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Abstract

Few kinases have been studied as extensively as protein kinase C (PKC), particularly in the 

context of cancer. As major cellular targets for the phorbol ester tumor promoters and 

diacylglycerol (DAG), a second messenger generated by stimulation of membrane receptors, PKC 

isozymes play major roles in the control of signaling pathways associated with proliferation, 

migration, invasion, tumorigenesis, and metastasis. However, despite decades of research, 

fundamental questions remain to be answered or are the subject of intense controversy. Primary 

among these unresolved issues are the role of PKC isozymes as either tumor promoter or tumor 

suppressor kinases and the incomplete understanding on isozyme-specific substrates and effectors. 

The involvement of PKC isozymes in cancer progression needs to be reassessed in the context of 

specific oncogenic and tumor suppressing alterations. In addition, there are still major hurdles in 

addressing isozyme-specific function due to the limited specificity of most pharmacological PKC 

modulators and the lack of validated predictive biomarkers for response, which impacts the 

translation of these agents to the clinic. In this review we focus on key controversial issues and 

upcoming challenges, with the expectation that understanding the intricacies of PKC function will 

help fulfill the yet unsuccessful promise of targeting PKCs for cancer therapeutics.
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INTRODUCTION

It has been nearly 40 years since the discovery of protein kinase C (PKC), originally 

identified as a calcium-activated, phospholipid-dependent protein kinase by Nishizuka and 

co-workers, and established as a cellular receptor for the phorbol ester tumor promoters 

primarily by Blumberg and colleagues [1–5]. Not surprisingly, PKC represents one of the 

most extensively studied kinases, with >60,000 citations in PubMed and >10,000 citations 

associated with cancer. With such an extensive information on PKC regulation and function, 

it is not unexpected that significant controversies exist in the field. It is not possible to be 
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dogmatic when it comes to defining roles for PKC isozymes in cancer progression, largely 

due to the fact that these kinases are pleiotropic regulators of cellular function and display 

complex regulatory mechanisms of activation.

The utmost complexity in the field results from the fact that PKC is a family of highly 

related isozymes; however, they display obvious (and not so obvious) structural differences 

that confer unique regulatory and intracellular localization properties. Human PKCs 

comprise 10 different Ser-Thr kinases, product of nine different genes. Based on their 

distinctive regulation, they have been classified into “classical/conventional” or calcium-

dependent cPKCs (α, βI, βII, and γ), “novel” or calcium-independent nPKCs (δ, ε, η, and 

θ), and “atypical” aPKCs (ζ and ι) [6, 7] (Figure 1). Phorbol esters, natural compounds that 

mimic the action of the lipid second messenger diacylglycerol (DAG), bind with high 

affinity to cPKCs and nPKCs, but not to aPKCs, thus mirroring a scenario of stimulation of 

receptors (either G-protein-coupled receptors or tyrosine-kinases) coupled to DAG 

generation [4]. The general assumption is that upon phorbol ester activation, all cPKCs and 

nPKCs present in a given cell will be allosterically activated and phosphorylate specific 

substrates. Phorbol esters cause long-lasting activation of PKCs, therefore, cellular responses 

may be different than those observed by physiologically generated DAG. Of note, the 

distinctive pattern of substrate phosphorylation, signaling pathway activation and gene 

expression regulation caused by activation of individual PKCs is responsible for the vast 

range of cellular responses. The challenge over the years has been to disentangle the 

intricate network of signaling effectors for each PKC isozyme, which is a massive effort 

taking into consideration the distinctive patterns of expression and complex regulatory 

mechanisms governing PKC activation in individual cell types [6, 8].

Based on the complexities described above, in this review we will focus on the most 

puzzling questions to be addressed in the field of PKC and cancer. Focusing on these key 

controversial matters will allow researchers to assess the roles of these kinases in malignant 

transformation, tumorigenesis and metastasis. Understanding the complexities of PKC 

regulation and function will accelerate the possibility of targeting discrete members of the 

PKC family for therapeutic purposes.

IS PKC A TUMOR PROMOTER OR SUPPRESSOR KINASE?

In the context of a cancer cell, activation of PKCs impacts on a number of responses, 

including proliferation, survival, and motility, ultimately influencing phenotypes associated 

with tumor progression and metastasis (Figure 2). The first hint that linked PKC with tumor 

promotion was its identification as a cellular receptor for phorbol esters. These natural 

compounds, originally isolated as components from croton oil, lack carcinogenic activity, 

but cause the appearance of skin tumors when applied chronically after a limited dose of an 

initiating carcinogen agent [9, 10]. Years later, biochemical studies established that phorbol 

esters bind with high affinity to PKC and that DAG binds to the same site in the protein, a 50 

amino acid region known as the C1 domain [1, 4, 11].

Whereas initial studies showed that phorbol esters elicit mitogenic responses via PKC 

activation, contrasting effects were found in a number of cellular models. Actually, phorbol 

Cooke et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



esters could either stimulate or inhibit proliferation, or even trigger an apoptotic response 

depending on the cellular context [6]. In this regard, it has been established that PKCδ 
mostly operates as an anti-proliferative kinase that negatively regulates cell cycle 

progression. Early studies in CHO cells overexpressing PKCδ showed significant 

accumulation of cells in G2/M and inhibition of cell division in response to phorbol 12-

myristate 13-acetate (PMA or TPA) [12]. PKCδ also mediates G1 phase arrest via induction 

of the cell cycle inhibitor p21 [13]. In addition, PKCδ can be proteolytically activated by 

caspases and is required for the death effect of apoptotic agents and chemotherapeutic drugs, 

although this PKC can also mediate apoptotic responses in the absence of proteolytic 

cleavage [14–16]. Not surprisingly, transgenic overexpression of PKCδ in the mouse skin 

protects against the tumor promoting effect of phorbol esters [17]. This contrasts with the 

prominent pro-survival roles for PKCδ and its reported ability to confer growth, survival 

responses, and a more aggressive phenotype in several cell types. Adding to this controversy, 

PKCδ has tumor promoting activity in mammary models and pro-migratory/invasive activity 

in breast cancer, pancreatic cancer, and melanoma models [8, 18, 19]. A similarly complex 

scenario has been reported for PKCα, which has been shown to promote mitogenic 

responses in a number of cell types but is also capable of mediating cell cycle arrest 

programs in others such as the intestinal epithelium, where it strongly represses cyclin D1 

translation [8, 20].

While the tumor-promoting activity of phorbol esters is well established, is there any 

significant evidence that PKC isozymes could act as oncogenes? The first reported example 

of an oncogenic PKC was the novel PKCε isoform. Early studies in fibroblasts and colonic 

epithelial cells found that PKCε overexpression has transforming activity, as judged by its 

ability to confer anchorage-independent growth and tumorigenic potential upon inoculation 

of cells into nude mice [21, 22]. Nevertheless, other than these few examples it became clear 

that PKCε fails to transform most cell lines in culture. Oncogenic mutations for PKCε have 

not been reported in cancer, however there is evidence that this kinase is up-regulated in a 

number of cancers, particularly epithelial tumors. For example, PKCε overexpression has 

been described in the majority of primary tumors from invasive ductal breast cancer and 

non-small cell lung cancer (NSCLC) patients [23, 24]. In prostate cancer, PKCε levels are 

markedly elevated compared to benign prostatic epithelia, and its overexpression has been 

associated with disease recurrence [25–27]. Studies in mice showed that PKCε 
overexpression confers a hyperplastic phenotype but is not sufficient to lead to full-blown 

cancer. For example, prostate-specific PKCε transgenic mice develop prostatic 

intraepithelial neoplasia (PIN), but these lesions do not progress to cancer [28]. Transgenic 

overexpression of PKCε in the mouse skin enhances carcinoma formation after tumor 

promotion and sensitizes skin to the development of squamous cell carcinoma by UVR, 

which occurs by transducting signals that inhibit apoptosis and enhance proliferation of 

preneoplastic cells [29]. Thus, whereas existing data precludes us to unambiguously define 

PKCε as an oncogene, accumulating evidence supports a “pro-oncogenic” role for this 

kinase. It is possible that PKCε cooperates with other alterations to promote progression to 

malignancy, a subject of intense research. At a mechanistic level, PKCε-driven phenotypes 

may be the consequence of the synergistic activation of pathways associated with cell 

survival and mitogenesis, including PI3K/Akt, Erk, Stat3, and NF-κB [8]. PKCε is also 
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known to cooperate with Ras/Raf-1 [22, 30]. Enhanced DAG production caused by 

oncogenic stimuli, such as K-Ras [31], may funnel signals primarily through PKCε when it 

is overexpressed, shifting the balance towards the activation of growth/survival pathways. 

Whether PKCε is hyperactivated in cancer cells has not been easy to address, mainly due to 

the lack of reliable tools capable of detecting the activated status of the kinase. One scenario 

that has yet to be surveyed is the potential contribution of PKCε overexpression to a pro-

tumorigenic microenvironment. Since early reports linked PKCε oncogenic activity to the 

release of TGF-β, and later with the production of a number of cytokines and pro-

inflammatory factors [29, 32, 33], overexpressed PKCε could be envisioned as a major 

component of autonomous oncogenic autocrine loops or a driver of paracrine interactions 

with cells from the tumor microenvironment. NF-κB, a crucial pathway for regulating the 

expression of inflammatory cytokines, is a known effector for PKCε, and PKCε stimulates 

the expression of pro-inflammatory and angiogenic genes, namely COX2, VEGF, and others 

[8, 34].

In addition to the multiple functional associations between phorbol ester/DAG responsive 

PKC isozymes and cancer phenotypes, the atypical PKCι isoform has been extensively 

characterized as an oncogenic kinase. PKCι overexpression is observed in human 

pancreatic, colon, lung, prostate, breast and ovarian cancer [35]. In lung squamous cell 

carcinoma, the PKCι gene (PRKCI) co-amplifies with SOX2, resulting in a cooperation that 

is required for a stem cell-like phenotype [36]. PKCι is an essential mediator of oncogenic 

K-Ras and is required for the maintenance of the tumor-initiating cell phenotype. Moreover, 

in ovarian cancer, genetic disruption of PKCι inhibits the clonal expansion, anchorage-

independent growth, and tumorigenic properties of tumor initiating cells [37, 38].

As indicated above, PKCs, particularly PKCα and PKCδ, have prominent roles as anti-

proliferative and pro-apoptotic kinases in several models [8]. However, can we truly define 

PKC isozymes as bona-fide tumor suppressors? There have been numerous expression 

analysis studies using cancer specimens that reported decreased expression of PKCs, 

including isozymes with growth-inhibitory activity, however causal relationships with 

disease progression have not been always established. Interestingly, studies using knock-out 

mice assigned tumor suppressing roles for PKCα, PKCδ, and PKCζ [39–41]. One notable 

example has been described for PKCα deficient mice, which show elevated tendency to 

develop spontaneous intestinal tumors. In addition, ApcMin/+ mice show enhanced 

intestinal tumorigenesis in a PKCα-null background [42].

Recently, a comprehensive study of cancer associated mutations in PKCs has been reported 

by Newton, Brognard and others [43]. More than 500 mutations within cPKCs, nPKCs and 

aPKCs, in most cases heterozygous, have been identified in diverse cancers. Functional 

studies revealed that they are inactivating mutations in most cases, thus highlighting their 

potential tumor suppressive roles. This was well established for a mutated PKCβ, but still 

needs to be formally demonstrated for the other mutations present in that PKC and in other 

PKC isoforms. Interestingly, the PKCβ mutant reduces the expression of PKCα, suggesting 

that cross-talks between PKCs may also contribute to the tumor suppressing phenotype. 

Bioinformatics analysis revealed that loss-of-function mutations in PKC isozymes possibly 

cooperate with co-occurring mutations in defined oncogenes and tumor suppressors known 
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to be regulated by PKC. Other study found a cancer associated loss-of-function mutation in 

a substrate-specific recruitment motif of PKCι [44], arguing that this oncogenic kinase 

could also have a tumor suppressing role in some settings. The real contribution of PKC 

mutations as drivers of tumor formation and their relevance in the context of other 

oncogenic/tumor suppressor stimuli will be a subject of intense research and debate in the 

coming years.

WHAT ARE THE PKC SUBSTRATES RELEVANT FOR CELLULAR 

RESPONSES?

Identifying PKC substrates is of manifest importance, as it will provide a better picture of 

the signaling effectors and responses by which PKC isozymes relay information upon 

activation. Potentially, phosphorylated substrates could be used as pharmacological targets, 

biomarkers for disease progression, or ultimately as tools to monitor therapeutic response for 

pharmacological PKC modulators. PKC isozymes are very promiscuous kinases that 

phosphorylate Ser and Thr flanked by basic residues. In addition to the potential overlapping 

of PKC phosphorylation sites with phosphorylation consensus for other kinases, a major 

problem is that a vast majority of proteins in the cell contains putative PKC phosphorylation 

sites, making the identification of physiologically relevant PKC substrates a challenging 

undertaking. It would be burdensome to identify PKC substrates upon phorbol ester 

treatment after 32P labeling [45], and most likely these will include substrates of 

downstream kinases activated by PKC. Optimal substrate phosphorylation motifs for each 

PKC isozymes have been determined using oriented peptide libraries by Cantley and 

coworkers [46]. Nonetheless, studies using pseudosubstrate-derived peptides revealed 

significant overlapping in substrate recognition for individual PKCs [47], arguing that 

selectivity within the intracellular milieu is dictated by preferential access to substrates upon 

differential relocalization of each PKC. Given this complexity, it is anticipated that PKC 

isozymes “talk” to a multitude of signaling pathways and activate multiple gene expression 

networks. When assessing PKC substrates, another consideration is that long-lasting phorbol 

ester responses do not necessarily recapitulate the short-term PKC activation caused by DAG 

physiologically generated upon receptor activation. Therefore, the nature of the PKC 

phosphorylated substrates and magnitude of phosphorylated responses may differ depending 

on the stimuli.

Given the fact that PKCs phosphorylate a wide-range of cellular proteins, how can we 

dissect such complex web of isozyme specific substrates? One potential strategy would 

entail the use of the chemical genetics approach developed by the Shokat laboratory. This 

screening method involves engineering a mutant kinase in which a “gatekeeper” large 

hydrophobic group within the ATP binding pocket is replaced by a small residue, thus 

allowing the kinase to accept a bulky ATP analogue. Only the mutant kinase, but not the 

wild-type kinase, can accommodate the bulky analogue, thus it could be used as a traceable 

kinase to map the phosphorylated products. Despite the usefulness of this method for 

identifying substrates for kinases such as Src, JNK, and ERK2 [48–50], so far there have 

been few attempts for PKCs. For example, Rotenberg and colleagues used this approach to 

identify PKC substrates in mammary cells that co-immunoprecipitate with traceable PKCα, 
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PKCδ, and PKCζ, and established α6-tubulin as an intracellular PKCα substrate [51, 52]. 

Another example is the identification of PKCδ substrates in neutrophils [53]. As individual 

PKCs localize to specific intracellular compartments upon activation, the characterization of 

PKC isozyme specific phosphoproteomes could be done in principle using traceable kinases 

targeted to discrete intracellular compartments. Once a phosphosubstrate is identified, its 

phosphorylation state could be used as a read-out for PKC activity in cellular models or 

tumor specimens by staining with specific phospho-antibodies. Another approach would 

entail the use of immunoprecipitation followed by detection with an antibody that recognizes 

the phosphorylated PKC substrate consensus sequence.

Another successful approach to identify PKC substrates was Stable Isotope Labeling with 

Amino acid in Cell culture (SILAC)-based quantitative phosphoproteomics. A study 

designed to investigate PKCδ substrates implicated in cell death in systematic and dynamic 

manners revealed a series of candidate effectors of a cleaved kinase mutant. This analysis 

also revealed a network of phosphorylations by PKCδ downstream kinases [54]. 

Phosphoproteomics profiling has been also used to identify nuclear PKCβI substrates in 

embryonic stem cells [55]. Combining these laborious approaches with appropriate 

functional analysis may provide highly valuable information on isozyme-specific signaling 

networks and clues for potential effectors and biomarkers. Furthermore, it is also important 

to consider that the nature of substrates will differ depending on the cell type, thus the 

expectation is that prominent differences in phosphorylation would be expected between 

normal and transformed cells.

WHY IS GENERATING ISOZYME SPECIFIC PKC MODULATORS SO 

CHALLENGING?

At a structural level, PKC isozymes have two well defined regions, an N-terminal regulatory 

region comprising the C1 and C2 domains, and the C-terminal catalytic region responsible 

for ATP binding and phosphotransferase activity. The C1 domain, site for phorbol 

ester/DAG binding, is duplicated in tandem (C1a and C1b) in cPKCs and nPKCs [56]. DAG 

(or phorbol ester) binding to the C1 domain is a crucial step in the allosteric activation of 

PKCs. The PKCδ C1b domain structure, solved by X-ray crystalography in 1994 [57], 

showed that phorbol esters insert into a narrow groove between two pulled-apart β strands at 

one tip of the domain, which creates a contiguous hydrophobic surface that is key for the 

association with the plasma membrane. The single C1 domain present in aPKCs retains the 

overall conformation of phorbol ester-responsive C1 domains, however it possesses residues 

that interfere with the formation of the C1 domain-ligand-membrane complex [58, 59]. The 

C2 domain in cPKCs binds calcium, whereas this domain in nPKCs is primarily a calcium-

unresponsive phospholipid-binding module [6, 7]. Active PKCs form a complex with lipid, 

ligand and proteins through the regulatory domain, thus providing substantial opportunities 

for pharmacological targeting.

As with most kinases, generation of highly selective inhibitors for PKC isozymes became a 

challenge. The greatest degree of sequence homology and structural resemblance among 

PKC isozymes is in the catalytic domain, thus designing inhibitors capable of discriminating 
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among individual members of the PKC family has been exceedingly problematic. Still, 

relatively potent PKC inhibitors directed against the ATP-binding pocket in the catalytic 

domain have been identified. However, despite some exceptions, most catalytic inhibitors 

display little or no selectivity among the different members of the PKC family. Most 

common inhibitors are summarized in Table 1, and also described elsewhere [7, 60].

Targeting autoinhibitory domains is a promising strategy to develop selective PKC 

inhibitors. Peptides designed to target the PKC pseudosubstrate domain implicated in 

autoinhibition have been widely used; however, the prediction is that based on the limited 

recognition selectivity of pseudosubstrate derived peptides by individual PKCs [7, 47], these 

agents might lack specificity. Studies using pseudosubstrates inhibitors may have to be 

reinterpreted with specific tools or molecular/genetic approaches. It is important to highlight 

a well documented example of PKCζ allosteric inhibition by targeting a motif known as the 

PIF-pocket, known to interact intramolecularly with the C1 domain [61, 62]. It seems that, at 

least for this aPKC, autoinhibition cannot be solely explained by a pseudosubstrate 

mechanism, thus one may envision targeting other autoinhibitory interactions as means for 

the development of selective PKC modulatory agents.

A successful approach to target PKC in an isozyme-specific manner has been developed by 

the laboratory of Daria Mochly-Rosen. Peptide modulators have been generated that inhibit 

protein-protein interactions crucial for directing PKC translocation to intracellular 

compartments. The rationale behind this methodology is that PKC isozymes interact with 

anchoring proteins, such as RACKs, that selectively bind to PKCs in an active state. Peptide 

derived from various regions in PKC, such as the C2 domain, can prevent the interaction 

with RACKs and inhibit PKCs in an isozyme-selective manner [60]. Notably, one of these 

peptides that targets the pro-oncogenic PKCε (εV1-2), has anti-tumorigenic activity in 

xenograft models of non-small lung cancer and impairs lung cancer cell motility signaling 

[63, 64]. Through a completely different mechanism, aurothiomalate, a compound that 

disrupts the interaction between PKCι and Par6, blocks transformed growth in models 

where this aPKC has prominent roles [65].

When it comes to selectivity for activation of PKC isozymes, there are also major challenges 

ahead. The first comprehensive characterization of C1 domain ligands showed that DAG has 

essentially the same binding affinity for all cPKCs and nPKCs. However, significant 

differences could be observed for non-physiological C1 domain ligands. Most notably, under 

limiting calcium conditions, phorbol esters, 12-deoxyphorbol esters, and most prominently 

the ligands mezerein and thymeleatoxin, display significantly lower affinities for nPKCs 

relative to cPKCs [47]. Some of these ligands have significant potential as isozyme-selective 

tools in cellular models; however, this has not been fully exploited despite the vast 

heterogeneity in their responses, including the perplexing fact that some display anti-tumor 

promoter activity in mouse models [66, 67].

One of the known complexities in C1 domain pharmacology is the non-equivalency of C1a 

and C1b domains. There have been a number of studies underscoring different ligand 

recognition properties of individual C1 domains and selective relocalization to distinctive 

intracellular compartments [56, 68–70]. Whereas the mechanistic basis for the non-
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equivalency is not well understood, one hypothesis is that the unique lipid composition of 

internal cellular membranes contributes to the differential C1 domain interactions. Notably, 

C1 domains can act as protein interacting modules, and protein-protein interactions via the 

C1 domain can be critical drivers of localization and function. C1 domain interacting 

proteins include the ER-Golgi protein Tmp21-I, the cell matrix protein fascin, the 

centrosome protein pericentrin, and the small G-protein RhoA [56, 69–73].

The most comprehensive effort to rationally design C1 domain ligands comes from the 

combined efforts of the Blumberg, Marquez, and Lee laboratories. Their approach involves 

the generation of five-membered ring DAG lactones obtained by constraining the glycerol 

backbone. The rationale behind this approach is that the low binding affinity of DAG relative 

to phorbol esters was attributable to the flexibility of the glycerol backbone, thus cyclization 

of the structure would reduce the entropic penalty associated with DAG binding. By 

modifying DAG lactones through incorporation of different branched hydrophobic chains it 

has been possible to generate ligands with preferential affinity for discrete PKCs or “non-

PKC” phorbol ester receptors (see below) [74–77]. Although DAG lactones have not yet 

been fully characterized in a physiological setting, the expectation is that they could be 

rationally designed to dissect isozyme-specific responses.

DO “NON-PKC” PHORBOL ESTER/DAG RECEPTORS CONTRIBUTE TO 

CANCER PROGRESSION?

An important concept that emerged more than two decades ago is that proteins with C1 

domains but distinctive from PKCs are also capable of binding DAG and phorbol esters with 

high affinity (Table 2). One of these families of phorbol ester/DAG receptors, protein kinase 

D (PKD), is structurally related to PKC, with duplicated C1 domains, whereas others are 

totally unrelated to PKC. This last group includes lipid kinases (diacylglycerol kinases or 

DGKs), guanine nucleotide exchange factors for small GTPases (RasGRPs), GTPase 

activating proteins (chimaerin Rac-GAPs), and components of the synaptic vesicle fusion 

protein complex (Munc-13 isoforms) (see Figure 1). In vitro binding assays determined that 

they bind phorbol esters with high affinity in a phospholipid-dependent manner, and respond 

to phorbol esters in cellular models [6, 78–82]. Understanding the relative contribution of 

“non-PKC” phorbol ester receptors to cell physiology (i.e., whether they can be activated by 

receptors coupled to DAG generation) and disease has been a major undertaking. 

Understandably, it is reasonable to question whether phorbol ester responses could be 

mediated, at least in part, by proteins other than PKCs.

Ras-GRPs are multidomain proteins with a single C1 domain that catalyze GDP to GTP 

exchange in Ras. Among the four members of the family, only RasGRP2 (which is also a 

Rap nucleotide exchange factor) fails to bind phorbol esters, but all other members 

(RasGRP1, RasGRP3, and RasGRP4) are high affinity phorbol ester receptors [82–84]. 

DAG exerts a dual role in RasGRP activation, directly via the RasGRP C1 domain and 

indirectly through PKC-mediated RasGRP phosphorylation [85]. RasGRPs express in 

different subsets of hematopoietic lineages, with RasGRP1 primarily expressing in T cells, 

RasGRP3 in B cells, T cells and macrophages, and RasGRP4 expressed in mast cells, 
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neutrophils and thymocytes. RasGRPs are prominent effectors of T cell (RasGRP1) and B 

cell (RasGRP3) receptor stimulation and mediate Ras signaling activation [86]. Notably, 

RasGRP1 plays important roles in blood cancers, most notably RasGRP1 in T cell acute 

lymphoblastic leukemia/lymphoma (T-ALL) [86, 87]. Elevated levels of RasGRP1 as well as 

oncogenic K-Ras mutations seem to be mutually exclusive events that both contribute, albeit 

mechanistic differences, to T-ALL development [86, 88]. In addition, there is growing 

evidence that RasGRPs contribute to the pathogenesis of B cell lymphoma and acute 

myeloid leukemia (AML) [86]. Given the emerging role of immune cells in cancer 

development and targeted therapy, it would be important to examine the potential 

involvement of RasGRPs in this context. With regard to epithelial cancers, Patricia 

Lorenzo’s group established a role for RasGRP1 in non-melanoma skin cancer. Elevated 

RasGRP1 levels in keratinocytes results in Ras activation, an effect that is further augmented 

by phorbol ester treatment. Moreover, using mouse models, this group found that RasGRP1 

contributes to skin tumor progression [89, 90]. RasGRP3 is up-regulated in prostate tumors, 

and experiments using cell lines suggest that it contributes to growth and survival [91]. 

Functions of RasGRP3 in the progression of other cancers, including melanoma, glioma, and 

breast cancer, have been suggested [86, 92, 93], but causal relationships with disease 

progression need to be investigated.

Chimaerins are a family of Rac-GAP proteins, thereby they accelerate GTP hydrolysis from 

the small G-protein Rac, a major player in cancer cell motility. The chimaerin family 

comprises at least five members: α1-, α2-, β1-, β2-, and β3- chimaerin [6, 94, 95]. These 

Rac-GAPs bind phorbol esters in vitro with high affinity, and they can be activated by 

receptors coupled to DAG generation, such as tyrosine-kinase receptors, therefore 

redistributing to the plasma membrane where they bind to and inactivate its partner Rac. For 

example, EGF promotes translocation of β2-chimaerin to the plasma membrane in a DAG-

dependent manner via binding to its C1 domain, which acts as a “brake” that limits Rac 

activation [96, 97]. Mechanistically, redistribution of β2-chimaerin to membranes differs 

from that of PKCs in that it also requires the adaptor protein Nck1 for anchoring purposes. 

Nck binding is mediated by an atypical Pro-rich domain adjacent to the C1 domain [98]. 

Early studies identified β2-chimaerin as a tumor suppressor gene that is down-regulated in 

high-grade glioma [99]. Later, this Rac-GAP was found to be down-regulated in breast 

cancer cell lines and in a few number of human breast cancer samples. Restoring β2-

chimaerin expression in breast cancer cells leads to significant phenotypic changes, 

including reduced proliferation, motility, and tumorigenic potential [100–102]. A very recent 

study suggested a more complex role for β2-chimaerin in breast cancer, as down-regulation 

of its expression in vivo in MMTV-Neu/Her2 mice accelerates tumor onset, although it 

delays tumor progression. The significant increase in the number of preneoplastic lesions in 

mammary glands from MMTV-Neu/Her2 mice in a β2-chimaerin null-background supports 

a role for this DAG-responsive Rac-GAP as a tumor suppressor. However, despite the 

reduction in latency, tumors in a β2-chimaerin null background exhibit a less aggressive 

behavior. It has been also noted that reduced β2-chimaerin expression in human breast 

cancer inversely correlates with E-cadherin expression and associates with reduced relapse-

free survival [103].
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PKD isozymes are another family of “non-PKC” phorbol ester/DAG receptors that belong to 

the calcium/calmodulin-dependent kinase (CaMK) superfamily. The family comprises 3 

related members (PKD1, PKD2 and PKD3) [104, 105]. Emerging evidence links PKD 

kinases to pathways implicated in cancer progression, such as ERK, JNK and NF-κB, and 

additionally were found to drive processes such as motility and invasion that are crucial to 

the metastatic dissemination of cancer cells [104, 106–108]. There is compelling evidence 

for a differential expression of PKD isozymes and non-overlapping functions in cancer. 

Notably, several reports showed up-regulation of PKDs in cancer, such as PKD1 in 

pancreatic and skin cancer, or PKD3 in prostate cancer. Nevertheless, down-regulation has 

been also observed in several cancer types, for example PKD1 in breast, colon, and gastric 

cancer. Interestingly, PKD1 negatively-regulates cell migration and epithelial-to-

mesenchymal transition (EMT) in breast cancer cells, and loss of PKD1 in invasive breast 

cancer is associated with reduced expression of E-cadherin. On the other hand, PKD2 and 

PKD3 support cancer cell migration, as well as increase the expression of metalloproteases 

and urokinase-type plasminogen activator, thus augmenting ECM remodeling, and are 

possible inducers of EMT. PKD3 has been largely associated with disease progression in 

breast and prostate cancer [105]. The reported requirement of PKD1 for driving the 

reprogramming process of pancreatic acinar cells to a ductal phenotype as well as 

progression to pancreatic intraepithelial neoplasia (PanIN), together with its role as a 

downstream K-Ras effector [109], highlight the diversity of effects of these kinases 

depending on the cancer type. It is worth mentioning that a pharmacological inhibitor of 

PKD blocks prostate cancer cell proliferation and tumorigenesis, demonstrating the 

promising therapeutic potential of targeted inhibition of these kinases for cancer treatment 

[107]. Nonetheless, potent and selective isozyme-specific PKD inhibitors are still needed. 

For a comprehensive description on PKD regulation and their roles in cancer, readers should 

refer to excellent published reviews [105, 110, 111].

ARE PKC ISOZYMES SUITABLE TARGETS FOR CANCER THERAPEUTICS?

PKC isozymes sit at the crossroads of multiple signaling pathways and hence are obvious 

therapeutic targets for multiple diseases, including cancer, diabetes, heart failure and 

Alzheimer’s disease. The observed alterations in PKC expression in many cancer types, 

together with the wide-ranging effects mediated by PKC isozymes in crucial processes 

involved in malignant transformation and metastasis, strongly justifies efforts to develop 

PKC targeting drugs for cancer treatment. It is fair to say, however, that success has been 

limited. This is not unexpected due to the complex biological roles of PKC isozymes, both 

redundant and opposite, and their significant functional heterogeneity in different cancer 

types.

Most efforts in the search for small molecule PKC activity modulators have been focused on 

targeting the catalytic domain. This has proven to be difficult largely because of the high 

homology with other protein kinases and especially among the members of the PKC family. 

As mentioned above, the ATP binding site in the catalytic domain is well conserved among 

the protein kinase superfamily and certainly within the members of the PKC family. Several 

PKC inhibitors used in clinical trials, such as UCN-01 (7-hydroxystaurosporine) or 

midostaurin (N-benzoyl staurosporine, PKC412), turned out to target other kinases in 
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addition to PKC [60, 112–114]. A well studied PKC inhibitor is enzastaurin, a small 

molecule originally described as selective for PKCβ, although it can also inhibit other PKCs 

via targeting the ATP-binding site [60]. Cellular-based studies demonstrated enhanced 

cytotoxicity by combination of enzastaurin with other chemotherapeutic agents. 

Nonetheless, this did not proove to be highly beneficial in a clinical setting. At the time of 

submission of this review, there have been 48 clinical trials using enzastaurin listed in 

ClinicalTrial.gov, both as a single agent or in combination standard of care therapy.

A second class of PKC modulators with anti-cancer activity are the bryostatins, macrocyclic 

lactones derived from the marine bryozoan Bugula neritina. Bryostatins bind and activate 

PKCs via the C1 domain [115]. Early studies revealed that, paradoxically, bryostatin 1 failed 

to induce many typical phorbol ester responses, including tumor promotion in skin. 

Furthermore, this agent inhibits tumor formation in the classical DMBA/TPA paradigm [66]. 

The differential pharmacological properties of bryostatin 1 may be linked to unique patterns 

of PKC isozyme relocalization [116]. Bryostatin 1 has marked anti-proliferative, apoptotic, 

and cytotoxic effects in cancer cells. In addition, this agent induces differentiation of 

leukemic cells, setting the basis for its clinical use in differentiation therapy for leukemia 

patients. Bryostatin 1 has been examined both as single agent and in combination therapies 

for hematopoietic cancers as well as for a range of solid tumors, including pancreatic, lung, 

renal, esophageal and ovarian cancer. The most common adverse effect of bryostatin 1 is 

myalgia, although this agent is well tolerated in combination with other therapeutic regimes 

[112, 117, 118]. Bryostatin 1 is scarce in nature and is in limited supply, therefore attempts 

are being made to simplify its structure and develop highly potent surrogates that could be 

clinically efficacious. Picolog, a synthetically accessible bryostatin analogue with picomolar 

affinity for PKC, induces apoptosis in mantle cell lymphoma cell lines and inhibits tumor 

growth in a mouse model of MYC-induced lymphoma [119, 120]. However, this and other 

bryostatin derivatives, such as Merle 23, and neristatin 1, have not yet been tested in 

patients. Other group of C1 domain ligands with clinical use are the ingenols, such as 

ingenol mebutate (Picato®). Ingenol derivatives bind to PKC isozymes with similar in vitro 
affinity, although differential activation of PKCs in cellular models has been described [121]. 

This drug entered the pharmaceutical market in 2012 for the treatment of actinic keratosis, 

and seems to be effective for the treatment of basal cell carcinomas [122].

A third approach to target PKC involves modulating its expression. Aprinocarsen (ISIS 

3521) is a 20-base antisense oligonucleotide that targets PKCα. The rationale behind the 

development of this agent was the growth inhibitory effect of PKCα depletion on cancer cell 

or tumor growth. Aprinocarsen markedly reduced proliferation and invasion of cancer cells, 

as well as xenograft tumor growth. Clinical trials have been established for patients with 

prostate, breast, ovarian, colon, lung, glioblastoma, melanoma, and other cancers [112]. 

However, this drug has been discontinued due to limited clinical benefit, which is not 

surprising considering that PKCα is not necessarily a driver of proliferation and 

tumorigenesis, and the lack of a validated predictive biomarker for response.

Lastly, with regard to PKC modulators acting through disruption of protein-protein 

interactions, a promising candidate is aurothiomalate. This drug is related to the antiarthritic 

gold compound auranofilin, and it has been repurposed for cancer treatment due to its 
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inhibitory effect on the PKCι-Par6 interaction. Aurothiomalate blocks PKCι signaling and 

inhibits transformed growth in a number of cancer cell lines in culture as well as in mouse 

models [123]. A phase I dose escalation study with this inhibitor has been reported for 

patients with lung, ovarian and pancreatic cancer [124]. There are other candidate PKC 

inhibitors in this category with anti-cancer potential, such as the PKCε inhibitor εV1-2 

(KAI-1678), which was tested for safety and efficacy to treat neuropathic pain [125]. Based 

on the reported anti-tumorigenic activity of this inhibitor [63], it could be conceivably used 

as an anti-cancer agent.

FINAL REMARKS

While here we chose to discuss five of the most pressing issues in the field of PKC and 

cancer, other open questions remain. For example, can PKCs be used as biomarkers of 

disease progression? Can PKCs predict responders vs. non-responders to therapy? PKCs 

regulate many pathways involved in cellular transformation and metastatic dissemination of 

cancer cells. This is done in strict isozyme- and context-dependent manners, and often in 

opposite directions. The interplay between PKC isozymes and their effectors is complex, 

making it hard to predict the impact that inhibiting specific isozymes will have in the clinic. 

It is imperative to better understand the complex relationship of individual PKCs with their 

effectors, and a better appreciation of their interactions with oncogenic stimuli characteristic 

of every tumor type is warranted, as predictably discrete PKC isozymes may contribute to 

the progression of subsets of cancers. This would be particularly important to assess the 

effect of PKC modulators in patients in a personalized manner. The poor understanding of 

PKC substrates and limited availability of tools to determine activated status of PKCs 

represent major drawbacks for objectively assessing the effect of PKC targeting agents in 

patients, and validated predictive biomarkers for response are urgently needed. Addressing 

fundamental aspects of PKC biology and pharmacology would be required to enlighten the 

potential clinical benefits of PKC targeting agents.
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Figure 1. Protein families with phorbol ester/DAG responsive C1 domains
Diagram of protein families with C1 domains that bind phorbol esters and diacylglycerol 

(DAG). DAG is generated upon stimulation of membrane receptors such as tyrosine-kinase 

and G-protein-coupled receptors. C1, C1 domain; C2, C2 domain; PS, pseudosubstrate 

domain; PH, pleckstrin homology domain; EF, EF hands; SH2, Src-homology 2 domain; 

Rac-GAP, Rac GTPase Activating Protein domain; REM, Ras Exchanger Motif; RasGEF, 

Ras Guanine nucleotide Exchange Factor domain. Note that the figure depicts representative 

structures for each class, but certain members lack some of these domains or may contain 

additional domains not depicted here.
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Figure 2. PKC isozymes as regulators of cellular function and cancer progression
PKCs control multiple functions associated with cancer progression, in many cases in 

opposite manners. Depending on the context, PKCs can act either as promoters or 

suppressors of the cancer phenotype.
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Table 1

Most common classes of PKC inhibitors

Class Examples PKC isozyme selectivity Other targets

Potential 
as 

anticancer 
agents

ATP-competitive inhibitors

Bisindolylmaleimide I Non-selective

Other kinases YesGö6976 cPKCs

Enzastaurin Some selectivity for PKCβ

C1 domain ligands Bryostatin 1
cPKC/nPKC activator in 

vitro, functional inhibitor in 
cells/in vivo

“Non-PKC” 
phorbol ester 

receptors 
(PKDs, 

RasGRPs, 
chimaerins, 

others)

Yes

Protein-protein interaction inhibitors

Aurothiomalate PKCι (inhibits interaction 
with Par6)

Unknown

Yes

εV1-2 PKCε (inhibits interaction 
with RACK) Yes

Substrate-competitive inhibitors Pseudosubstrate-derived peptides Limited Unknown No

PIF-pocket inhibitors PS315 Unknown Unknown Unknown
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Table 2

“Non-PKC” phorbol ester/DAG receptors in cancer

Class Isotypes Phorbol ester binding* Activity Roles in cancer

Protein kinase D

PKD1 +

Protein kinases
Diverse roles in promotion or 

suppression of tumorigenesis and 
metastasis, primarily in solid tumors

PKD2 +

PKD3 +

RasGRP

RasGRP1 +

Ras/Rap1 Guanine 
nucleotide Exchange 

Factors (GEFs)

Diverse roles in oncogenesis of blood 
cancers and solid tumors

RasGRP2 −

RasGRP3 +

RasGRP4 +

Chimaerin

α1-chimaerin +

Rac GTPase Activating 
Proteins (GAPs)

Tumor suppression in glioma and breast 
cancer

α2-chimaerin +

β1-chimaerin +

β2-chimaerin +

β3-chimaerin +

Munc-13

Munc-13-1 +

Coordination of vesicle 
docking, priming and 

fusion
Unknown

Munc-13-2 ?

Munc-13-3 ?

Munc-13-4 ?

Diacylglycerol-kinase

DGKα −

Lipid kinases Limited knowledge for phorbol ester-
responsive DGKs

DGKβ +

DGKγ +

DGKδ −

DGKε −

DGKη −

DGKκ −

DGKθ −

DGKι −

DGKζ −

*
Not all DGKs have been examined for phorbol ester binding, but structural predictions on C1 domains suggest that other tan DGKβ and DGKγ all 

other DGKs should be insensitive to phorbol esters.
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