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Abstract: The protein kinase C (PKC) family proteins are important signal transducers and 

have long been the focus of cancer research. PKCɛ, a member of this family, is 

overexpressed in most solid tumors and plays critical roles in different processes that lead 

to cancer development. Studies using cell lines and animal models demonstrated the 

transforming potential of PKCɛ. While earlier research established the survival functions of 

PKCɛ, recent studies revealed its role in cell migration, invasion and cancer metastasis. 

PKCɛ has also been implicated in epithelial to mesenchymal transition (EMT), which may 

be the underlying mechanism by which it contributes to cell motility. In addition, PKCɛ 

affects cell-extracellular matrix (ECM) interactions by direct regulation of the cytoskeletal 

elements. Recent studies have also linked PKCɛ signaling to cancer stem cell functioning. 

This review focuses on the role of PKCɛ in different processes that lead to cancer 

development and progression. We also discussed current literatures on the pursuit of PKCɛ 

as a target for cancer therapy. 

Keywords: PKCɛ; survival; EMT; metastasis; cancer stem cells; microRNA 

 

1. Introduction 

Kinases are central mediators of signal transduction and have become attractive targets for drug 

development [1]. An important class among them is protein kinase C (PKC) which constitutes 2% of 
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the human kinome [2]. PKC is a family of structurally related serine/threonine kinases that are 

classified as conventional, novel and atypical based on their structural properties and responsiveness to 

second messengers [3–7]. Conventional PKCs (PKCα, -βI, -βII and -γ) contain two diacylglycerol 

(DAG)-binding domains (C1A and C1B) and a calcium-binding domain (C2) and therefore are 

responsive to both DAG and calcium [5,8,9]. Novel PKCs (PKCδ, -ɛ, -ε and -ζ) contain a variant of 

C2 domain (C2-like domain) and do not require calcium for activation [9,10]. Atypical PKCs (PKCδ 

and –I/η) lack functional binding sites for DAG as well as calcium and are therefore independent of 

both for activation [9,11–13]. 

Since their discovery as receptors for tumor-promoting phorbol esters, PKCs have been intensively 

studied for their contribution to cancer [14]. Common processes regulated by PKCs include cell 

survival, proliferation, apoptosis, migration and invasion [9]. PKCs can have similar, overlapping and 

sometime opposing roles in cellular processes [15]. Moreover, the function of most PKCs in cancer has 

been found to be dependent on the cellular context. PKCɛ is the first isozyme that was shown to 

possess oncogenic functions and is emerging as an undisputed tumor promoter [16]. 

PKCɛ was identified as a novel PKC isotype by cDNA cloning from rabbit and rat brain [17,18]. 

More than two decades of research on PKCɛ has shown it to be a dynamic player in diverse cellular 

processes. At the systemic level, PKCɛ activation has protective roles in cardiac and brain ischemia, 

nociception and heat shock response while uncontrolled PKCɛ activation is associated with cancer 

development [19,20]. PKCɛ is overexpressed in various tumor types [16] and is associated with 

different processes related to cancer development namely, cell transformation, cell survival, cell 

proliferation, EMT, cytoskeletal reorganization, extracellular matrix (ECM) rearrangement, disruption 

of cell-cell contacts, cell motility, stem cell properties and therapy resistance [16,19,21,22]. In this 

review article, we primarily focused on the salient functions of PKCɛ in cancer development and 

progression, and its potential as a target for cancer therapy with an emphasis on the recent contributions. 

2. PKCɛ in Oncogenic Transformation 

One of the first evidence demonstrating the oncogenic potential of PKCɛ came from studies of 

Mischak et al. [23]. The authors demonstrated that overexpression of PKCɛ in NIH 3T3 murine 

fibroblasts showed transformed phenotype as evident from increased growth rates in cell culture and in 

soft agar, as well as increased tumor incidences in xenograft models. Similarly, PKCɛ was found to be 

oncogenic in rat 6 fibroblasts [24] and rat colonic epithelial cells in vitro and in vivo [25].  

PKCɛ-overexpressing rat colonic epithelial cells showed Raf-1/mitogen activated protein kinase 

(MAPK) to be responsible for the PKCɛ-induced transformation [26]. 

Generation of transgenic mice models with tissue-specific overexpression of PKCɛ has been 

achieved for skin and prostate tissues [27,28]. Although there was no noticeable difference between 

parental and transgenic mice overexpressing PKCɛ in skin epidermis, exposure to ultraviolet radiation 

(UVR) resulted in increased incidences of squamous cell carcinoma in PKCɛ mice signifying a role for 

PKCɛ in skin cancer development [28]. Recently, Kazanietz and co-workers generated transgenic mice 

models for prostate-specific expression of PKCɛ, -α and -δ [29]. In this study, PKCɛ mice developed 

hyperplasia and prostate intraepithelial neoplasia (PIN) which were not observed in the wild-type 

control, PKCα or PKCδ mice [29,30]. These studies suggest a causal role for PKCɛ in tumor initiation. 
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In the prostate specific transgenic mouse model, phosphorylation of the serine/threonine kinase Akt 

and signal transducer and activator of transcription 3 (Stat3) was found to be increased [29]. Similarly, 

PKCɛ increased UVR-induced phosphorylation of phosphoinositide 3-kinase (PI3K), Stat3 and 

extracellular signal-regulated kinase (ERK) in mouse model of skin cancer [28]. Thus, PI3K/Akt, Stat3 

and MAPK/ERK pathways are the likely mediators of PKCɛ-induced transformation. 

3. PKCɛ in Cell Survival 

It is well-established that PKCɛ promotes cell growth and functions as an anti-apoptotic protein.  

It inhibits both pathways of apoptosis—the mitochondrial or intrinsic pathway and the receptor-mediated 

or extrinsic pathway [21]. It cooperates with different signaling pathways to promote cell survival [21]. 

The prominent survival pathway activated by PKCɛ is Akt. PKCɛ can phosphorylate Akt directly [31] 

or indirectly via other kinases [21,32,33]. PKCɛ-mediated Akt phosphorylation/activation positively 

regulated cell survival in different cellular contexts as reviewed earlier [21]. 

Nuclear factor кB (NF-кB) is another important oncogenic pathway that is activated downstream of 

PKCɛ [34,35]. PKCɛ mediated activation of NF-кB promoter in rat fibroblasts [35]. Transgenic mice 

with prostate-specific overexpression of PKCɛ developed preneoplastic lesions that displayed 

hyperactivation of NF-кB [34]. PKCɛ also mediated tumor necrosis factor α (TNFα)-induced NF-кB 

activation by facilitating the assembly of TNF receptor-1 signaling complex in prostate cancer  

cells [34]. The study by Yang et al. provided mechanistic insights into the PKCɛ-mediated activation 

of NF-кB downstream of epidermal growth factor receptor (EGFR) in glioblastoma cells [36]. 

Phospholipase C γ-1 activation, in response to EGF, resulted in monoubiquitylation of PKCɛ. Docking 

of NF-θB essential modulator (NEMO) on to the monoubiquitinated PKCɛ led to the recruitment of 

inhibitor of кB kinase (IKK) complex to the membrane and subsequent phosphorylation of IKKβ by 

PKCɛ [36]. The resulting NF-кB activation caused transcriptional induction of pyruvate kinase M 2 

(PKM2) which facilitated glycolysis and mediated development of glioblastoma multiforme [36]. 

PKCɛ promotes cell survival not only by activating survival pathways but also by inhibiting  

pro-apoptotic signaling. Important in this regard is the regulation of Bcl-2 family members by PKCɛ. 

We and others have previously shown that PKCɛ increased the levels of anti-apoptotic Bcl-2 protein in 

different cell types [37,38]. In addition, PKCɛ was shown to increase anti-apoptotic Bcl-XL and  

X-linked inhibitor of apoptosis protein (XIAP) and to decrease proapoptotic BH3 interacting-domain 

death agonist (BID) [37,39–41]. PKCɛ inhibited Bax activation by blocking its translocation to 

mitochondria [42] while it inhibited Bad by increasing its phosphorylation at Ser112 [43,44].  

Thus, PKCɛ inhibits apoptosis by regulating the levels, phosphorylation status or localization of Bcl-2 

family proteins. 

New PKCɛ targets, which have important roles in mitochondria, have been discovered.  

PKCɛ-mediated Stat3 activation increased mRNA and protein levels of translocator protein TSPO [45],  

a cholesterol- and drug-binding protein that is primarily located at the outer mitochondrial  

membrane [46]. Modulation of TSPO levels may have important implications in the regulation of 

mitochondrial apoptosis by PKCɛ. Another important target of PKCɛ is the dual function protein ATF2 

(activating transcription factor 2) [47]. ATF2 functions as an oncogene in melanoma but as a tumor 

suppressor in non-malignant skin cancer [47]. Lau et al. showed PKCɛ to be a decisive factor in ATF2 
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functioning [47]. ATF2 is a stress-induced protein which, in response to genotoxic agents, can 

translocate to mitochondria and mediate membrane permeabilization by direct interaction with 

hexokinase-1 and voltage-dependent anion channel 1 (VDAC1) [47]. However, ATF2 phosphorylation 

at Thr52 by PKCɛ prevents its mitochondrial translocation and directs it to the nucleus, thereby 

attenuating apoptosis in response to genotoxic drugs [47]. Moreover, inhibition of PKCɛ-mediated 

ATF2 phosphorylation resulted in cytoplasmic targeting of ATF2 and reduced oncogenic properties of 

melanoma cells [49]. Thus, high levels of PKCɛ in melanoma are responsible for promoting 

chemoresistance and tumorigenesis by nuclear targeting of ATF2 [48,49]. 

4. PKCɛ in Metastasis 

The primary cause of morbidity among cancer patients is metastasis [50]. PKCɛ is associated with 

metastasis and aggressive phenotype in most cancers [16]. In breast tumor samples, PKCɛ 

overexpression was associated with high histologic grade, positive Her2 status and negative estrogen 

and progesterone receptor status [51]. Its expression was found to be a predictor of poorer overall and 

disease-free survival in breast cancer patients [51]. Conversely, its depletion led to a less aggressive 

phenotype in vitro as well as in xenograft models [51,52]. PKCɛ expression also correlated with tumor 

grade in prostate tumor samples [53]. Overexpression of PKCɛ transformed androgen-dependent 

prostate cancer cells into androgen-independent type and led to the formation of aggressive tumors 

when transplanted into nude or castrated mice [54]. PKCɛ was also shown to be overexpressed in early 

prostate adenocarcinomas [55]. Additionally, PKCɛ overexpression was associated with poor 

prognosis in head and neck squamous cell carcinoma patients [56,57] and its depletion resulted in less 

motile phenotype in vitro [57]. 

Among the cancers of urogenital tract, PKCɛ expression correlated with tumor grade and stage in 

clear cell renal cell carcinoma (RCC) and its depletion resulted in decreased cell growth and migration 

in RCC cells [58]. In cancers of the nervous system, PKCɛ showed elevated expression in astrocytoma, 

glioblastoma multiforme and gliosarcoma tumor samples [59] as well as in glioblastoma cell lines [60]. 

PKCɛ is also overexpressed in non-small cell lung carcinomas (NSCLC) [61]. Inhibition of PKCɛ 

using dominant-negative mutant resulted in reduced aggressiveness of the NSCLC cells as measured 

by the decrease in proliferation and anchorage-independent growth [61]. Thus, PKCɛ is associated 

with aggressive phenotype in most solid tumors and is considered to be a biomarker for metastatic 

cancers [16].  

There is limited information on the mechanisms responsible for observed overexpression of PKCɛ 

in cancers. A number of tumor samples containing amplifying somatic mutations in PRKCE gene are 

listed in the COSMIC database [62]. In addition, recent studies have shown PKCɛ to be a target for a 

number of tumor-suppressor microRNAs (miRNA). PKCɛ is targeted by miR-205 in prostate cancer [63], 

miR-107 in head and neck squamous cell carcinoma [64], miR-31 in breast cancer [65], miR-143 in 

lung cancer [66] and miR-146a in papillary thyroid cancers [67]. Moreover, PKCɛ was functionally 

validated to be a downstream target of these miRNAs in respective tissues/cells [63–67]. PKCɛ is also 

a target of miR-129 in lung epithelial cells [68] although the functional significance of this regulation is 

not known. Thus, microRNAs may be an important means of regulating PKCɛ expression and their 

downregulation may explain, in part, the increased expression of PKCɛ in cancers. 
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5. Regulation of EMT by PKCɛ 

Cancer metastasis involves a series of steps starting with dissemination of cells from the primary 

tumor, migration and invasion through the stroma, intravasation into the blood vessels, anoikis 

resistance and circulation through the blood stream, extravasation from the blood vessels and finally 

formation of tumor at the secondary site [69]. Most solid tumors arise from epithelial cells which are 

characterized by cuboidal shape, cell-cell and cell-matrix adhesion and apico-basal polarity [70].  

In order to migrate to a distant site, the epithelial cells lose their epithelial characteristics and gain 

mesenchymal features like spindle shape and increased migratory and invasive potential [71].  

This metamorphosis of epithelial cells to mesenchymal phenotype is called epithelial to mesenchymal 

transition or EMT [72]. EMT was first studied as a phenomenon essential during embryonic 

development, by which the epithelial cells from the primary tissue migrate to a different site [73]. 

Cancer cells, however, hijack this process to migrate to distant sites during metastasis [74]. 

The phenotypical changes in EMT are associated with a corresponding change in molecular 

markers such as the loss of adhesion proteins (e.g., E-cadherin, Zonula Occludens-1 or ZO-1 and 

claudins) and gain in proteins abundant in mesenchymal cells (e.g., vimentin, N-cadherin and 

fibronectin) [72]. These drastic changes in cell’s cytoskeleton require a major transcriptional 

reprogramming. Prominent inducers of EMT in vitro and in vivo are transforming growth factor 

(TGF)-β and bone morphogenic protein (BMP) [75]. In addition, other growth factors like epidermal 

growth factor (EGF), platelet derived growth factor (PDGF) and cytokines can promote EMT in a 

context-dependent manner [76–79]. Recent studies have shown a crucial role for PKCɛ in EMT and 

cell migration [51,63,80,81]. 

The change of cell morphology from cuboidal to spindle type is the most striking feature of EMT. 

The propensity of PKCɛ to change cell morphology was originally identified by Parletti et al. [25,82]. 

Subsequently, several reports demonstrated the role of PKCɛ in the regulation of cytoskeleton and cell 

migration [16,83–87]. Gandellini et al. showed that PKCɛ is an important target of miR-205, and 

depletion of PKCɛ was associated with reversion of the aggressive prostate cancer cells to epithelial 

type as determined by increased E-cadherin expression and decreased cell motility [63]. We recently 

showed that overexpression of PKCɛ was sufficient to induce EMT in non-malignant breast epithelial 

MCF-10A cell line [80]. In addition, PKCɛ promoted anoikis resistance and cell migration that are 

important characteristics of EMT [80]. Moreover, depletion of PKCɛ led to partial reversion of  

TGFβ-induced mesenchymal phenotype [80]. These studies demonstrate an important role for  

PKCɛ in EMT. 

While the precise mechanism by which PKCɛ promotes EMT has not been delineated, there are a 

number of interesting possibilities. Firstly, PKCɛ was shown to mediate phosphorylation of vimentin, 

an intermediate filaments that is increased in mesenchymal cells [85]. Vimentin phosphorylation was 

required for vesicular trafficking and directional cell motility towards the matrix [85,88]. A recent 

report showed the involvement of PKCɛ in mediating phosphorylation of ZO-1 at Thr770/Thr772 

residues [89]. Thr770/Thr772 phosphorylation of ZO-1 was associated with disruption of tight 

junctions in endothelial cells [89]. PKCɛ is also known to phosphorylate and thereby cause nuclear 

export of ZO-2 [90] although its functional significance is not known. Whether regulation of vimentin 

and/or ZO-1/2 by PKCɛ is sufficient to cause EMT needs to be explored. An earlier report showed that 
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overexpression of PKCɛ in rat fibroblasts increased the production of active TGFβ [91], a leading 

inducer of EMT in vitro and in vivo [75]. Thus, PKCɛ may induce EMT via TGFβ in an autocrine 

manner. TGFβ signals through Smad receptors and leads to the upregulation of EMT-inducing 

transcription factors (e.g., Snail, Slug and Twist), prominent among them being Snail [75,92,93].  

We showed that the reversal of TGFβ-induced mesenchymal phenotype in PKCɛ-depleted cells was 

associated with a concomitant decrease in Snail levels [80]. Thus, PKCɛ and TGFβ may operate in a 

positive feedback loop to bring about the mesenchymal phenotype. 

PKCɛ also increased the production of some cytokines and growth factors via TNFα-converting 

enzyme (TACE) [94,95]. TACE is a member of the matrix metalloprotease (MMP) family that 

mediates the ectodomain shedding of many secreted proteins [53]. PKCɛ caused phosphorylation and 

activation of TACE and thereby increased the shedding of TNFα and amphiregulin (a member of the 

EGF family of ligands) [94,95]. Signaling downstream of TNFα as well as EGF receptor pathway are 

known to cause EMT in specific contexts [76,78]. IL-6 is another cytokine that is increased by  

PKCɛ [63,96] and can induce EMT [79,97]. In addition, PKCɛ can promote autocrine signaling of 

fibroblast growth factor (FGF) [98], another well-known EMT mediator [72,99]. PKCɛ can also 

phosphorylate FGF receptor (FGFR) at Ser779 and thereby promote its downstream signaling [100]. 

Thus PKCɛ-mediated cytokine and growth factor signaling may, in part, be responsible for EMT induction. 

The signals emanating at the cell surface, in response to growth factors and cytokines, are usually 

transduced via activation of different intracellular kinases and transcription factors. The most 

important serine/threonine kinase that is linked to PKCɛ signaling is Akt [21]. There are three isoforms 

of Akt namely Akt1, Akt2 and Akt3 [101]. We and others have previously shown that PKCɛ promotes 

apoptosis-resistance via activation of Akt1 [21,32,102,103]. While Akt1 is mostly involved in cell 

survival and proliferation, Akt2 plays a role in EMT induction and cell migration [104]. It is possible 

that PKCɛ recruits Akt2 to promote EMT. 

Among the transcription factors, Stat3, a substrate of PKCɛ, also has a role in EMT  

induction [81,96,105]. PKCɛ activates Stat3 by direct phosphorylation at Ser727 residue and this 

regulation is important for cell invasion and motility [53,81]. Moreover, Stat3 mediates TGFβ-induced 

EMT by transcriptional upregulation of Twist [105,106]. LIV1 is another Stat3 target, which is 

required for the nuclear translocation of Snail [107]. Thus, it is possible that TGFβ, PKCɛ and Stat3 

collaborate to induce EMT. 

One important class of proteins connecting various signaling hubs inside the cell is Rho family of 

GTPases [108]. Rho A and Rho C have been implicated in regulating cell motility downstream of 

PKCɛ [51]. Particularly, PKCɛ was shown to phosphorylate Rho A at Thr127 and Ser188 sites [109]. 

In addition, Rho A and Rho C are known to promote EMT [109–111]. Thus Rho GTPases may 

facilitate signal transduction through PKCɛ to bring about EMT. 

In summary, there are a number of PKCɛ targets that participate in EMT. These different  

EMT-mediators may form one linear axis or work through divergent pathways in different  

cellular contexts. 
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6. PKCɛ in the Regulation of Cytoskeleton 

In addition to the regulation of EMT, PKCɛ can directly interact with and regulate cytoskeletal 

elements and thereby participate in cell-ECM interactions. An earlier study showed that PKCɛ is the 

only PKC isozyme that translocates from the cytosol to the plasma membrane during cell adhesion and 

spreading to a gelatin matrix [112]. An important interacting partner of PKCɛ during cell adhesion is 

the transmembrane adhesion molecule β1 integrin [113]. Adhesion and migration of cardiac fibroblasts 

required PKCɛ-mediated phosphorylation of Thr788/Thr789 residues in the cytoplasmic tail of β1 

integrin [113]. Likewise, PKCɛ was required for the lamella formation during migration of lung cancer 

cells [87]. PKCɛ localized to the leading edge of the migrating cell and controlled the lamella 

formation by promoting a complex formation between tight junction protein ZO-1 and α5β1 integrin [87]. 

In addition, PKCɛ mediated vesicular trafficking of β1 integrin which was necessary for directional 

cell migration [88]. Thus, PKCɛ is intimately connected to integrin signaling and this cross-talk forms 

critical component of the cell migration machinery. 

A unique feature of the PKCɛ structure is its ability to bind actin [19]. The 223–228 hexapeptide 

(LKKQET) in the conserved C1 domain of PKCɛ constitutes the actin binding motif and remains 

unexposed in the inactive conformation of the protein [114]. Active PKCɛ binds to filamentous actin 

and this interaction stabilizes the active conformation of PKCɛ [114]. Since actin cytoskeleton 

remodeling and dynamic formation of focal adhesions is crucial for cell motility, it is hypothesized that 

PKCɛ participates in cell migration by promoting F-actin assembly [59]. Likewise, PKCɛ translocation 

to focal adhesions was required for phorbol myristate acetate (PMA)-induced migration in glioma  

cells [115]. In neuronal cells, PKCɛ-mediated actin polymerization was involved in neurite outgrowth 

and glutamate exocytosis [84,116]. It is conceivable that PKCɛ is involved in the formation of long 

protrusive processes in different cellular contexts be it neurite outgrowth or cancer cell migration. 

An indirect but a critical regulation of the cytoskeleton by PKCɛ is demonstrated during  

cytokinesis [117]. Phosphorylation of PKCɛ at three sites (Ser350, Ser346 and Ser368) leads to its 

binding with 14-3-3 [117,118]. The PKCɛ-14-3-3 complex is required for the final abscission step in 

cytokinesis [119]. Rho A GTPase helps with the contraction of actomyosin ring that creates the furrow 

between the two poles of a dividing cell [119]. However, inhibition of Rho A activity is implicated in 

the final ―pinching off‖ of two daughter cells. It is suggested that PKCɛ-14-3-3 complex inhibits  

Rho A and thereby brings about the abscission step of cytokinesis [117,119]. Another study  

showed that PKCɛ-dependent phosphorylation of ZO-1 at Ser168 is required for the completion of  

cytokinesis [120]. 

An important downstream target of PKCɛ is caveolin [121]. Caveolins are transmembrane adaptor 

proteins that participate in receptor-independent endocytosis [122,123]. Although traditionally known 

to be a tumor suppressor, caveolin-1 has recently been implicated in cancer development [124]. 

Caveolin-1 is overexpressed, and is associated with disease aggressiveness in prostate cancer [125]. 

PKCɛ was shown to increase the expression and secretion of active caveolin-1 in recurrent prostate 

cancer cells [121]. Further research is needed to determine if PKCɛ regulates cell-matrix interactions 

via caveolin-1. 
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7. PKCɛ and Cancer Stem Cells 

Development of different functional assays like clonogenic assay, transplantation and lineage 

tracing and state-of-the-art cell isolation methods have helped ascertain the existence of stem cells and 

reveal the hierarchical nature of cells in tissues [126,127]. Similar heterogeneity of cells in tumor, and 

multistep model of oncogenesis, formed the basis for cancer stem cell (CSC) model [126]. Based on 

the CSC model, the tumors are initiated and prorogated through a malignant population of cells that share 

with normal stem cells the ability to renew infinitely and to differentiate into other cell types [126]. As 

such, CSCs are supposed to be the key cause of therapy resistance and tumor recurrence. Complete 

eradication of the cancer stem cells would therefore be required for effective treatment of cancers [127]. 

Consequently, there is a mounting interest in understanding the signaling networks that sustain CSCs. 

Several studies have linked PKCɛ signaling to cancer stem cells. One of the organs best studied for 

tissue hierarchy and stem cell lineage is colon. A colon crypt usually contains a small population of 

stem cells at the bottom while the sequentially more differentiated cells are located towards the top of 

the crypt [128]. Gobbi et al. showed that PKCɛ expression is highest at the bottom of the colon crypt 

and decreases gradually away from the crypt [129]. PKCɛ protein expression also varied inversely with 

TRAIL (TNF-related apoptosis-inducing ligand) which promoted cell differentiation in the colon [129]. 

Moreover, downregulation of PKCɛ promoted differentiation of stem cells in culture [129]. In 

addition, PKCɛ inhibited the differentiation of neural stem cells [130] while promoted the survival of 

glioma stem cells [40]. These studies implied a role for PKCɛ in maintaining a pool of undifferentiated 

stem cells. 

Singh et al. directly addressed the effect of PKCɛ on stem cells population in hair follicles [131]. 

They showed that PKCɛ overexpression in mice increased the number of double positive (CD34+/α6-

integrin+) hair follicle stem cells (HSCs) in response to UV radiation (UVR) [131]. The HSCs in 

transgenic mice also cycled at a faster rate and displayed increased expression of genes that are 

involved in transformation, invasion and metastasis [131]. It is known that PKCɛ mice develop 

metastatic skin cancer in response to UVR [28]. Thus, it is conceivable that PKCɛ promotes tumor 

malignancy by sustaining CSCs in UVR-induced skin cancer models. 

A recent study identified PKCɛ as a downstream effector of hypoxia and stem cell factor (HASF), 

which is a stem cell paracrine factor [132]. On the other hand, PKCɛ directly regulated the embryonic 

stem cell marker Nanog. Bourguignon et al. showed that PKCɛ increased the phosphorylation of 

Nanog in MCF-7 breast cancer cells [22]. Nanog phosphorylation triggered its nuclear translocation 

where it regulated the processing of microRNAs [22]. In a later study, Piao et al. showed that Nanog is 

directly phosphorylated by PKCɛ at Thr200 and Thr280 residues [133]. Moreover, PKCɛ-mediated 

phosphorylation enhanced protein stability of Nanog and was required for its transcriptional activity [133]. 

Moreover, Nanog phosphorylation was required for supporting a population of cancer initiating cells 

(CICs) as overexpression of non-phosphorylatable mutant decreased CICs [133]. In addition, treatment 

of cancer cells with Pre-miR-107 containing nanoparticles resulted in decreased expression of PKCɛ as 

well as that of stem cell markers Nanog, Sox2 and Oct3/4 [134]. Furthermore, miR-107 treatment 

decreased CICs [134]. These studies suggest a role for PKCɛ in promoting the growth of CICs via 

activation of stem cell marker Nanog. 
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8. Therapeutic Targeting of PKCɛ 

As PKCɛ is involved in various pathologies, its activators and inhibitors have been long sought 

after. High homology between different PKC isozymes prohibited the design of specific chemical 

inhibitors against PKCs. Modest selectivity has been achieved using short peptide inhibitors [135–137]. 

These peptides were designed to inhibit the interaction of PKCɛ with its adaptor proteins or to prevent 

its translocation to the membrane [135–137]. Bao et al. reported the design and the use of a novel 

bifunctional peptide HN1-PKCɛ in HNSCC [138]. HN1-PKCɛ was designed by linking the cancer cell 

homing (HN1) module with PKCɛ translocation inhibitory module (PKCɛ), so as to achieve inhibition 

of PKCɛ specifically in cancer cells [138]. This peptide preferentially penetrated HNSCC cells in vitro 

and in vivo and significantly retarded the growth of tumor xenografts in mice [138]. 

Another novel approach in PKCɛ activity modulation is the development of Llama single chain 

antibodies (denoted by VHH) [139]. VHH antibodies are much smaller and more stable than 

conventional antibodies [139]. In addition, they can recognize relatively eclipsed part of the  

enzyme [139]. Activating as well as inhibitory VHH antibodies have been made against PKCɛ and 

have been functionally validated in HeLa cells [139,140]. We expect that this antibody approach will 

be extended to different model systems and further modification of these antibodies will allow their 

use in the clinic. 

9. Conclusions 

More than two decades of research on PKCɛ has established this kinase to be a key player in 

different cancers. It is overexpressed in most solid tumors and is being increasingly shown to be a 

target of tumor suppressor microRNAs. Functionally, it plays crucial roles in almost all aspects of 

tumor development, namely cell transformation, proliferation, cancer cell survival, EMT, migration 

and invasion (Figure 1).  

Figure 1. The involvement of PKCɛ in various steps of cancer development and progression. 
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In addition, it is recently implicated in cancer cell stemness. Thus, PKCɛ has emerged as an 

important candidate for cancer therapy. However, before PKCɛ can be targeted in the clinic, a clear 

understanding of its regulatory network is required. Moreover, the particular subsets of tumors, in 

which PKCɛ inhibitors may be used for mainstream or adjuvant therapy, need to be identified. Parallel 

efforts are also required to develop more specific pharmacological inhibitors of PKCɛ. Clinical use of 

PKCɛ inhibitors will also demand highly specific delivery to the tumor to avoid damage to other vital 

organs like brain and heart, wherein PKCɛ plays a protective role. Thus, with a collaborative 

multidisciplinary effort, clinical targeting of PKCɛ may ultimately be possible for the treatment of cancer. 

Acknowledgments 

This work was supported by the Doctoral Bridge Funding Award (KJ) from the University of North 

Texas Health Science Center. We apologize if we inadvertently left out any major contribution in this field. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Cohen, P. Protein kinases—The major drug targets of the twenty-first century? Nat. Rev. Drug 

Discov. 2002, 1, 309–315. 

2. Cameron, A.J.; Escribano, C.; Saurin, A.T.; Kostelecky, B.; Parker, P.J. PKC maturation is 

promoted by nucleotide pocket occupation independently of intrinsic kinase activity. Nat. Struct. 

Mol. Biol. 2009, 16, 624–630. 

3. Nishizuka, Y. Protein kinase C and lipid signaling for sustained cellular responses. FASEB J. 

1995, 9, 484–496. 

4. Hurley, J.H. Membrane binding domains. Biochim. Biophys. Acta 2006, 1761, 805–811. 

5. Zhang, G.; Kazanietz, M.G.; Blumberg, P.M.; Hurley, J.H. Crystal structure of the cys2 

activator-binding domain of protein kinase C delta in complex with phorbol ester. Cell 1995, 81, 

917–924. 

6. Pearce, L.R.; Komander, D.; Alessi, D.R. The nuts and bolts of AGC protein kinases. Nat. Rev. 

Mol. Cell Biol. 2010, 11, 9–22. 

7. Ohno, S.; Nishizuka, Y. Protein kinase C isotypes and their specific functions: Prologue.  

J. Biochem. 2002, 132, 509–511. 

8. Newton, A.C. Lipid activation of protein kinases. J. Lipid. Res. 2009, 50, S266–S271. 

9. Steinberg, S.F. Structural basis of protein kinase C isoform function. Physiol. Rev. 2008, 88, 

1341–1378. 

10. Giorgione, J.R.; Lin, J.H.; McCammon, J.A.; Newton, A.C. Increased membrane affinity of the 

C1 domain of protein kinase C-delta compensates for the lack of involvement of its C2 domain in 

membrane recruitment. J. Biol. Chem. 2006, 281, 1660–1669. 

  



Cancers 2014, 6 870 

 

 

11. Kazanietz, M.G.; Bustelo, X.R.; Barbacid, M.; Kolch, W.; Mischak, H.; Wong, G.; Pettit, G.R.; 

Bruns, J.D.; Blumberg, P.M. Zinc finger domains and phorbol ester pharmacophore. Analysis of 

binding to mutated form of protein kinase C zeta and the vav and c-raf proto-oncogene products. 

J. Biol. Chem. 1994, 269, 11590–11594. 

12. Lamark, T.; Perander, M.; Outzen, H.; Kristiansen, K.; Overvatn, A.; Michaelsen, E.; Bjorkoy, G.; 

Johansen, T. Interaction codes within the family of mammalian Phox and Bem1p domain-containing 

proteins. J. Biol. Chem. 2003, 278, 34568–34581. 

13. Pu, Y.; Peach, M.L.; Garfield, S.H.; Wincovitch, S.; Marquez, V.E.; Blumberg, P.M. Effects on 

ligand interaction and membrane translocation of the positively charged arginine residues 

situated along the C1 domain binding cleft in the atypical protein kinase C isoforms. J. Biol. 

Chem. 2006, 281, 33773–33788. 

14. Basu, A. The potential of protein kinase C as a target for anticancer treatment. Pharmacol. Ther. 

1993, 59, 257–280. 

15. Griner, E.M.; Kazanietz, M.G. Protein kinase C and other diacylglycerol effectors in cancer.  

Nat. Rev. Cancer 2007, 7, 281–294. 

16. Gorin, M.A.; Pan, Q. Protein kinase C epsilon: An oncogene and emerging tumor biomarker. 

Mol. Cancer 2009, 8, e9. 

17. Ohno, S.; Akita, Y.; Konno, Y.; Imajoh, S.; Suzuki, K. A novel phorbol ester receptor/protein 

kinase, nPKC, distantly related to the protein kinase C family. Cell 1988, 53, 731–741. 

18. Ono, Y.; Fujii, T.; Ogita, K.; Kikkawa, U.; Igarashi, K.; Nishizuka, Y. The structure, expression, 

and properties of additional members of the protein kinase C family. J. Biol. Chem. 1988, 263, 

6927–6932. 

19. Newton, P.M.; Messing, R.O. The substrates and binding partners of protein kinase cepsilon. 

Biochem. J. 2010, 427, 189–196. 

20. Akita, Y. Protein kinase C-epsilon (PC-epsilon): Its unique structure and function. J. Biochem. 

(Tokyo) 2002, 132, 847–852. 

21. Basu, A.; Sivaprasad, U. Protein kinase C-epsilon makes the life and death decision. Cell Signal. 

2007, 19, 1633–1642. 

22. Bourguignon, L.Y.; Spevak, C.C.; Wong, G.; Xia, W.; Gilad, E. Hyaluronan-CD44 interaction 

with protein kinase C(epsilon) promotes oncogenic signaling by the stem cell marker nanog and 

the production of microRNA-21, leading to down-regulation of the tumor suppressor protein 

PDCD4, anti-apoptosis, and chemotherapy resistance in breast tumor cells. J. Biol. Chem. 2009, 

284, 26533–26546. 

23. Mischak, H.; Goodnight, J.A.; Kolch, W.; Martiny-Baron, G.; Schaechtle, C.; Kazanietz, M.G.; 

Blumberg, P.M.; Pierce, J.H.; Mushinski, J.F. Overexpression of protein kinase C-delta and -epsilon 

in NIH 3T3 cells induces opposite effects on growth, morphology, anchorage dependence, and 

tumorigenicity. J. Biol. Chem. 1993, 268, 6090–6096. 

24. Cacace, A.M.; Guadagno, S.N.; Krauss, R.S.; Fabbro, D.; Weinstein, I.B. The epsilon isoform of 

protein kinase C is an oncogene when overexpressed in rat fibroblasts. Oncogene 1993, 8,  

2095–2104. 

25. Perletti, G.P.; Folini, M.; Lin, H.C.; Mischak, H.; Piccinini, F.; Tashjian, A.H., Jr. Overexpression of 

protein kinase C epsilon is oncogenic in rat colonic epithelial cells. Oncogene 1996, 12, 847–854. 



Cancers 2014, 6 871 

 

 

26. Cacace, A.M.; Ueffing, M.; Philipp, A.; Han, E.K.; Kolch, W.; Weinstein, I.B. PKC epsilon 

functions as an oncogene by enhancing activation of the raf kinase. Oncogene 1996, 13,  

2517–2526. 

27. Wheeler, D.L.; Martin, K.E.; Ness, K.J.; Li, Y.; Dreckschmidt, N.E.; Wartman, M.; 

Ananthaswamy, H.N.; Mitchell, D.L.; Verma, A.K. Protein kinase C epsilon is an endogenous 

photosensitizer that enhances ultraviolet radiation-induced cutaneous damage and development 

of squamous cell carcinomas. Cancer Res. 2004, 64, 7756–7765. 

28. Sand, J.M.; Aziz, M.H.; Dreckschmidt, N.E.; Havighurst, T.C.; Kim, K.; Oberley, T.D.;  

Verma, A.K. Pkcepsilon overexpression, irrespective of genetic background, sensitizes skin to 

uvr-induced development of squamous-cell carcinomas. J. Invest. Dermatol. 2010, 130, 270–277. 

29. Benavides, F.; Blando, J.; Perez, C.J.; Garg, R.; Conti, C.J.; DiGiovanni, J.; Kazanietz, M.G. 

Transgenic overexpression of PKCepsilon in the mouse prostate induces preneoplastic lesions. 

Cell Cycle 2011, 10, 268–277. 

30. Basu, A. PKCepsilon paves the way for prostate cancer. Cell Cycle 2011, 10, 378. 

31. Vondriska, T.M.; Klein, J.B.; Ping, P. Use of functional proteomics to investigate PKC  

epsilon-mediated cardioprotection: The signaling module hypothesis. Am. J. Physiol. Heart Circ. 

2001, 280, H1434–H1441. 

32. Lu, D.; Huang, J.; Basu, A. Protein kinase cepsilon activates protein kinase B/Akt via DNA-PK 

to protect against tumor necrosis factor-alpha-induced cell death. J. Biol. Chem. 2006, 281,  

22799–22807. 

33. Ueffing, M.; Lovric, J.; Philipp, A.; Mischak, H.; Kolch, W. Protein kinase C-epsilon associates 

with the raf-1 kinase and induces the production of growth factors that stimulate raf-1 activity. 

Oncogene 1997, 15, 2921–2927. 

34. Garg, R.; Blando, J.; Perez, C.J.; Wang, H.; Benavides, F.J.; Kazanietz, M.G. Activation of 

nuclear factor kappaB (NF-kappaB) in prostate cancer is mediated by protein kinase C epsilon 

(PKCepsilon). J. Biol. Chem. 2012, 287, 37570–37582. 

35. Hirano, M.; Hirai, S.; Mizuno, K.; Osada, S.; Hosaka, M.; Ohno, S. A protein kinase C isozyme, 

nPKC epsilon, is involved in the activation of NF-kappa B by 12-O-tetradecanoylphorbol-13-

acetate (TPA) in rat 3Y1 fibroblasts. Biochem. Biophys. Res. Commun. 1995, 206, 429–436. 

36. Yang, W.; Xia, Y.; Cao, Y.; Zheng, Y.; Bu, W.; Zhang, L.; You, M.J.; Koh, M.Y.; Cote, G.; 

Aldape, K.; et al. EGFR-induced and pkcepsilon monoubiquitylation-dependent NFkappaB 

activation upregulates PKM2 expression and promotes tumorigenesis. Mol. Cell 2012, 48,  

771–784. 

37. Sivaprasad, U.; Shankar, E.; Basu, A. Downregulation of bid is associated with PKCepsilon-

mediated trail resistance. Cell Death Differ. 2007, 14, 851–860.  

38. Gubina, E.; Rinaudo, M.S.; Szallasi, Z.; Blumberg, P.M.; Mufson, R.A. Overexpression of 

protein kinase C isoform epsilon but not delta in human interleukin-3-dependent cells suppresses 

apoptosis and induces bcl-2 expression. Blood 1998, 91, 823–829. 

39. Pardo, O.E.; Wellbrock, C.; Khanzada, U.K.; Aubert, M.; Arozarena, I.; Davidson, S.; Bowen, F.; 

Parker, P.J.; Filonenko, V.V.; Gout, I.T.; et al. FGF-2 protects small cell lung cancer cells from 

apoptosis through a complex involving pkcepsilon, B-Raf and S6K2. EMBO J. 2006, 25, 3078–3088. 



Cancers 2014, 6 872 

 

 

40. Kahana, S.; Finniss, S.; Cazacu, S.; Xiang, C.; Lee, H.K.; Brodie, S.; Goldstein, R.S.; Roitman, V.; 

Slavin, S.; Mikkelsen, T.; et al. Proteasome inhibitors sensitize glioma cells and glioma stem 

cells to TRAIL-induced apoptosis by PKCepsilon-dependent downregulation of AKT and XIAP 

expressions. Cell. Signal. 2011, 23, 1348–1357. 

41. Bourguignon, L.Y.; Peyrollier, K.; Xia, W.; Gilad, E. Hyaluronan-CD44 interaction activates 

stem cell marker Nanog, Stat-3-mediated MDR1 gene expression, and ankyrin-regulated 

multidrug efflux in breast and ovarian tumor cells. J. Biol. Chem. 2008, 283, 17635–17651. 

42. Lu, D.; Sivaprasad, U.; Huang, J.; Shankar, E.; Morrow, S.; Basu, A. Protein kinase C-epsilon 

protects MCF-7 cells from TNF-mediated cell death by inhibiting Bax translocation. Apoptosis 

2007, 12, 1893–1900. 

43. Bertolotto, C.; Maulon, L.; Filippa, N.; Baier, G.; Auberger, P. Protein kinase C theta and epsilon 

promote T-cell survival by a rsk-dependent phosphorylation and inactivation of BAD. J. Biol. 

Chem. 2000, 275, 37246–37250. 

44. Baines, C.P.; Zhang, J.; Wang, G.W.; Zheng, Y.T.; Xiu, J.X.; Cardwell, E.M.; Bolli, R.; Ping, P. 

Mitochondrial PKCepsilon and MAPK form signaling modules in the murine heart: Enhanced 

mitochondrial PKCepsilon-MAPK interactions and differential MAPK activation in PKCepsilon-

induced cardioprotection. Circ. Res. 2002, 90, 390–397. 

45. Batarseh, A.; Li, J.; Papadopoulos, V. Protein kinase C epsilon regulation of translocator protein 

(18 kDa) Tspo gene expression is mediated through a MAPK pathway targeting STAT3 and  

c-Jun transcription factors. Biochemistry 2010, 49, 4766–4778. 

46. Batarseh, A.; Papadopoulos, V. Regulation of translocator protein 18 kDa (Tspo) expression in 

health and disease states. Mol. Cell Endocrinol. 2010, 327, 1–12. 

47. Lau, E.; Kluger, H.; Varsano, T.; Lee, K.; Scheffler, I.; Rimm, D.L.; Ideker, T.; Ronai, Z.A. 

PKCepsilon promotes oncogenic functions of ATF2 in the nucleus while blocking its apoptotic 

function at mitochondria. Cell 2012, 148, 543–555. 

48. Varsano, T.; Lau, E.; Feng, Y.; Garrido, M.; Milan, L.; Heynen-Genel, S.; Hassig, C.A.;  

Ronai, Z.A. Inhibition of melanoma growth by small molecules that promote the mitochondrial 

localization of ATF2. Clin. Cancer Res. 2013, 19, 2710–2722. 

49. Lau, E.; Ronai, Z.A. ATF2—At the crossroad of nuclear and cytosolic functions. J. Cell Sci. 

2012, 125, 2815–2824. 

50. Fidler, I.J. Critical determinants of cancer metastasis: Rationale for therapy. Cancer Chemother. 

Pharmacol. 1999, 43, S3–S10. 

51. Pan, Q.; Bao, L.W.; Kleer, C.G.; Sabel, M.S.; Griffith, K.A.; Teknos, T.N.; Merajver, S.D. 

Protein kinase C epsilon is a predictive biomarker of aggressive breast cancer and a validated 

target for RNA interference anticancer therapy. Cancer Res. 2005, 65, 8366–8371. 

52. Grossoni, V.C.; Todaro, L.B.; Kazanietz, M.G.; de Kier Joffe, E.D.; Urtreger, A.J.  

Opposite effects of protein kinase C beta1 (PKCbeta1) and PKCepsilon in the metastatic 

potential of a breast cancer murine model. Breast Cancer Res. Treat. 2009, 118, 469–480. 

53. Aziz, M.H.; Manoharan, H.T.; Church, D.R.; Dreckschmidt, N.E.; Zhong, W.; Oberley, T.D.; 

Wilding, G.; Verma, A.K. Protein kinase Cepsilon interacts with signal transducers and 

activators of transcription 3 (STAT3), phosphorylates STAT3Ser727, and regulates its 

constitutive activation in prostate cancer. Cancer Res. 2007, 67, 8828–8838.  



Cancers 2014, 6 873 

 

 

54. Wu, D.; Foreman, T.L.; Gregory, C.W.; McJilton, M.A.; Wescott, G.G.; Ford, O.H.; Alvey, R.F.; 

Mohler, J.L.; Terrian, D.M. Protein kinase Cepsilon has the potential to advance the recurrence 

of human prostate cancer. Cancer Res. 2002, 62, 2423–2429. 

55. Cornford, P.; Evans, J.; Dodson, A.; Parsons, K.; Woolfenden, A.; Neoptolemos, J.; Foster, C.S. 

Protein kinase C isoenzyme patterns characteristically modulated in early prostate cancer. Am. J. 

Pathol. 1999, 154, 137–144. 

56. Martinez-Gimeno, C.; Diaz-Meco, M.T.; Dominguez, I.; Moscat, J. Alterations in levels of 

different protein kinase C isotypes and their influence on behavior of squamous cell carcinoma of 

the oral cavity: Epsilon PKC, a novel prognostic factor for relapse and survival. Head Neck 1995, 

17, 516–525. 

57. Pan, Q.; Bao, L.W.; Teknos, T.N.; Merajver, S.D. Targeted disruption of protein kinase C 

epsilon reduces cell invasion and motility through inactivation of RhoA and RhoC GTPases in 

head and neck squamous cell carcinoma. Cancer Res. 2006, 66, 9379–9384. 

58. Huang, B.; Cao, K.; Li, X.; Guo, S.; Mao, X.; Wang, Z.; Zhuang, J.; Pan, J.; Mo, C.; Chen, J.;  

et al. The expression and role of protein kinase C (PKC) epsilon in clear cell renal cell 

carcinoma. J. Exp. Clin. Cancer Res. 2011, 30, 88. 

59. Sharif, T.R.; Sharif, M. Overexpression of protein kinase C epsilon in astroglial brain tumor 

derived cell lines and primary tumor samples. Int. J. Oncol. 1999, 15, 237–243. 

60. Xiao, H.; Goldthwait, D.A.; Mapstone, T. The identification of four protein kinase C isoforms in 

human glioblastoma cell lines: PKC alpha, gamma, epsilon, and zeta. J. Neurosurg. 1994, 81, 

734–740. 

61. Bae, K.M.; Wang, H.; Jiang, G.; Chen, M.G.; Lu, L.; Xiao, L. Protein kinase C epsilon is 

overexpressed in primary human non-small cell lung cancers and functionally required for 

proliferation of non-small cell lung cancer cells in a p21/Cip1-dependent manner. Cancer Res. 

2007, 67, 6053–6063.  

62. Catalogue of somatic mutations in cancer. http://cancer.sanger.ac.uk/cancergenome/projects/cosmic/ 

(accessed on 27 March 2014). 

63. Gandellini, P.; Folini, M.; Longoni, N.; Pennati, M.; Binda, M.; Colecchia, M.; Salvioni, R.; 

Supino, R.; Moretti, R.; Limonta, P.; et al. miR-205 Exerts tumor-suppressive functions in 

human prostate through down-regulation of protein kinase Cepsilon. Cancer Res. 2009, 69, 

2287–2295. 

64. Datta, J.; Smith, A.; Lang, J.C.; Islam, M.; Dutt, D.; Teknos, T.N.; Pan, Q. MicroRNA-107 

functions as a candidate tumor-suppressor gene in head and neck squamous cell carcinoma by 

downregulation of protein kinase cvarepsilon. Oncogene 2012, 31, 4045–4053. 

65. Korner, C.; Keklikoglou, I.; Bender, C.; Worner, A.; Munstermann, E.; Wiemann, S. MicroRNA-

31 sensitizes human breast cells to apoptosis by direct targeting of protein kinase C epsilon 

(PKCepsilon). J. Biol. Chem. 2013, 288, 8750–8761. 

66. Zhang, N.; Su, Y.; Xu, L. Targeting PKCepsilon by miR-143 regulates cell apoptosis in lung 

cancer. FEBS Lett. 2013, 587, 3661–3667. 

67. Zhang, X.; Li, D.; Li, M.; Ye, M.; Ding, L.; Cai, H.; Fu, D.; Lv, Z. MicroRNA-146a targets 

PRKCE to modulate papillary thyroid tumor development. Int. J. Cancer 2014, 134, 257–267. 



Cancers 2014, 6 874 

 

 

68. Wu, J.; Qian, J.; Li, C.; Kwok, L.; Cheng, F.; Liu, P.; Perdomo, C.; Kotton, D.; Vaziri, C.; 

Anderlind, C.; et al. miR-129 regulates cell proliferation by downregulating Cdk6 expression.  

Cell Cycle 2010, 9, 1809–1818. 

69. Geiger, T.R.; Peeper, D.S. Metastasis mechanisms. Biochim. Biophys. Acta 2009, 1796, 293–308. 

70. Choi, I.K.; Strauss, R.; Richter, M.; Yun, C.O.; Lieber, A. Strategies to increase drug penetration 

in solid tumors. Front. Oncol. 2013, 3, 193. 

71. Alderton, G.K. Metastasis: Epithelial to mesenchymal and back again. Nat. Rev. Cancer 2013, 

13, 3. 

72. Thiery, J.P.; Acloque, H.; Huang, R.Y.; Nieto, M.A. Epithelial-mesenchymal transitions in 

development and disease. Cell 2009, 139, 871–890. 

73. Yang, J.; Weinberg, R.A. Epithelial-mesenchymal transition: At the crossroads of development 

and tumor metastasis. Dev. Cell 2008, 14, 818–829. 

74. Tsai, J.H.; Yang, J. Epithelial-mesenchymal plasticity in carcinoma metastasis. Genes Dev. 2013, 

27, 2192–2206. 

75. Katsuno, Y.; Lamouille, S.; Derynck, R. TGF-beta signaling and epithelial-mesenchymal 

transition in cancer progression. Curr. Opin. Oncol. 2013, 25, 76–84. 

76. Holz, C.; Niehr, F.; Boyko, M.; Hristozova, T.; Distel, L.; Budach, V.; Tinhofer, I. Epithelial-

mesenchymal-transition induced by EGFR activation interferes with cell migration and response 

to irradiation and cetuximab in head and neck cancer cells. Radiother. Oncol. 2011, 101, 158–164. 

77. Wu, Q.; Hou, X.; Xia, J.; Qian, X.; Miele, L.; Sarkar, F.H.; Wang, Z. Emerging roles of PDGF-D 

in EMT progression during tumorigenesis. Cancer Treat. Rev. 2013, 39, 640–646. 

78. Li, C.W.; Xia, W.; Huo, L.; Lim, S.O.; Wu, Y.; Hsu, J.L.; Chao, C.H.; Yamaguchi, H.; Yang, N.K.; 

Ding, Q.; et al. Epithelial-mesenchymal transition induced by TNF-alpha requires NF-kappaB-

mediated transcriptional upregulation of Twist1. Cancer Res. 2012, 72, 1290–1300. 

79. Sullivan, N.J.; Sasser, A.K.; Axel, A.E.; Vesuna, F.; Raman, V.; Ramirez, N.; Oberyszyn, T.M.; 

Hall, B.M. Interleukin-6 induces an epithelial-mesenchymal transition phenotype in human 

breast cancer cells. Oncogene 2009, 28, 2940–2947. 

80. Jain, K.; Basu, A. Protein kinase C-ε promotes emt in breast cancer. Breast Cancer (Auckl.) 

2014, doi:10.4137/BCBCR.S13640. 

81. Aziz, M.H.; Hafeez, B.B.; Sand, J.M.; Pierce, D.B.; Aziz, S.W.; Dreckschmidt, N.E.; Verma, A.K. 

Protein kinase Cvarepsilon mediates Stat3Ser727 phosphorylation, Stat3-regulated gene 

expression, and cell invasion in various human cancer cell lines through integration with MAPK 

cascade (RAF-1, MEK1/2, and ERK1/2). Oncogene 2010, 29, 3100–3109. 

82. Perletti, G.P.; Concari, P.; Brusaferri, S.; Marras, E.; Piccinini, F.; Tashjian, A.H., Jr.; Protein 

kinase Cepsilon is oncogenic in colon epithelial cells by interaction with the ras signal 

transduction pathway. Oncogene 1998, 16, 3345–3348. 

83. Akita, Y. Protein kinase Cepsilon: Multiple roles in the function of, and signaling mediated by, 

the cytoskeleton. FEBS J. 2008, 275, 3995–4004. 

84. Prekeris, R.; Mayhew, M.W.; Cooper, J.B.; Terrian, D.M. Identification and localization of an 

actin-binding motif that is unique to the epsilon isoform of protein kinase C and participates in 

the regulation of synaptic function. J. Cell Biol. 1996, 132, 77–90. 



Cancers 2014, 6 875 

 

 

85. Ivaska, J.; Vuoriluoto, K.; Huovinen, T.; Izawa, I.; Inagaki, M.; Parker, P.J. PKCepsilon-

mediated phosphorylation of vimentin controls integrin recycling and motility. EMBO J. 2005, 

24, 3834–3845. 

86. England, K.; Ashford, D.; Kidd, D.; Rumsby, M. PKC epsilon is associated with myosin IIA and 

actin in fibroblasts. Cell. Signal. 2002, 14, 529–536. 

87. Tuomi, S.; Mai, A.; Nevo, J.; Laine, J.O.; Vilkki, V.; Ohman, T.J.; Gahmberg, C.G.; Parker, P.J.; 

Ivaska, J. PKCepsilon regulation of an alpha5 integrin-ZO-1 complex controls lamellae 

formation in migrating cancer cells. Sci. Signal. 2009, 2, ra32. 

88. Ivaska, J.; Whelan, R.D.; Watson, R.; Parker, P.J. PKC epsilon controls the traffic of beta1 

integrins in motile cells. EMBO J. 2002, 21, 3608–3619. 

89. Chattopadhyay, R.; Dyukova, E.; Singh, N.K.; Ohba, M.; Mobley, J.A.; Rao, G.N. Vascular 

endothelial tight junctions and barrier function are disrupted by 15(S)-hydroxyeicosatetraenoic 

acid partly via protein kinase C{epsilon}-mediated zona occludens-1 phosphorylation at 

threonine 770/772. J. Biol. Chem. 2014, 289, 3148–3163. 

90. Chamorro, D.; Alarcon, L.; Ponce, A.; Tapia, R.; Gonzalez-Aguilar, H.; Robles-Flores, M.; 

Mejia-Castillo, T.; Segovia, J.; Bandala, Y.; Juaristi, E.; et al. Phosphorylation of zona 

occludens-2 by protein kinase C epsilon regulates its nuclear exportation. Mol. Biol. Cell 2009, 

20, 4120–4129. 

91. Cacace, A.M.; Ueffing, M.; Han, E.K.; Marme, D.; Weinstein, I.B. Overexpression of 

PKCepsilon in R6 fibroblasts causes increased production of active TGFbeta. J. Cell Physiol. 

1998, 175, 314–322. 

92. De Herreros, A.G.; Peiro, S.; Nassour, M.; Savagner, P. Snail family regulation and epithelial 

mesenchymal transitions in breast cancer progression. J. Mammary Gland Biol. Neoplasia 2010, 

15, 135–147. 

93. Cheng, J.C.; Chang, H.M.; Leung, P.C. TGF-beta1 inhibits trophoblast cell invasion by inducing 

snail-mediated down-regulation of VE-Cadherin. J. Biol. Chem. 2013, 288, 33181–33192. 

94. Wheeler, D.L.; Ness, K.J.; Oberley, T.D.; Verma, A.K. Protein kinase Cepsilon is linked to  

12-O-tetradecanoylphorbol-13-acetate-induced tumor necrosis factor-alpha ectodomain shedding 

and the development of metastatic squamous cell carcinoma in protein kinase cepsilon transgenic 

mice. Cancer Res. 2003, 63, 6547–6555. 

95. Lemjabbar-Alaoui, H.; Sidhu, S.S.; Mengistab, A.; Gallup, M.; Basbaum, C. TACE/ADAM-17 

phosphorylation by PKC-epsilon mediates premalignant changes in tobacco smoke-exposed lung 

cells. PLoS One 2011, 6, e17489. 

96. Gooz, M. ADAM-17: The enzyme that does it all. Crit. Rev. Biochem. Mol. Biol. 2010, 45, 146–169. 

97. Kang, J.W.; Park, Y.S.; Lee, D.H.; Kim, J.H.; Kim, M.S.; Bak, Y.; Hong, J.; Yoon, D.Y. 

Intracellular interaction of interleukin (IL)-32alpha with protein kinase Cepsilon (PKCepsilon ) 

and STAT3 protein augments IL-6 production in THP-1 promonocytic cells. J. Biol. Chem. 2012, 

287, 35556–35564. 

98. Monti, M.; Donnini, S.; Morbidelli, L.; Giachetti, A.; Mochly-Rosen, D.; Mignatti, P.; Ziche, M. 

PKCepsilon activation promotes FGF-2 exocytosis and induces endothelial cell proliferation and 

sprouting. J. Mol. Cell. Cardiol. 2013, 63, 107–117. 



Cancers 2014, 6 876 

 

 

99. Valles, A.M.; Boyer, B.; Badet, J.; Tucker, G.C.; Barritault, D.; Thiery, J.P. Acidic fibroblast 

growth factor is a modulator of epithelial plasticity in a rat bladder carcinoma cell line. Proc. 

Natl. Acad. Sci. USA 1990, 87, 1124–1128. 

100. Lonic, A.; Powell, J.A.; Kong, Y.; Thomas, D.; Holien, J.K.; Truong, N.; Parker, M.W.; 

Guthridge, M.A. Phosphorylation of serine 779 in fibroblast growth factor receptor 1 and 2 by 

protein kinase C(epsilon) regulates ras/mitogen-activated protein kinase signaling and neuronal 

differentiation. J. Biol. Chem. 2013, 288, 14874–14885. 

101. Dillon, R.L.; Muller, W.J. Distinct biological roles for the akt family in mammary tumor 

progression. Cancer Res. 2010, 70, 4260–4264. 

102. Shankar, E.; Sivaprasad, U.; Basu, A. Protein kinase C epsilon confers resistance of MCF-7 cells 

to TRAIL by Akt-dependent activation of Hdm2 and downregulation of p53. Oncogene 2008, 27,  

3957–3966. 

103. Zhang, J.; Baines, C.P.; Zong, C.; Cardwell, E.M.; Wang, G.; Vondriska, T.M.; Ping, P. 

Functional proteomic analysis of a three-tier PKCepsilon-Akt-eNOS signaling module in cardiac 

protection. Am. J. Physiol. Heart Circu. Physiol. 2005, 288, H954–H961. 

104. Irie, H.Y.; Pearline, R.V.; Grueneberg, D.; Hsia, M.; Ravichandran, P.; Kothari, N.; Natesan, S.; 

Brugge, J.S. Distinct roles of Akt1 and Akt2 in regulating cell migration and epithelial-mesenchymal 

transition. J. Cell Biol. 2005, 171, 1023–1034. 

105. Cho, K.H.; Jeong, K.J.; Shin, S.C.; Kang, J.; Park, C.G.; Lee, H.Y. STAT3 mediates TGF-beta1-

induced TWIST1 expression and prostate cancer invasion. Cancer Lett. 2013, 336, 167–173. 

106. Lo, H.W.; Hsu, S.C.; Xia, W.; Cao, X.; Shih, J.Y.; Wei, Y.; Abbruzzese, J.L.; Hortobagyi, G.N.; 

Hung, M.C. Epidermal growth factor receptor cooperates with signal transducer and activator of 

transcription 3 to induce epithelial-mesenchymal transition in cancer cells via up-regulation of 

TWIST gene expression. Cancer Res. 2007, 67, 9066–9076. 

107. Yamashita, S.; Miyagi, C.; Fukada, T.; Kagara, N.; Che, Y.S.; Hirano, T. Zinc transporter LIVI 

controls epithelial-mesenchymal transition in zebrafish gastrula organizer. Nature 2004, 429, 

298–302. 

108. Bustelo, X.R.; Sauzeau, V.; Berenjeno, I.M. GTP-binding proteins of the Rho/Rac family: 

Regulation, effectors and functions in vivo. Bioessays 2007, 29, 356–370. 

109. Su, T.; Straight, S.; Bao, L.; Xie, X.; Lehner, C.L.; Cavey, G.S.; Teknos, T.N.; Pan, Q.  

PKC epsilon phosphorylates and mediates the cell membrane localization of RhoA. ISRN Oncol. 

2013, 2013, 329063. 

110. Bellovin, D.I.; Simpson, K.J.; Danilov, T.; Maynard, E.; Rimm, D.L.; Oettgen, P.; Mercurio, A.M. 

Reciprocal regulation of RhoA and RhoC characterizes the emt and identifies RhoC as a 

prognostic marker of colon carcinoma. Oncogene 2006, 25, 6959–6967. 

111. Bhowmick, N.A.; Ghiassi, M.; Bakin, A.; Aakre, M.; Lundquist, C.A.; Engel, M.E.; Arteaga, C.L.; 

Moses, H.L. Transforming growth factor-beta1 mediates epithelial to mesenchymal 

transdifferentiation through a RhoA-dependent mechanism. Mol. Biol. Cell 2001, 12, 27–36. 

112. Chun, J.S.; Ha, M.J.; Jacobson, B.S. Differential translocation of protein kinase C epsilon during 

hela cell adhesion to a gelatin substratum. J. Biol. Chem. 1996, 271, 13008–13012. 



Cancers 2014, 6 877 

 

 

113. Stawowy, P.; Margeta, C.; Blaschke, F.; Lindschau, C.; Spencer-Hansch, C.; Leitges, M.; 

Biagini, G.; Fleck, E.; Graf, K. Protein kinase C epsilon mediates angiotensin II-induced 

activation of beta1-integrins in cardiac fibroblasts. Cardiovasc. Res. 2005, 67, 50–59. 

114. Prekeris, R.; Hernandez, R.M.; Mayhew, M.W.; White, M.K.; Terrian, D.M. Molecular analysis 

of the interactions between protein kinase C-epsilon and filamentous actin. J. Biol. Chem. 1998, 

273, 26790–26798. 

115. Besson, A.; Davy, A.; Robbins, S.M.; Yong, V.W. Differential activation of ERKs to focal 

adhesions by PKC epsilon is required for PMA-induced adhesion and migration of human 

glioma cells. Oncogene 2001, 20, 7398–7407. 

116. Zeidman, R.; Troller, U.; Raghunath, A.; Pahlman, S.; Larsson, C. Protein kinase Cepsilon  

actin-binding site is important for neurite outgrowth during neuronal differentiation. Mol. Biol. 

Cell 2002, 13, 12–24. 

117. Saurin, A.T.; Durgan, J.; Cameron, A.J.; Faisal, A.; Marber, M.S.; Parker, P.J. The regulated 

assembly of a PKCepsilon complex controls the completion of cytokinesis. Nat. Cell Biol. 2008, 

10, 891–901. 

118. Kostelecky, B.; Saurin, A.T.; Purkiss, A.; Parker, P.J.; McDonald, N.Q. Recognition of an intra-chain 

tandem 14-3-3 binding site within PKCepsilon. EMBO Rep. 2009, 10, 983–989. 

119. Saurin, A.T.; Brownlow, N.; Parker, P.J. Protein kinase C epsilon in cell division: Control of 

abscission. Cell Cycle 2009, 8, 549–555. 

120. Hamalisto, S.; Pouwels, J.; de Franceschi, N.; Saari, M.; Ivarsson, Y.; Zimmermann, P.; Brech, A.; 

Stenmark, H.; Ivaska, J. A ZO-1/alpha5beta1-integrin complex regulates cytokinesis downstream 

of PKCepsilon in NCI-H460 cells plated on fibronectin. PLoS One 2013, 8, e70696. 

121. Wu, D.; Terrian, D.M. Regulation of caveolin-1 expression and secretion by a protein  

kinase cepsilon signaling pathway in human prostate cancer cells. J. Biol. Chem. 2002, 277,  

40449–40455. 

122. Fujimoto, T.; Kogo, H.; Nomura, R.; Une, T. Isoforms of caveolin-1 and caveolar structure.  

J. Cell Sci. 2000, 113, 3509–3517. 

123. Williams, T.M.; Lisanti, M.P. The caveolin genes: From cell biology to medicine. Ann. Med. 

2004, 36, 584–595. 

124. Lobos-Gonzalez, L.; Aguilar, L.; Diaz, J.; Diaz, N.; Urra, H.; Torres, V.A.; Silva, V.; Fitzpatrick, C.; 

Lladser, A.; Hoek, K.S.; et al. E-cadherin determines caveolin-1 tumor suppression or metastasis 

enhancing function in melanoma cells. Pigment Cell Melanoma Res. 2013, 26, 555–570. 

125. Freeman, M.R.; Yang, W.; di Vizio, D. Caveolin-1 and prostate cancer progression. Adv. Exp. 

Med. Biol. 2012, 729, 95–110. 

126. Nguyen, L.V.; Vanner, R.; Dirks, P.; Eaves, C.J. Cancer stem cells: An evolving concept.  

Nat. Rev. Cancer 2012, 12, 133–143. 

127. Beck, B.; Blanpain, C. Unravelling cancer stem cell potential. Nat. Rev. Cancer 2013, 13, 727–738. 

128. Humphries, A.; Wright, N.A. Colonic crypt organization and tumorigenesis. Nat. Rev. Cancer 

2008, 8, 415–424. 

  



Cancers 2014, 6 878 

 

 

129. Gobbi, G.; Di Marcantonio, D.; Micheloni, C.; Carubbi, C.; Galli, D.; Vaccarezza, M.; Bucci, G.; 

Vitale, M.; Mirandola, P. TRAIL up-regulation must be accompanied by a reciprocal 

PKCepsilon down-regulation during differentiation of colonic epithelial cell: Implications for 

colorectal cancer cell differentiation. J. Cell Physiol. 2012, 227, 630–638. 

130. Liu, X.; Ren, X.; Deng, X.; Huo, Y.; Xie, J.; Huang, H.; Jiao, Z.; Wu, M.; Liu, Y.; Wen, T.  

A protein interaction network for the analysis of the neuronal differentiation of neural stem cells 

in response to titanium dioxide nanoparticles. Biomaterials 2010, 31, 3063–3070. 

131. Singh, A.; Sand, J.M.; Heninger, E.; Hafeez, B.B.; Verma, A.K. Protein kinase C epsilon, which 

is linked to ultraviolet radiation-induced development of squamous cell carcinomas, stimulates 

rapid turnover of adult hair follicle stem cells. J. Skin Cancer 2013, 2013, 452425. 

132. Huang, J.; Guo, J.; Beigi, F.; Hodgkinson, C.P.; Facundo, H.T.; Zhang, Z.; Espinoza-Derout, J.; 

Zhou, X.; Pratt, R.E.; Mirotsou, M.; et al. HASF is a stem cell paracrine factor that activates 

PKC epsilon mediated cytoprotection. J. Mol. Cell. Cardiol. 2014, 66, 157–164. 

133. Xie, X.; Piao, L.; Cavey, G.S.; Old, M.; Teknos, T.N.; Mapp, A.K.; Pan, Q. Phosphorylation of Nanog 

is essential to regulate Bmi1 and promote tumorigenesis. Oncogene 2013, doi:10.1038/onc.2013.173. 

134. Piao, L.; Zhang, M.; Datta, J.; Xie, X.; Su, T.; Li, H.; Teknos, T.N.; Pan, Q. Lipid-based 

nanoparticle delivery of Pre-miR-107 inhibits the tumorigenicity of head and neck squamous cell 

carcinoma. Mol. Ther. 2012, 20, 1261–1269. 

135. Aley, K.O.; Messing, R.O.; Mochly-Rosen, D.; Levine, J.D. Chronic hypersensitivity for 

inflammatory nociceptor sensitization mediated by the epsilon isozyme of protein kinase C.  

J. Neurosci. 2000, 20, 4680–4685. 

136. Liron, T.; Chen, L.E.; Khaner, H.; Vallentin, A.; Mochly-Rosen, D. Rational design of a selective 

antagonist of epsilon protein kinase C derived from the selective allosteric agonist, pseudo-rack 

peptide. J. Mol. Cell. Cardiol. 2007, 42, 835–841. 

137. Brandman, R.; Disatnik, M.H.; Churchill, E.; Mochly-Rosen, D. Peptides derived from the C2 

domain of protein kinase C epsilon (epsilon PKC) modulate epsilon PKC activity and identify 

potential protein-protein interaction surfaces. J. Biol. Chem. 2007, 282, 4113–4123. 

138. Bao, L.; Gorin, M.A.; Zhang, M.; Ventura, A.C.; Pomerantz, W.C.; Merajver, S.D.; Teknos, T.N.; 

Mapp, A.K.; Pan, Q. Preclinical development of a bifunctional cancer cell homing, PKCepsilon 

inhibitory peptide for the treatment of head and neck cancer. Cancer Res. 2009, 69, 5829–5834. 

139. Paalanen, M.M.; Ekokoski, E.; El Khattabi, M.; Tuominen, R.K.; Verrips, C.T.; Boonstra, J.; 

Blanchetot, C. The development of activating and inhibiting camelid VHH domains against 

human protein kinase C epsilon. Eur. J. Pharm. Sci. 2011, 42, 332–339. 

140. Summanen, M.; Granqvist, N.; Tuominen, R.K.; Yliperttula, M.; Verrips, C.T.; Boonstra, J.; 

Blanchetot, C.; Ekokoski, E. Kinetics of PKCepsilon activating and inhibiting llama single chain 

antibodies and their effect on PKCepsilon translocation in hela cells. PLoS One 2012, 7, e35630. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


