether this is a result of not requiring mTORC2 for processing remains to be 

determined.

Atypical PKC isozymes are also constitutively phosphorylated, but their mechanism of 

phosphorylation differs in a few key aspects from that of the diacylglycerol-sensitive 

isozymes (Tobias et al. 2016). Similar to what occurs for their close cousin Akt (Facchinetti 

et al. 2008), atypical PKC isozymes are co-translationally phosphorylated at the turn motif 

by ribosome-associated mTORC2. This phosphorylation at the turn motif is followed by 

constitutive phosphorylation at the activation loop by PDK-1. These are the only known 
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processing phosphorylations on atypical PKC isozymes as they have a Glu at the position of 

hydrophobic motif phosphorylation site of the other PKC isozymes.

In addition to the priming phosphorylations at the activation loop and C-terminal sites, it is 

clear from unbiased mass spectrometric analyses that PKC has an abundance of other post-

translational modifications (Freeley et al. 2011; Hornbeck et al. 2012). These include Tyr 

phosphorylation sites, first noted by Nishizuka and coworkers (Konishi et al. 1997), 

additional Ser/Thr phosphorylation sites, and acetylation and ubiquitination sites. Whether 

any of these function as ‘priming’ events remains to be established.

Reversible Activation of PKC

Once processed by phosphorylation, PKC localizes in the cytosol in an autoinhibited and 

stable conformation that is poised to respond to second messengers. Importantly, masking of 

the C1 domains provides an effective mechanism to suppress signaling in the absence of 

agonists (Antal et al. 2014). PIP2 hydrolysis to generate Ca2+ and diacylglycerol results in a 

two-step activation for conventional PKC isozymes. First, binding of Ca2+ to the C2 domain 

recruits these isozymes primarily to the plasma membrane: Ca2+ binds an Asp-lined mouth 

in the C2 domain such that upon a diffusion-controlled encounter with the plasma 

membrane, a bridge with anionic phospholipids is formed, thus selecting a conformation in 

which the C2 is displaced from the kinase domain. This exposes a PIP2-binding basic face 

that is masked in the autoinhibited conformation. The interaction of this basic face with 

PIP2, a lipid restricted to plasma membrane, localizes conventional PKC isozymes to plasma 

membrane. Second, the C1B domain then engages its membrane-embedded ligand, 

diacylglycerol, prompting a second conformational change that expels the pseudosubstrate 

from the substrate-binding cavity (Orr et al. 1992; Newton and Johnson 1998). This 

membrane translocation is a hallmark of PKC (see video in Supplemental Figure 1), with the 

on-rate reflecting the kinetics of the Ca2+ rise and the off-rate dictated by the kinetics of 

diacylglycerol decay (Gallegos et al. 2006). Pioneering technologies by Roger Tsien and 

colleagues led to the development of fluorescence resonance energy transfer (FRET) 

reporters to measure the spatiotemporal dynamics of PKC signaling in live cells (Violin et 

al. 2003).

Novel PKC isozymes are activated by diacylglycerol alone, allowing them to be activated by 

phospholipase C-catalyzed hydrolysis of lipids other than PIP2. Agonist stimulation causes 

their translocation to a variety of intracellular locations, including plasma membrane, Golgi, 

mitochondria, and, in the case of PKCδ, the nucleus. Because they lack a plasma membrane 

sensor, they favor binding to the more abundant Golgi membranes, with the kinetics of 

translocation mirroring the kinetics of diacylglycerol increases at this location. The 

sustained elevation of diacylglycerol at Golgi results in sustained signaling of novel PKC 

isozymes (Gallegos et al. 2006).

Atypical PKC isozymes are regulated by neither Ca2+ nor diacylglycerol. Rather, they are 

regulated by binding of their PB1 domain to the PB1 domains of protein scaffolds such as 

p62 and Par6. Scaffold binding not only positions these PKC isozymes near their substrates, 

but also relieves autoinhibitory constraints by tethering the pseudosubstrate away from the 

substrate-binding cavity (Drummond and Prehoda 2016). In the case of the interaction with 
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p62, the pseudosubstrate of PKCζ is tethered to an acidic surface on the PB1 domain of this 

scaffold, stabilizing the open and active conformation of the kinase (Tsai et al. 2015). 

Similarly, PKCζ is maintained in an open conformation when bound to Par6 (Graybill et al. 

2012; Tobias and Newton 2016). Colocalization of atypical PKC isozymes and substrates on 

protein scaffolds ensures efficient phosphorylation given the exceptionally slow catalytic 

rate of these isozymes.

In addition to second messenger-dependent regulation, several post-translational 

modifications regulate the function of PKC isozymes in an agonist-dependent manner 

(Steinberg 2004; Reyland 2007, 2009). Notably, Src-dependent phosphorylation at positions 

in the regulatory moiety, including the C2 domain, drives PKCδ into the nucleus, where it 

can be cleaved by caspases to commit to an irreversible activation (Humphries et al. 2008). 

Additionally, this isozyme can be converted to a constitutively active enzyme following 

oxidative stress-induced phosphorylation of Tyr311 in the hinge region, forming a docking 

site for its C2 domain: interaction between the hinge and C2 not only disrupts autoinhibitory 

constraints, but promotes the dephosphorylation of Ser357 in the kinase domain, a residue 

whose phosphorylation state tunes selectivity between Ser and Thr (Gong et al. 2016). 

Phosphorylation sites immediately preceding the pseudosubstrate of PKCδ have also been 

identified and shown to enhance lipid-independent activity (Gong et al. 2016). Additionally, 

PKCβII has been shown to autophosphorylate at sites preceding its pseudosubstrate (Flint et 

al. 1990), suggesting a general mechanism for PKC isozymes to sustain signaling. PKCε 
similarly autophosphorylates at several sites in vitro, and interestingly, conventional PKC 

isozymes have been reported to control these modifications in cells (Sommese et al. 2017). 

In the invertebrate Aplysia, autophosphorylation of novel PKCs in the C2 domain is 

important for increased lipid binding and membrane translocation (Pepio and Sossin 2001). 

This role of autophosphorylation in the C2 domain of novel PKCs may be conserved 

through vertebrates as PKCη also has autophosphorylation sites that regulate lipid 

interactions (Littler et al. 2006). Autophosphorylation sites serve as a marker for PKC 

activation, and an autophosphorylation site in the C2 domain of PKCα has been used as a 

dynamic marker in human cancer tissues (Ng et al. 1999). These sites contrast from the 

processing sites (see Maturation of PKC) that are constitutive and not a marker of activity, 

Thus, in addition to reversible activation by binding second messengers, reversible 

phosphorylation may fine tune the function of individual isozymes.

Down-regulation of PKC

Given that PKC is only transiently activated following lipid hydrolysis, it spends most of its 

life in a stable and autoinhibited conformation. Furthermore, at least in the case of PKCα, 

even sustained stimulation by repeated additions of short-chained diacylglycerols to cells 

does not promote any significant turn-over of the protein (Lum et al. 2016). However, potent 

C1 domain ligands, such as phorbol esters or bryostatins (see next section), lock PKC in an 

open (active) conformation on the membrane. This results in their dephosphorylation and 

subsequent degradation, a process referred to as down-regulation (Figure 4C) (Hansra et al. 

1999).
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Studies with the conventional PKCβII have revealed that the first step in phorbol ester-

induced down-regulation is dephosphorylation at the hydrophobic motif, a reaction that is 

catalyzed by the PH domain Leucine-rich repeat Protein Phosphatase, PHLPP (Gao T et al. 

2008). This destabilizes the kinase domain, promoting subsequent dephosphorylation at the 

turn motif and activation loop by PP2A phosphatases, followed by ubiquitination, and 

proteasomal degradation. For conventional PKC isozymes, a Pin1-catalyzed isomerization of 

the phospho-Thr-Pro peptidyl bond of the turn motif converts these isozymes into a species 

that can be readily dephosphorylated, ubiquitinated, and degraded (Abrahamsen et al. 2012). 

Sumoylation also controls the lifetime of PKC: mature (phosphorylated) PKCα is 

sumoylated on a conserved Lys in the kinase domain (Lys65). Dephosphorylation at the 

priming sites reduces sumoylation, which then promotes ubiquitination and thus down-

regulation (Wang Y et al. 2016). Note that the molecular chaperone Hsp70 binds the 

dephosphorylated turn motif, an event that stabilizes PKC and promotes its 

rephosphorylation and re-entry into the pool of signaling-competent enzymes. In contrast, 

atypical PKC isozymes are neither down-regulated by phorbol esters (they do not have a 

ligand-binding C1 domain), nor are they dephosphorylated by PHLPP (they have a Glu at 

the hydrophobic motif phoshoacceptor site).

Downstream Substrates of PKC

Diacylglycerol-sensitive PKC isozymes are activated at membranes and it is thus not 

surprising that a large number of their substrates are membrane proteins. A major function 

of PKC-catalyzed phosphorylations of transmembrane receptors is to suppress their steady-

state levels. One of the earliest identified substrates of PKC was the EGF receptor, whose 

inhibitory phosphorylation on Thr654 was identified by Hunter and colleagues over 30 years 

ago (Hunter Tony et al. 1984). This phosphorylation reduces EGFR tyrosine kinase activity, 

decreases ligand-binding affinity, and promotes internalization of the receptor (Hunter T. et 

al. 1984; Livneh et al. 1987; Livneh et al. 1988; Santiskulvong and Rozengurt 2007). PKC 

also phosphorylates and promotes the internalization of the proto-oncogene HER2 (Ouyang 

et al. 1998).

PKC isozymes also phosphorylate and desensitize an abundance of G-protein coupled 

receptors such as the β-adrenergic (Pitcher et al. 1992), muscarinic (Hosey et al. 1995), 

dopamine (Namkung and Sibley 2004), and histamine (Fujimoto et al. 1999) receptors, 

among many others. Linking their control of both receptor tyrosine kinases and GPCRs, 

PKCα has recently been shown to mediate a feedback inhibition of the EGF receptor 

transactivation induced by Gq-coupled receptor agonists (Santiskulvong and Rozengurt 

2007). PKC isozymes also control the levels of metabotropic glutamate receptors, with 

PKCε regulating the surface expression of mGluR5 (Schwendt and Olive 2017).

In addition to receptors, a large number of transporters, including ABC transporters such as 

P-glycoprotein and solute-like carriers such as the organic cation transporter OCT1 have 

been reported to be phosphorylated by PKC to regulate transport activity, substrate 

specificity, and/or plasma membrane localization. Acute phorbol ester treatment induces the 

internalization of a large number of these transporters, revealing a role in controlling their 

steady-state levels (Mayati et al. 2017). Atypical PKC isozymes also regulate insulin-
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stimulated glucose transport (Bandyopadhyay et al. 1997; Kotani et al. 1998; 

Bandyopadhyay et al. 2000; Bandyopadhyay et al. 2002; Sajan et al. 2006; Farese et al. 

2007).

In addition to suppressing signaling by receptor tyrosine kinases, PKC phosphorylates a 

number of other oncoproteins to suppress their activity. One such target is K-Ras, one of the 

most frequently mutated genes in cancer. PKC was first reported to phosphorylate K-Ras on 

Ser181 in the basic segment of a farnesoyl-electrostatic switch, causing the protein to 

disengage from the plasma membrane (Bivona et al. 2006). Although the role of this specific 

phosphorylation in tumors is unclear (Barcelo et al. 2014), McCormick and colleagues 

subsequently reported that activation of PKC suppresses K-Ras signaling in cancer (Wang 

MT et al. 2015). Strikingly, oral administration to mice of a phorbol ester of very weak 

potency (prostratin (Szallasi and Blumberg 1991)) promoted K-Ras phosphorylation and 

repressed growth in orthotopic models of human pancreatic cancer. PKCα catalyzes an 

inhibitory phosphorylation of another frequently mutated oncoprotein, the catalytic subunit 

of phosphatidylinositol-3-kinase (PI3K), thus suppressing signaling downstream of the 

PI3K/Akt cell survival leg of growth factor signaling (Sipeki et al. 2006). It also inactivates 

Akt by inducing its PP2A-mediated dephosphorylation (Tanaka et al. 2003). Thus, a major 

function of PKC may be to keep oncoproteins in check.

Atypical PKC isozymes phosphorylate a number of substrates co-localized on protein 

scaffolds. Notably, their coordination on the signaling platform Par6 positions them near 

substrates such as the polarity regulators Par3 and Lgl (Lin et al. 2000; Hirose et al. 2002; 

Nagai-Tamai et al. 2002; Betschinger et al. 2003; Plant et al. 2003; Yamanaka et al. 2003; 

Soriano et al. 2016).

Phorbol Esters, Tumor Promotion, and Down-regulation

Phorbol esters

The milky sap exuded by plants of the Euphorbiaceae family is a potent irritant that has been 

used over the millennia for diverse purposes, including poison arrows. The oil from one such 

species, the Croton tiglium plant (see Figure 4A), was used medicinally as a counter-irritant 

and cathartic (Hecker 1968). Classic studies starting in the 1940s established that croton oil 

is a tumor promoter (Berenblum and Shubik 1947): painting a sub-threshold amount of a 

carcinogen such as 7,12-Dimethylbenz[a]anthracene (DMBA) on the skin of mice did not 

result in papilloma formation; however, papillomas developed if the carcinogen treatment 

was followed by repetitive application of croton oil (reviewed in (Griner and Kazanietz 

2007)) (Figure 4B). Indeed in humans, the common use of Croton flavens, one species of 

Euphorbia, for ‘bush tea’ in Curaçao was proposed to be causally related with the high 

incidence of esophageal cancer on this Caribbean island (Weber and Hecker 1978). In the 

late 1960s, the active ingredient was identified as a family of diesters of the tetracyclic 

diterpene phorbol, with varying acyl chains at the C-12 and C-13 positions (Hecker et al. 

1966; Hecker 1978) (Figure 4A). The most potent compound was phorbol 12-myristate 13-

acetate (PMA, also referred to as TPA for 12-0-tetradecanoyl phorbol 13-acetate). The 

highly lipophilic properties of these molecules resulted in their nonspecific intercalation into 

cell membranes, impeding the identification of their receptor. A breakthrough was made by 
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Blumberg and colleagues, who reasoned that a more water-soluble molecule that still 

retained the pharmacophore would facilitate identification of the receptor. Their synthesis of 
3H-phorbol 12,13-dibutyrate (PDBu) revealed specific and saturable binding to cell 

membranes (Driedger and Blumberg 1980; Blumberg et al. 1984). Shortly thereafter, PKC 

was identified as a major receptor for phorbol esters (Castagna et al. 1982). To this day, 

PDBu remains one of the most commonly used tools to modulate signaling pathways in 

cells.

Phorbol esters bind diacylglycerol-sensitive C1 domains in a competitive manner with 

respect to the physiological ligand, diacylglycerol (Sharkey et al. 1984). Thus, they bind all 

conventional and novel, but not atypical, PKC isozymes, as well as PKD, Ras GRPs, and 

other C1 domain-containing proteins (Kazanietz M. G. 2000; Toker 2005). However, unlike 

diacylglycerol, phorbol esters are not readily metabolized and consequently lock PKC in an 

open conformation that is sensitive to dephosphorylation, ubiquitination, and degradation. 

Thus, while phorbol esters cause the acute activation of PKC, this is followed by the chronic 

loss, or down-regulation, of all conventional and novel PKC isozymes (Figure 4C) (Jaken et 

al. 1981; Szallasi et al. 1994). As a result, overnight treatment with phorbol esters was a 

common and effective method to deplete cells of conventional and novel PKC isozymes in 

the era preceding genetic knockdown.

Bryostatins

Bryostatins are macrocylic lactones found in marine bryozoans that compete with phorbol 

esters for binding the C1 domain and activating PKC (Kraft et al. 1986; Wender et al. 1988). 

By locking PKC in the open conformation, they also cause the down-regulation of 

diacylglycerol-sensitive PKC isozymes (see Figure 4). However, their biological effects are 

more variable, and although they can effectively block some of the effects of phorbol esters, 

they do not always mimic phorbol esters (Kraft et al. 1986).

Molecular dynamics simulations reveal that bryostatin 1 and PDBu differentially position 

the PKCδ C1B domain in membranes: bryostatin 1 favors both a shallow and deep 

penetration in the membrane, whereas PDBu only has one free energy minimum and that is 

with the C1B domain embedded deeply in the membrane (Ryckbosch et al. 2017). The 

differential membrane interaction likely contributes to the differences in biological effects 

between bryostatins and phorbol esters.

In the paradigm described above for carcinogen-induced tumor promotion, the repetitive 

application of phorbol esters would be expected to cause a loss of PKC. Indeed, prolonged 

infusion with bryostatin 1, a marine natural product that, like phorbol esters, also bind the 

C1 domain with exceptionally high affinity and down-regulate PKC (de Vries et al. 1988), 

resulted in a significant reduction in the levels of PKCα, PKCε, and PKCη in peripheral 

blood monocytes of patients with advanced metastatic cancers (Marshall et al. 2002). This 

begs the question as to whether the tumor-promoting effects of TPA in the skin 

carcinogenesis models could result from the chronic loss of PKC. Experiments with 

transgenic mice overexpressing specific PKC isozymes suggest that loss of PKC could 

contribute to the tumor-promoting properties of phorbol esters. PKCδ overexpression in the 

epidermis of mice protects them from chemically induced development of squamous 
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carcinomas (Reddig et al. 1999; Aziz et al. 2006); PKCε overexpression in the epidermis 

reduced papilloma burden by 95% compared to wild-type controls, but enhanced carcinomas 

(Reddig et al. 2000). Mice overexpressing PKCα in their epidermis were reported not to 

affect susceptibility to skin tumor promotion (Wang HQ and Smart 1999). Such experiments 

suggest that in the skin tumor carcinogenesis models, the loss (rather than activation) of at 

least one isozyme, PKCδ, promotes papilloma formation.

Further evidence that phorbol ester-dependent loss of PKC could be driving tumorigenesis 

came from studies by Altman and coworkers that showed that long-term treatment of a 

metastatic fibrosarcoma cell line with PDBu, resulting in a 4-fold reduction in PKC activity, 

increased lung tumor formation following intravenous injection of the cells in mice (Isakov 

et al. 1991; Isakov 2017). In contrast, a single short-term exposure to PDBu, shown to 

acutely activate PKC, decreased the cell’s ability to form lung metastasis.

PKC and Cancer

The discovery that PKC is the major receptor for phorbol esters was the genesis of the 

notion that PKC isozymes are oncogenes. At a time when more and more kinases were 

being shown to drive survival pathways, attributing tumor promotion to the hyperactivity of 

PKC was unsurprising. Thus, inhibitors for PKC activity entered clinical trials. Three 

decades later, it became apparent that not only were they not working as anti-cancer drugs, 

but in some cases, PKC inhibitors were worsening patient outcome. Most striking, a meta-

analysis of five clinical trials for non-small cell lung carcinomas revealed worsened patient 

outcome when PKC inhibitors (enzastaurin, an ATP competitive inhibitor, or aprinocarsen, a 

PKCα antisense oligonucleotide) were combined with chemotherapy compared with 

chemotherapy alone (Zhang et al. 2015). Thus, clinical trials unveiled a disconnect between 

the biology of phorbol esters and the presumed function of PKC.

LOF Mutations

The first clue that PKC function may be lost in human cancers was the identification by 

Joubert and colleagues, over 20 years ago, of an inactivating mutation in PKCα in human 

pituitary tumors (Prevostel et al. 1995; Prevostel et al. 2000). This mutation, D294G, 

occurred in the hinge region separating the regulatory and catalytic moieties and abolished 

the targeting of the enzyme to cell-cell contacts, effectively reducing its function (Vallentin 

et al. 2001). It took the advent of whole genome sequencing of tumor and pair-matched 

control samples to realize that this loss-of-function (LOF) mutation in a human cancer was 

not the exception, but rather the rule. Yet numerous studies were consistent with at least this 

isozyme being a tumor suppressor: as early as the 1990s, Black and workers established a 

role for PKCα in suppressing cell growth (Saxon et al. 1994; Frey et al. 1997).

There are now well over 1,000 unique cancer-associated somatic mutations in the PKC 

family annotated in cBioPortal (Gao J et al. 2013). They occur in all PKC isozymes and 

throughout their domain structure. Introduction of approximately 50 of these point 

mutations, throughout the entire PKC family, revealed that two thirds of these cancer-

associated mutations resulted in LOF of PKC, as assessed using live-cell imaging assays of 

PKC activity (Antal, Hudson, et al. 2015). Strikingly, not a single activity-enhancing (i.e. 
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gain-of-function (GOF)) mutation was identified (Antal, Hudson, et al. 2015). Inactivation 

occurred by disabling regulatory inputs to process or activate PKC or by disabling catalytic 

mechanisms. Thus, one class of mutations prevented processing phosphorylations, resulting 

in decreased steady-state levels of the mutant PKC. Another class impeded second 

messenger binding, either by mutations in the C1 domains or in the C2 domain. A third class 

impaired catalysis, most commonly by mutation of highly conserved motifs required for 

catalytic activity such as the hallmark amino acid segments HRD, DFG, or APE (Meharena 

et al. 2013). The recently developed software KinView, which annotates cancer-associated 

protein kinase mutations, identifies many additional LOF mutations in the kinase domain of 

PKC, one of which was validated experimentally (McSkimming et al. 2016). The peppering 

of mutations throughout the domain structure is characteristic of tumor suppressors: in the 

case of PKC, there abundant mechanisms to tune its activity and thus an abundance of ways 

to disrupt function. This contrasts with mutations in oncogenes, which typically target one or 

two key residues to cause constitutive activity. It is noteworthy that mutations that render 

PKC constitutively active destroy the protective advantage of autoinhibition, so such 

mutations are destabilizing and result in PKC degradation and LOF.

In addition to the LOF mutations, neomorphic mutations that disrupt normal signaling by 

redirecting PKC away from physiological substrates, thus potentially engaging novel 

signaling pathways, may also contribute to cancer. Indeed, the mislocalizing mutation 

identified in PKCα may provide such a function (see above; (Prevostel et al. 1995; Prevostel 

et al. 2000)). Additionally, a mutation in PKCγ that alters the substrate specificity of the 

kinase has been identified in lung cancer (Creixell et al. 2015). Also of note, a number of 

fusion proteins in PKC have also been identified in human cancers (Stransky et al. 2014) and 

analysis of one such fusion in PKCε in a thyroid cancer cell line reveals that its impaired 

function protects thyroid cells from apoptosis (Knauf et al. 1999). Lastly, numerous 

truncating mutations or indels (insertions or deletions) in each of the PKC isozymes have 

also been identified. It is now clear that the identification in 1995 of a LOF mutation in a 

PKCα was generally representative of the mutational status of PKC isozymes in cancer.

PKCβII: haploinsufficient and dominant-negative mutations

Genome editing in a colon cancer cell line harboring a mutant PKCβ allele (A509T) 

revealed that this isozyme suppresses anchorage-independent growth in agar and tumor 

growth in a xenograft model, and is haploinsufficient towards these functions. This mutation 

occurred in a mutational ‘warm spot’ in the kinase domain, the APE motif of the activation 

loop: the Glu in this motif forms a highly conserved salt bridge in the eukaryotic protein 

kinase structure whose loss is associated with a number of diseases (Torkamani et al. 2008; 

McClendon et al. 2014). Clonal cell lines made homozygous for wild-type PKCβ had 

greatly reduced anchorage-independent growth, a hallmark of cancer, compared to the 

parental cell line, which was heterozygous for the PKCβ A509T mutation. Furthermore, 

clonal cell lines made hemizygous for PKCβ (by deletion of the A509T mutant allele) 

displayed increased anchorage-independent growth compared to the same cell line made 

homozygous for PKCβ. Thus, one allele of wild-type PKC is considerably less effective than 

two alleles in suppressing anchorage-independent growth, revealing haploinsufficiency; and 

the presence of a mutant allele is even less effective in suppressing growth, revealing the 
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mutant PKCβ is dominant negative. Most strikingly, correction of the mutant allele to wild-

type effectively suppressed tumor growth in a xenograft murine model (Antal, Hudson, et al. 

2015). This cell line also harbored an oncogenic mutation in K-Ras, underscoring the 

dominating tumor suppressive role of PKC, even in the context of one of the most potent 

driver oncogenes.

Many of the inactivating mutations characterized for PKC are dominant negative towards the 

global signaling output of other PKC isozymes (Antal, Hudson, et al. 2015). This dominant 

negative effect on the activity of other PKC isozymes may result from the mutant PKC 

interfering with the phosphorylation of other PKC isozymes, because their phosphorylation 

requires common titratable components (see Figure 3). In support of this, expression of a 

mutant PKC isozyme that was not processed by phosphorylation was shown to impede the 

accumulation of other PKC isozymes both in overexpression studies (Garcia-Paramio et al. 

1998) and by comparison of PKCα levels in cell lines harboring one allele of PKCβ A509T 

vs two wild-type alleles (Antal, Hudson, et al. 2015). One potential candidate for this 

dominant-negative effect is PDK-1, required for the priming phosphorylations of all PKC 

isozymes and reported to be present at 10 nM in HeLa cells, considerably below the sum 

concentration of all the PKC isozymes (>100 nM) (Hein et al. 2015). PDK-1 binds with high 

affinity to the C-tail of unprocessed PKC (Gao T et al. 2001), potentially sequestering it 

from its other functions. Thus, LOF mutations may exert particularly broad effects on 

suppressing oncogenic signaling because of global disruption of signaling by multiple PKC 

isozymes. The consensus emerging from analysis of human cancers is that PKC acts as the 

brakes to oncogenic function: its levels not only tune its signaling output, but inactivating 

mutations are dominant-negative with respect to other PKC isozymes.

Reduced PKC Protein Levels in Human Tumors

A general tumor-suppressive function of PKC begs the question of whether higher PKC 

levels may serve as a predictor for patient survival. Indeed, analysis of clinical data support 

this possibility. Low levels of PKCα expression (both mRNA and protein) have recently 

been shown to predict poor outcome in T-cell Acute Lymphoblastic Leukemia (T-ALL) 

(Milani et al. 2014). Similarly, low levels of PKCβII protein predict poor outcome in 

colorectal cancer (Dowling et al. 2016). And PKCβI, PKCβII, and PKCδ protein levels have 

been reported to be lower in high-grade and late-stage bladder cancer compared with 

normal, low-grade, or early-stage tissue (Koren et al. 2000; Langzam et al. 2001; Varga et al. 

2004). Low levels of PKCη in hepatocellular carcinomas have also been shown to correlate 

with poor survival in liver cancer (Lu et al. 2009). Recent compilation of a pathology atlas of 

the human cancer transcriptome (www.proteinatlas.org/pathology), reveals that high 

expression of PKC isozymes, in general, correlates with better survival in multiple cancers 

(Uhlen et al. 2017). Specifically, high expression levels of each of the conventional PKC 

isozymes correlate with increased survival in colon, breast, and prostate cancer; high 

expression levels of PKCδ correlate with high survival in liver cancer, high levels of PKCε 
correlate with better survival in lung and renal cancer (but not endometrial), and high levels 

of PKCη are favorable in head and neck cancers. High expression levels of both atypical 

PKC isozymes track with better survival in renal cancer (but high levels of PKCι are 

unfavorable in endometrial, pancreatic, and liver cancers). Thus, in general, high levels of 
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either mRNA or protein expression for PKC isozymes serve as predictors of better survival 

for diverse cancers.

If a major function of PKC is to keep oncoproteins in check (see Downstream Substrates of 
PKC), oncogenic mutations may not confer a significant survival advantage to cells unless 

PKC signaling is disabled. In the classic skin carcinogenesis studies, subthreshold amounts 

of a carcinogen may be ineffective because of the strong ‘brakes’ applied by PKC; repetitive 

treatment with phorbol esters would promote the loss of PKC and thus allow unchecked 

activity of oncogenes such as K-Ras.

Could PKC Function as an Oncoprotein in Certain Contexts?

The PRKCI gene is part of the 3q amplicon and considerable evidence supports a role for 

PKCι as an oncoprotein (Parker et al. 2014). Notably, Fields and coworkers have identified 

an unambiguous oncogenic role for PKCι in lung cancer: in lung squamous cell carcinomas, 

PKCι was shown to phosphorylate SOX2, a master transcriptional regulator of stemness, 

thus allowing the expression of Hedgehog acetyl transferase to permit growth in soft agar 

(Justilien et al. 2014; Ali et al. 2016). Furthermore, PKCι was shown to promote a tumor-

initiating phenotype in K-Ras-mediated lung adenocarcinomas by phosphorylating ELF-3 to 

control Notch expression (Ali et al. 2016). Glioblastoma may also be a cancer in which 

atypical PKC isozymes function as oncoproteins: Ghosh and coworkers showed that high 

atypical PKC immunoreactivity, primarily PKCι, correlated with poor disease prognosis in 

patients with glioblastoma and that an atypical PKC inhibitor reduced tumor growth in a 

mouse model of glioblastoma (Kusne et al. 2014). Nonetheless, no GOF mutations have yet 

been identified in atypical PKC isozymes. In contrast, LOF mutations have been identified 

in PKCζ and mutations of the highly conserved APE motif have been identified in both 

PKCζ (E421K in a breast cancer) and PKCι (E423D in lung cancer) (Galvez et al. 2009; 

Antal, Hudson, et al. 2015). Additionally, a frequently observed mutation in PKCι is 

neomorphic: mutation of R471C in PKCι changes its substrate specificity (Linch et al. 

2013). As noted above, low levels of PKCζ correlate with poor patient outcome in colon 

cancer, and functional studies in intestinal cells reveal that loss of PKCζ promotes metabolic 

reprogramming by two mechanisms – regulating the activity of a key metabolic enzyme, 3-

phosphoglycerate dehydrogenase, and regulating the nuclear translocation of the 

transcription factors YAP and β-catenin (Ma et al. 2013; Llado et al. 2015). PKCι has also 

been proposed to have a tumor-suppressive function in the intestine: this isozyme is lost in 

the intestinal epithelium of patients with Crohn’s disease, a pathology associated with high 

risk of cancer, and mice lacking PKCι in their intestinal epithelium have increased 

inflammation and tumorigenesis (Nakanishi Y et al. 2016). Taken together, atypical PKC 

isozymes have oncogenic functions in certain contexts and tumor suppressive functions in 

other contexts.

There is one cancer, Adult T-Cell Leukemia (ATLL), in which recurrent activity-enhancing 

mutations in PKCβ have been identified. Whole genome and whole exome sequencing has 

revealed frequent (33% of patients) mutations in PKCβ, with a hotspot at Asp427 in the 

kinase domain and a warm spot in the pseudosubstrate segment (Kataoka et al. 2015). 

Overexpression studies indicate that mutation of Asp427 increases the activity of PKCβ as 
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assessed by several cellular readouts, including accelerated phorbol ester-dependent 

membrane translocation and enhanced NF-κB transcription. These activating effects are, 

however, so great that it rasies the question as to whether this enhanced open conformation 

of PKC may promote the degradation of the mutants. Indeed, mutation of the 

pseudosubstrate to decrease autoinhibition destabilizes PKC. Analysis of the steady-state 

levels of the mutant PKCβ in these patients will be important.

No GOF mutations in cancer have yet to be indentified in novel PKC isozymes, however 

numerous reports suggest they may function as oncoproteins in certain contexts. Kazanietz 

and coworkers have recently shown that PKCε overexpression in mice, which alone causes 

the development of preneoplastic lesions (Garg et al. 2014), cooperates with loss of PTEN in 

development of prostate cancer in a mouse model (Garg et al. 2017). Conversely, genetic 

ablation of PKCε in a transgenic mouse model of prostate adenocacinoma inhibits prostate 

cancer development and metastasis (Hafeez et al. 2011). PKCδ, which has roles both in 

survival and apoptotic pathways (Brodie and Blumberg 2003; Griner and Kazanietz 2007; 

Reyland 2007; Basu and Pal 2010), has been reported to promote tumor progression in 

pancreatic cancer (Mauro et al. 2010), and mice deficient in this isozyme have an increased 

incidence of lung tumors (Symonds et al. 2011). Reyland and colleagues have shown that 

elevated PKCδ mRNA levels negatively correlate with prognosis in Erb2-positive breast 

cancer, with mouse models suggesting that it is required for ErbB2-driven mammary gland 

tumorigenesis (Allen-Petersen et al. 2014). Elevated PKCδ mRNA has also been reported to 

correlate with poor survival outcome in estrogen receptor-positive breast cancer (McKiernan 

et al. 2008; Gyorffy et al. 2010). Establishing whether PKC isozymes may play oncogenic 

roles in specific contexts in specific cancers, such as breast cancer, awaits functional 

characterization of mutations in PKC isozymes in these cancers (Garg et al. 2014).

PKC LOF Germline Mutations in Cancer

One hallmark for a bona fide tumor suppressor is the presence of germline mutations that 

cause human proliferative disorders (Payne and Kemp 2005). PKCδ meets this criterion: 

LOF germline mutations are causal in juvenile systemic lupus erythematosus (JSLE) and 

autoimmune lymphoproliferative syndrome (Belot et al. 2013; Kuehn et al. 2013; Salzer et 

al. 2013; Kiykim et al. 2015). These LOF mutations result in increased proliferation and 

resistance to apoptosis in immune cells. As such, JSLE patients often develop B-cell 

lymphomas (Bernatsky et al. 2005). Four LOF mutations have been identified in the disease 

(Salzer et al. 2016): an invariant Gly (G248) on one of the ligand-binding loops of the C1B 

domain is mutated to Ser in one patient with a JSLE-like disorder, a biallelic splice-site 

mutation causing the absence of protein product was identified in a patient with severe 

autoimmunity (Salzer et al. 2013), an invariant Gly (G510) in the highly conserved 

activation loop of AGC kinases is mutated to Ser in three siblings with JSLE, and an Arg in 

a segment preceding the conserved PXXP motif of the C-terminal tail is mutated to Trp in a 

patient with autoimmune lymphoproliferative syndrome (Kuehn et al. 2013). Somatic 

mutations in the latter residue (including to Trp) have also been identified in three different 

colorectal tumors (cBioPortal; (Gao J et al. 2013)). Whether germline mutations in other 

PKC isozymes are causal in proliferative disorders remains to be determined.
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PKC in Degenerative Disease: GOF mutations

In striking contrast to the LOF mutations associated with cancer, a number of germline 

mutations that subtly enhance the activity of PKC have been identified in degenerative 

diseases. These mutations do not cause constitutive activation of PKC, which would have the 

paradoxical effect of down-regulating the enzyme, rather they facilitate or enhance the 

activation of the enzyme.

Spinocerebellar Ataxia

Over 30 germline mutations have been identified in spinocerebellar ataxia type 14 (SCA14) 

in PKCγ (Adachi et al. 2008; Verbeek et al. 2008; Takahashi et al. 2015), an isozyme whose 

expression is restricted to the brain in normal physiology (Ding et al. 2005). Curiously, 

almost all mutations occur in the C1B domain, but not to a specific position, suggesting a 

general role in perturbing the structure of the domain. These mutations seem to have the 

same effect of loosening autoinhibitory constraints to facilitate the ligand-induced ‘open’ 

conformation of PKCγ. Presumably, autoinhibitory constraints are loosened enough to 

enhance activation, but not so much as to promote the down-regulation of PKC.

Alzheimer’s Disease

Mutations that enhance the activation of another conventional PKC, PKCα, track with 

affected, but not unaffected, individuals in some families with Alzheimer’s disease (Alfonso 

et al. 2016). This isozyme of PKC is required for the synaptic depression caused by 

amyloid-β (Aβ), a cytotoxic peptide associated with Alzheimer’s disease. Three 

Alzheimer’s disease-associated mutations have been identified, and they increase the 

agonist-evoked activity of PKC by a relatively small amount, too little to promote the down-

regulation of the enzyme. However a lifetime of slightly enhanced signaling may sensitize 

individuals to the detrimental effects of Aβ. One of these variants involves mutation of 

Met489 in the activation loop to a smaller Val, resulting in no changes in autoinhibitory 

contacts but increasing the catalytic rate by approximately 30% (Callender et al. 2018). This 

provides an effective mechanism to enhance activity while evading down-regulation. A role 

of enhanced PKC activity in Alzheimer’s disease is supported by a recent 

phosphoproteomics analysis of postmortem brains showing that elevation of PKC signaling 

is one of the earliest events in Alzheimer’s disease (Tagawa et al. 2015).

Stroke

A polymorphism in the kinase domain of PKCη (V374I) is associated with increased risk 

for cerebral infarction (stroke) (Kubo et al. 2007), increased risk of arthritis (Takata et al. 

2007), and severe gastric atrophy (Goto et al. 2010). In vitro kinase assays reveal that the 

mutation enhances the catalytic activity of PKC, as assessed by increased 

autophosphorylation and substrate phosphorylation (Kubo et al. 2007; Zurgil et al. 2014). 

Assuming autoinhibitory constraints are unchanged (as is the case for the activity-enhancing 

PKCα M489V variant in Alzheimer’s disease), the enhanced catalytic activity would serve 

as an effective mechanism to allow enhanced activity without compromising the stability of 

the mutant.
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The increasing annotation of disease-associated single nucleotide polymorphisms (SNPs) 

will likely unveil an abundance of variants of PKC that predispose to specific diseases, from 

heart disease to drug and alcohol addiction (Olive and Messing 2004). Both conventional 

(PKCα and βII) and novel (PKCδ and PKCε) have been shown to affect cardiac function 

(Palaniyandi et al. 2009), so variants that cause small changes in activity may either protect 

or predispose to heart disease. Behavioural studies with knock out mice reveal that lack of 

PKCγ causes decreased anxiety (Bowers et al. 2000) and a high ethanol drinking phenotype 

(Ron and Messing 2013), whereas mice lacking PKCε have a low ethanol drinking 

phenotype (Ron and Messing 2013). Diseases causally linked to PKC variants with 

enhanced PKC activity could thus benefit from inhibitors to adjust PKC signaling to lower 

levels.

Should PKC be Inhibited in Degenerative Disease?

The enhanced signaling by PKC in degenerative diseases such as Alzheimer’s disease 

contrasts with the reduced signaling that is associated with cancer, suggesting opposing roles 

in survival versus degenerative diseases. Indeed, a recent meta-analysis of nine independent 

studies reveals that Alzheimer’s disease patients exhibit an overall 45% decreased risk of 

cancer compared with the general population (Shi et al. 2015), consistent with earlier reports 

that Alzheimer’s disease and cancer display an inverse association (Roe et al. 2005; Driver 

et al. 2012). Perhaps repurposing PKC inhibitors for Alzheimer’s disease may prevent the 

effects of Aβ on synapses and thereby mitigate loss of cognitive function. In this regard, 

bryostatin 1, which causes the loss of PKC and failed in cancer therapies (Nezhat et al. 

2004), is in phase II clinical trials for Alzheimer’s disease (Nelson et al. 2017), with mouse 

studies showing promising results in improving learning deficits in an Alzheimer’s disease 

mouse model (Russo et al. 2015; Schrott et al. 2015). It is noteworthy that targeting PKC in 

degenerative diseases may be particularly feasible as its activity would only need to be 

brought down from supraphysiological to physiological levels, essentially adjusting the 

balance to regain homeostasis.

Conclusion

The paradoxical acute activation, followed by chronic loss, of diacylglycerol-sensitive PKC 

isozymes by phorbol esters confounded understanding the role of PKC in cancer. However, 

the recent availability of whole genome sequencing of tumors and patient populations, 

coupled to growing databases analyzing survival curves as a function of protein or mRNA 

expression for specific cancers, converge on a new understanding of the biological function 

of PKC isozymes: they generally suppress survival signaling, functioning as the brakes to 

oncogenic signaling. Furthermore, these isozymes frequently have LOF mutations, rather 

than gene deletions, allowing the defective PKC to exert dominant-negative effects more 

broadly on the signaling output of other PKC isozymes. This new understanding of PKC 

function highlights the need to restore, rather than inhibit PKC function for cancer therapies. 

Additionally, mechanistic insight into how PKC isozymes are regulated suggests caution in 

targeting pathways that control levels of PKC. For example, the use of inhibitors for the 

kinase mTOR (Don and Zheng 2011) or Hsp90 (Neckers and Workman 2012), both 

currently in use in the clinic, may have the detrimental effect of inhibiting PKC processing, 
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in turn decreasing the steady-state levels of PKC (Guertin et al. 2006; Gould et al. 2009). 

With better patient survival generally associated with higher PKC levels, careful 

consideration should be given to selecting therapies that do not remove PKC.
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PDBu phorbol 12,13-dibutyrate

PDK-1 phosphoinositide-dependent kinase-1

PIP2 phosphatidylinositol-4,5-bisphosphate

PKA protein kinase A

PKB protein kinase B

PKC protein kinase C

PKN protein kinase N
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Figure 1. Cartoon illustrating activation of conventional protein kinase C
Receptor-mediated hydrolysis of phosphatidyl-inositol-4,5,-bisphosphate (PIP2) generates 

inositol trisphosphate (IP3), which mobilizes intracellular Ca2+ and diacylglycerol, the 

allosteric activator of conventional and novel PKC. Binding of these second messengers 

localizes PKC in an active conformation at the plasma membrane, where it phosphorylates 

diverse substrates, including membrane proteins such as transporters (e.g. drug transporters) 

and receptors (e.g. receptor tyrosine kinases).
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Figure 2. PKC isozymes are AGC kinases with N-terminal modules that control activity
A. The AGC branch of the human kinome (reproduced from www.cellsignal.com/reference/

kinase and courtesy of Gerard Manning) showing the position of the PKC isozymes. This 

branch includes Akt, p70S6 kinase and PDK-1. Most closely related to the PKC isozymes 

are the PKN family members that diverge first from the branch, followed by the atypical 

PKC isozymes (purple), the novel PKC isozymes (orange), and finally, the conventional 

PKC isozymes (pink), which are at the tip of the branch. B. Domain composition of PKC 

family members showing pseudosubstrate (red rectangle), C1 domain (orange rectangle; 

Y/W switch that dictates affinity for diacylglycerol-containing membranes indicated by 

circle in C1B domain), C2 domain (yellow rectangle; basic patch that drives binding to PIP2 

indicated by ++ on domain), connecting hinge segment, kinase domain (cyan), and carboxyl-

terminal tail (CT, grey rectangle). Also shown are the three priming phosphorylations: the 

activation loop in the kinase domain (magenta circle) and the turn motif (orange circle) and 

hydrophobic motif (green circle) in the carboxyl-terminal tail (note atypical PKC isozymes 

have Glu at phospho-acceptor position of hydrophobic motif). Table shows dependence of 

protein kinase C family members on second messengers (diacyglycerol (DG) and Ca2+) and 

pharmacological tools to activate (phorbol esters) or inhibit (Gö 6983, Gö 6976, and PZ09) 

PKC; +, ++, and +++ indicate relative affinity for C1 domain ligands.
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Figure 3. Cartoon showing the life cycle of a conventional PKC
Following its biosynthesis, PKC is in an open and degradation-sensitive conformation in 

which all its regulatory modules are unmasked (species i). It is then processed by three 

ordered phosphorylations that depend on the binding of Hsp90 and Cdc37 (to a conserved 

PXXP motif in the kinase domain), the kinase complex mTORC2, and the activation loop 

kinase, PDK-1. Phosphorylation at these priming sites, the activation loop (magenta circle), 

the turn motif (orange circle) and the hydrophobic motif (green circle), promote PKC to 

adopt an autoinhibited conformation. Specifically, the Ca2+-sensing C2 domain (yellow) 

clamps the autoinhibitory pseudosubstrate segment (red) in the substrate-binding cavity of 

the kinase domain (cyan), and the diacyglycerol-sensing C1 domains (orange) become 

masked (species ii). The masking of the C1 domains, in particular, effectively prevents basal 

signaling in the absence of agonists. Agonists that bind Gq-coupled receptors (R) cause 

phospholipase C (PLC)-catalyzed hydrolysis of PIP2 generating diacylglycerol and Ca2+. 

This promotes Ca2+-dependent recruitment of PKC to the plasma membrane via engagement 

of the Ca2+-bound C2 domain (species iii), where PKC binds its membrane-embedded 

ligand, diacylglycerol, via primarily the C1B domain (species iv). This active PKC 

phosphorylates downstream substrates, with one function being to suppress oncogenic 

signaling via its inactivating phosphorylation of proteins such as Ras and the EGF receptor. 

PKC returns to the autoinhibited conformation following the decay of its second 

messengers. The kinetics of activation mirror those for the rise in intracellular Ca2+ and the 

kinetics of inactivation mirror those for the decay in diacylglycerol. Note the membrane-

bound conformation of PKC is sensitive to dephosphorylation, with the first 

dephosphorylation event on the hydrophobic motif catalyzed by PHLPP; subsequent 

dephosphorylation by PP2A produces a fully dephosphorylated PKC that is degraded via a 

proteasomal pathway (species v). However, binding of Hsp70 to the dephosphorylated turn 

motif allows PKC to become rephosphorylated to sustain the signaling lifetime of the 
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enzyme. Phorbol esters bind the C1B domain with two-orders of magnitude higher affinity 

than diacylglycerol and are not readily metabolized, trapping PKC in the open, phosphatase-

sensitive conformation and resulting in chronic loss, or down-regulation, of PKC. Novel 

PKC isozymes are regulated by similar mechanisms except their C2 domain does not 

function as a Ca2+ or plasma membrane sensor, resulting in the localization of novel PKC 

isozymes primarily to the more abundant and diacylglycerol-rich Golgi membranes. 

Atypical PKC isozymes are activated upon binding to specific protein scaffolds that tether 

the pseudosubstrate out of the substrate-binding cavity. Proteins indicated in grey are key 

regulators of the steady-state levels of PKC: Hsp70, Hsp90, mTORC2, and PDK-1 function 

to increase the steady-state levels of PKC by permitting/catalyzing processing 

phosphorylations; Pin1 and the phosphatases PHLPP and PP2A function to decrease the 

steady-state levels of PKC by permitting/catalyzing the dephosphorylation of PKC. 

Targeting any of these proteins will disrupt the balance of PKC signaling. Inset shows the 

structure of the autoinhibited kinase domain of PKCβII, showing autoinhibitory 

pseudosubstrate locked in the substrate-binding cavity of the kinase domain (cyan) by the C2 

domain (yellow); C-terminal tail is indicated in grey.
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Figure 4. Phorbol esters: potent tumor promoters
A. Drawing of the plant Croton tiglium, whose milky white sap contains phorbol esters 

(from Franz Eugen Köhler, Köhler’s Medizinal-Pflanzen (1887)). Also shown is the 

structure of phorbol ester, whose potency depends on the esterified group (R) at positions 12 

and 13: phorbol-12-myristate-13-acetate (PMA) and phorbol-12, 13-dibutyrate (PDBu) are 

relatively water soluble phorbol esters used in cell biology (Courtesy of P. Blumberg, NIH.). 

B. Skin model of tumor promotion: painting a subthreshold amount of either a carcinogen 

(such as DMBA) or phorbol esters (such as PMA) alone on the skin of nude mouse does not 

result in papilloma formation. However, painting a subthreshold amount of the carcinogen 

followed by repetitive treatment with phorbol esters causes papillomas to form, which 

eventually develop into carcinomas. C. Treatment of NIH-3T3 fibroblasts with either PMA 

or bryostatin 1 causes endogenous conventional and novel PKC redistribution from the 

cytosolic fraction (soluble; sol.) to the detergent-solubilized membrane fraction (membrane; 

mem) and detergent-insoluble fraction (insoluble; insol.) within minutes, followed by down-

regulation of the protein (apparent as loss of total (tot) PKC). PKCα, δ, and ε have different 

kinetics of down-regulation following PMA vs bryostatin 1 treatment, but all are effectively 

depleted following 48 hours of treatment. The atypical PKCζ is not down-regulated by these 

C1 ligands. Reproduced courtesy of P. Blumberg from (Szallasi et al. 1994).
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