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Abstract
Cancer is caused by dysregulation in cellular signaling systems that control cell proliferation,
differentiation and cell death. Protein kinase C (PKC), a family of serine/threonine kinases, plays an
important role in the growth factor signal transduction pathway. PKCε, however, is the only PKC
isozyme that has been considered as an oncogene. It can contribute to malignancy by enhancing cell
proliferation or by inhibiting cell death. This review focuses on how PKCε collaborates with other
signaling pathways, such as Ras/Raf/ERK and Akt, to regulate cell survival and cell death. We have
also discussed how PKCε mediates is antiapoptotic signal by altering the level or function of pro-
and antiapoptotic Bcl-2 family members.

Keywords
Apoptosis; PKC; Akt; Ras; Raf; MAPK; Bcl-2; Bid

1. Introduction
An imbalance between life and death of cells is the hallmark of cancer. Cell growth is regulated
by a complex cellular signaling network that coordinates extracellular signals with intracellular
messages. Both genetic and epigenetic alterations lead to the genesis of cancer. Inappropriate
expression or activation of cellular proto-oncogenes or inactivation of tumor suppressor genes
can cause disordered cell growth.

Apoptosis is a highly orchestrated genetically determined cell suicidal program required to
maintain tissue homeostasis and to eliminate unwanted cells, [1]. An aberration in apoptotic
signaling may lead to many diseases. While too much apoptosis can cause neurological
disorders, too little apoptosis can contribute to cancer. This process is also important for the
treatment of cancer since most anticancer drugs kill cancer cells by inducing apoptosis.

Caspases, a family of cysteine proteases that cleave after aspartate residues, are central to the
execution of apoptosis [2-4]. Caspases exist in inactive proenzyme form. In response to
apoptotic stimuli, the local concentrations of initiator caspases are increased by protein-protein
interaction leading to autoprocessing and activation [5]. Active initiator caspases then cleave
effector procaspases to generate active caspases, thus initiating a cascade of events [6].
Activation of effector caspases in turn leads to cleavage of critical cellular proteins, resulting
in cell death. While caspase-8, -9 and -10 participate in the initiation phase of apoptosis,
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caspase-3, -6 and -7 are involved in the execution phase of apoptosis. Caspase-2 can function
as both initiator and effector caspase [7].

There are two major pathways of cell death. The extrinsic pathway is triggered by binding of
ligand to members of tumor necrosis factor-α (TNF) receptor superfamily followed by
oligomerization of the receptors and recruitment of procaspase-8 or -10 to the death receptors
via adaptor proteins to form a death-inducing signaling complex (DISC) [8]. The intrinsic or
mitochondrial pathway is triggered by cellular stress, such as DNA damage, which induces the
release of mitochondrial cytochrome c and allows apoptosis promoting activating factor -1
(Apaf-1) to interact with the initiator procaspase-9 to form an active apoptosome complex
[4]. Cross-talk between the receptor-mediated pathway and mitochondria occurs when active
caspase-8 cleaves Bid and the truncated Bid translocates to the mitochondria causing activation
of Bax/Bak, release of cytochrome c and activation of caspase-9 and downstream caspases
[9-12].

Activation of caspases is regulated by various pro- and antiapoptotic signal transduction
pathways. These include Bcl-2 family proteins [13], catalytically inactive versions of caspases
(e.g., FLIP) [14] and inhibitors of apoptosis (IAP) [15]. Several protein kinases, including Akt/
protein kinase B (PKB), protein kinase C (PKC) and mitogen-activated protein kinases
(MAPKs) that play a central role in signal transduction also regulate activation of caspases. A
deregulation in these kinases can contribute to human diseases.

Protein kinase C (PKC) is a family of phospholipid-dependent serine/threonine kinases that
regulate a wide variety of cellular functions [16-21]. The PKC family consists of at least eleven
members that have been categorized into three groups based on their structure and biochemical
properties. Conventional or cPKCs (α,βI,βII and γ) require Ca2+ and diacylglycerol (DAG) for
their activation. Novel or nPKCs (δ, ε, η and θ) are dependent on DAG but not Ca2+ whereas
atypical or aPKCs (ζ and λ/ι) are independent of both Ca2+ and DAG [16-21]. The full-length
PKCs contain an N-terminal regulatory domain and a C-terminal catalytic domain joined by a
hinge region. The regulation of PKC is complex [19]. PKC resides in an inactive conformation
due to interaction of the regulatory domain with the catalytic domain through pseudosubstrate
sequences. The binding of cofactors, such as Ca2+ and DAG/phorbol esters to the regulatory
domain induces a conformational change in the enzyme thereby exposing the substrate-binding
site and catalysis takes place. Activation of PKC is usually associated with membrane
translocation and prolonged cellular exposure to PKC activators can cause its degradation or
down-regulation. Phosphorylation of PKCs at the activation loop, turn motif and hydrophobic
site in the carboxyl terminal domain prime them for activation by cofactors [22]. The negative
regulation on PKC activity can also be relieved by proteolytic dissociation of the regulatory
domain from the catalytic domain by cleavage of PKC at the hinge region. The catalytic
fragment thus generated does not require any activators or cofactors for activation.

Members of the PKC family have been shown to regulate cell death by apoptosis. Several PKC
isozymes, including PKCδ, -ε, -θ and -ζ are substrates for caspases [23-27]. Cleavage of PKCs
by caspases at the hinge region causes cofactor-independent activation [28]. Proteolytic
activation of PKCδ has been directly linked with apoptosis [28]. PKCε, another member of
novel PKCs, is believed to function as an antiapoptotic protein [23,29-34]. It is the only PKC
isozyme that has been associated with oncogenesis [35,36]. There are several excellent review
articles describing the role of PKCε in cardioprotection [37-39]. Although this review is
primarily targeted to the cancer research aficionados, we have provided a comprehensive
review of how PKCε interacts with various signaling pathways to regulate life and death of a
cell and should benefit researchers in other fields as well.
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2. PKCε, a unique PKC with oncogenic potential
PKCε is the only PKC isozyme that has been shown to behave as an oncoprotein [35,36]. The
first hint that PKCε may be involved in malignancy came from the study of Baxter et al.
[40]. PKCε was constitutively active in a small cell lung cancer (SCLC) cell line. The majority
of PKC ε was present in the particulate function and these cells expressed a cytosolic 40-kDa
catalytic fragment of PKCε. The mitogenic effect of gastrin-releasing peptide was associated
with an increase in the 40-kDa fragment [40]. Overexpression of PKCε in NIH 3T3 cells
[36] and Rat 6 embryo fibroblasts [35] caused disordered cell growth, such as stimulation in
growth rate, increased saturation density and growth in soft agar, and induced tumor formation
in nude mice. Overexpression of PKCε was also oncogenic in colonic epithelial cells [41,42].
Although a progressive increase in PKCε was noted in rat liver with increase in malignancy,
overexpression of PKCε in rat liver MH1C1 cells did not result in disordered cell growth or
tumor formation in nude mice [43]. Thus, whether or not PKCε will contribute to neoplastic
transformation depends on the particular tissue or cell type.

Although the catalytic activity of PKCε is believed to be required for its oncogenic activity,
PKCε regulatory domain can also exert effects independent of PKCε catalytic activity. Using
reciprocal chimeras of PKCδ and PKCε regulatory and catalytic domains, it has been shown
that both the catalytic and regulatory domains of PKCε could induce transformation in NIH
3T3 fibroblasts but only the catalytic domain was crucial for the tumorigenicity of PKCε in
nude mice [44]. The N-terminal domain of PKCε, which contained part of the regulatory
domain of PKCε, was associated with thyroid tumorigenicity [45]. PKCε gene was amplified
and rearranged in WRO thyroid carcinoma cell line causing overexpression of a truncated
PKCε (Tr-PKCε), (amino acids 1-116) that acted as a dominant-negative inhibitor of
translocation of the wild-type PKCε to the membrane. Overexpression of Tr-PKCε caused an
increase in saturation density and a decrease in apoptosis but had no effect on anchorage-
independent growth or tumor formation. These results suggest that cell transformation and
tumorigenicity could be uncoupled. However, no large-scale gene rearrangements in the
PKCε gene were noted in thyroid papillary tumors compared to normal thyroid tissues although
the levels of PKCε were substantially reduced in these tumors [46]. Thus, decreased abundance
of PKCε was associated with thyroid carcinogenesis. Introduction of the PKCε regulatory
domain was also sufficient to induce neuronal differentiation independent of PKCε catalytic
activity [47].

PKCε was shown to be an important mediator of squamous cell carcinogenesis [48]. Targeted
overexpression of PKCε in mouse epidermis caused development of squamous cell carcinoma
(SCC) following application of 7,12-dimethylbenz(a)anthracene (DMBA) and 12-O-
tetradecanoylphorbol-13-acetate (TPA) protocol or ultraviolet radiation (UVR). It was
proposed that shedding of the proinflammatory cytokine TNF ectodomain was responsible for
the development of SCC in PKCε transgenic mice [49]. Manganese superoxide dismutase
(MnSOD) suppressed tumor promotion in a multi-stage skin carcinogenesis model by
inhibiting PKCε [50]. The level of PKCε was increased in primary high-grade astroglial brain
tumors [51] and in brain tumor-derived astroglial cell lines and overexpression of dominant-
negative PKCε inhibited proliferation of U-373MG cells [52]. PKCε overexpression was
sufficient to maintain prostate cancer growth and survival following androgen ablation and to
convert androgen-dependent prostate cancer LNCaP cells to an androgen-independent variant
[53].

PKCε has also been linked with invasion and metastasis. PKCε and -α membrane localization,
which reflects the activation status of the enzymes, was associated with the invasiveness of
human renal cell carcinomas (RCCs) [54]. NIH 3T3 fibroblasts overexpressing PKCε were
invasive and displayed polarized morphology with extended long cellular membrane
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protrusions [55]. It has been reported that the regulatory domain of PKCε contains an actin
binding site and direct interaction of PKCε with actin is essential for invasion and metastasis
of tumors grown in vitro as well as in vivo [55]. PKCε transgenic mice developed highly
metastatic SCCs [56,57]. PKCε positively regulated integrin-mediated cell invasion and
motility in glioma cells through interaction with the scaffolding protein Receptor for Activated
C Kinase-1 (RACK1) which targeted PKCε to integrin β chains, leading to integrin clustering,
focal adhesion formation, and increased adhesion and migration [58]. PKCε has been
associated with aggressive, invasive and motile phenotype in breast cancer and human head
and neck squamous cell carcinoma (HNSCC) [59,60]. It has been postulated that PKCε
mediates its action on invasion and motility via activation of Rho GTPases, which contain
putative PKC phosphorylation sites [59]. Knockdown of PKCε decreased the level, activation
status and phosphorylation of Rho GTPases. Furthermore, ectopic expression of constitutively-
active RhoA and RhoC GTPase in PKCε-deficient cells completely restored invasion and
motility defects [60]. Thus, Rho GTPases, which play an important role in invasion and
motility, could be important downstream targets of PKCε.

3. PKCε, a killer or a savior?
PKCε can contribute to oncogenesis not only by inducing disordered cell growth but also by
inhibiting cell death. Several studies have reported that the localization of PKCε is affected
during apoptosis. Glucocorticoid-induced apoptosis was inhibited by PKC inhibitor GF
109203X and was associated with selective translocation of PKCε from the cytosol to the
membrane in immature thymocytes, suggesting that activation of PKCε was linked to
glucocorticoid-induced apoptosis [61]. The anti-proliferative activity of tamoxifen was also
associated with membrane translocation of PKCε [62]. However, PKCε acted as an
antiapoptotic protein in HT58 human lymphoblastic cells since TPA-induced downregulation
of PKCε was associated with staurosporine-induced apoptosis [63]. Cytosolic translocation of
PKCε and -δ correlated with ceramide-induced apoptosis in leukemic cells [64]. PKC
activators, such as TPA that induced membrane translocation, inhibited ceramide-induced
cytosolic translocation of PKCδ and -ε and prevented ceramide-induced apoptosis. It is not
clear whether cytosolic translocation of PKCδ, -ε or both was associated with the apoptotic
induction. In addition, since translocation of PKCs from the cytosol to the membrane is an
indication of its activation, reverse translocation of PKCs from the plasma membrane to the
cytosol may suggest that inactivation of PKC rather than its activation is responsible for
ceramide-induced apoptosis. Furthermore, it remains to be established if cytosolic
translocation of PKCδ and -ε simply correlates with apoptosis or is the cause of apoptosis.
These earlier studies relied on pharmacological activators and inhibitors of PKCs that lacked
specificity to PKCε. TPA also inhibited TNF- and calphostin-induced apoptosis in U937
histiocytic lymphoma cells [32]. A cell-permeable peptide that inhibited PKCε translocation
blocked the protective effect of TPA on TNF- and calphostin C-induced apoptosis, suggesting
that membrane translocation of PKCε by TPA was in fact necessary for its antiapoptotic effect.
PKCε knockout mice exhibited significant decrease in survival, thus establishing a role for
PKCε as an antiapoptotic protein [65].

PKCε has been shown to regulate both DNA damage- and receptor-mediated apoptosis.
Ovarian cancer 2008 cells that acquired resistance to the DNA damaging anticancer drug
cisplatin exhibited higher level of PKCε compared to drug-sensitive parental cells [66].
PKCε was also associated with induction of P-glycoprotein, which contributes to multiple drug
resistance, in LNCaP cells [67]. We have shown that overexpression of PKCε in rat embryo
fibroblasts inhibited apoptosis induced by cisplatin [29], thus providing first direct evidence
that PKCε functions as an antiapoptotic protein during DNA damage-induced apoptosis.
Increased level of PKCε was associated with chemoresistance of non-small cell lung cancer
(NSCLC) cell lines and lack of PKCε was associated with chemosensitivity of SCLC cells
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[30]. Ectopic expression of PKCε in SCLC cells contributed to resistance to several anticancer
drugs, including etoposide and doxorubicin [30]. Thus, PKCε inhibits DNA damage-induced
apoptosis in a variety of cell lines and in response to several DNA damaging agents.

Several studies demonstrated that PKCε plays a protective role during receptor-mediated cell
death. We have shown that the status of PKCε determined the ability of the PKC inhibitor
bisindolylmaleimide (GF109203X) to sensitize breast cancer cells to TNF [68]. MCF-7, BT-20
and MDA-MB-231 cells that were most responsive to bisindolylmaleimide-mediated
sensitization to TNF contained relatively high level of PKCε and proteolytic cleavage of
PKCε correlated with TNF-induced cell death. Ectopic expression of PKCε protected breast
cancer MCF-7 cells against TNF- [23] and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)-induced apoptosis [34]. It has been reported that cellular susceptibility to
TRAIL cannot be explained by the status of TRAIL receptor expression but does correlate with
PKCε level [34,69]. Introduction of dominant-negative PKCε [69] or knockdown of PKCε
[33] sensitized glioma cells to apoptosis. Variable responses of melanoma cells to TRAIL-
induced apoptosis were also attributed to PKCε level. Introduction of wild-type PKCε
decreased and dominant-negative PKCε enhanced TRAIL-induced apoptosis in melanoma
cells [31].

4. PKCε, under attack by killer caspases
PKCε not only regulates apoptosis but it is also cleaved by caspases in response to several
apoptotic stimuli, including chemotherapeutic agents [70], starvation [71] and TNF [23]. The
cleavage of PKCε was inhibited by a cell permeable inhibitor of caspase-3, and PKCε was
cleaved by purified human recombinant caspase-3, suggesting that PKCε is a substrate for
caspase-3 [70,71]. We have, however, found that PKCε was cleaved in response to TNF in
MCF-7 cells lacking functional caspase-3 [23]. Recombinant caspases exhibit overlapping
substrate specificities in in vitro cleavage assays. Caspase-3 and -7 have similar substrate
specificities and they both recognize DXXD sequence. PKCε contains a DDVD↓C site that is
recognized by caspase-3 and -7 [72]. Although both caspase-3 and -7 cleaved PKC at the
DDVD↓C site, it was predominantly processed at the SSPD↓G site both in vitro and in intact
cells [23,70,71]. Our results suggest that caspase-7 is the major caspase that cleaves PKCε at
Asp383 site in intact cells [23].

The functional significance of proteolytic activation of PKCε remains to be established. Hoppe
et al. have shown that the introduction of the catalytic domain or cleavage-resistant mutant of
PKCε had no effect on cell death in AKR-2B fibroblasts [71]. We have, however, shown that
blockage of caspase cleavage site at Asp383 prevented antiapoptotic effect of PKCε in MCF-7
cells [23], suggesting that proteolytic activation of PKCε may be necessary for its antiapoptotic
function. In contrast, a caspase-resistant PKCε mutant (D383A) was more protective than
PKCε against TRAIL-induced apoptosis in glioma cells [33], suggesting that the cleavage of
PKCε contributed to the apoptotic effect of TRAIL. Since Asp383 site is located at the hinge
region, cleavage of PKCε by caspases at SSPD↓G would generate a carboxy-terminal fragment
containing the catalytic domain. In contrast, cleavage of PKCε at the DDVD↓C site would
generate a carboxy-terminal fragment lacking the ATP binding site. We have shown that
treatment of MCF-7 cells with TNF results in PKCε activation and mutation at the D383A site
but not D451A site prevents this activation [23]. It is conceivable that in cells containing high
levels of caspase-3, PKCε is processed further at DDVD↓C site following initial cleavage at
SSPD↓G. This may result in downregulation of PKCε catalytic domain and a decrease in
PKCε activity. Therefore, cleavage of PKCε may potentiate rather than protect against cell
death. Thus, the cellular context may play an important role in deciding whether proteolytic
cleavage of PKCε will induce, inhibit or have no effect on apoptosis.
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5. PKCε and Ras/Raf/MAPK signaling
Mitogen-activated protein kinases (MAPK) are a family of structurally-related serine/threonine
protein kinases that coordinate various extracellular signals to regulate cell proliferation,
differentiation and cell survival [73-75]. Raf-1 interacts with the GTP-binding protein Ras,
which recruits Raf-1 to the plasma membrane, where it can be activated by phosphorylation.
Activation of Raf-1 initiates MAPK signaling cascade by activating mitogen-activated kinase
kinase (MEK), which in turn activates extracellular signal-regulated kinase (ERK)-1 and -2.

Several studies suggested the involvement of Ras/Raf/MAPK pathway in mediating the
oncogenic function of PKCε. First, overexpression of PKCε was associated with increase in
Raf-1 kinase activity in Rat 6 fibroblasts [76], rat colonic epithelial cells [42], and COS cells
[77]. Second, PKCε interacted with Raf-1 as evident by the presence of PKCε in Raf-1
immunoprecipitates [76]. Third, introduction of dominant-negative Raf-1 reversed the
oncogenic effect of PKCε in Rat 6 fibroblasts and colonic epithelial cells [42,76]. Fourth,
overexpression of PKCε reversed growth inhibition caused by dominant-negative Ras in NIH
3T3 cells, and rat colonic epithelial cells [41,77]. Expression of dominant-negative Ras had
little effect on PKCε-mediated neoplastic transformation [41,76]. These results suggest that
PKCε interacts with the Ras signaling pathway acting downstream of Ras but upstream of
Raf-1.

There are controversies whether or not PKCε directly phosphorylates and activates Raf-1. Cai
et al have shown that human recombinant PKCε could activate Raf-1 in an in vitro kinase assay
[77]. In contrast, Ueffing et al. have demonstrated that although PKCε interacted with Raf-1
at the kinase domain it activated Raf-1 indirectly by inducing secretion of autocrine growth
factors that activated Raf-1 [78]. The production of TGFβ was considered to be one component
contributing to Raf-1 activation since TGF-β was produced in PKCε overexpressing cells but
not in parental cells and recombinant TGFβ resulted in activation of Raf-1. In addition, the
production of active forms of TGFβ2 and β3 was associated with the oncogenic activity of
PKCε [79].

The involvement of the MAPK pathway in mediating the growth promoting effect of PKCε is
cell type-dependent. It has been reported that overexpression of PKCε enhanced nerve growth
factor (NGF)-induced phosphorylation of ERK in PC12 pheochromocytoma cells and
increased NGF-induced neurite outgrowth [80]. Ceramide inhibited growth of human
embryonic kidney (HEK) 293 cells by attenuating ERK activity in a PKCε-dependent manner
[81]. Ceramide directly inhibited PKCε activity in an in vitro kinase assay and interfered with
the ability of PKCε to form a complex with Raf-1 and ERK in response to insulin-like growth
factor [81]. It has been reported that transformation by oncogenic Ha-ras caused transcriptional
activation of cyclin D1 via MEK/ERK in a PKCε-dependent manner. Expression of dominant-
negative PKCε inhibited ERK activation by constitutively active Raf-1 [82]. However,
overexpression of dominant-negative mutant of PKCε completely blocked proliferation of
U-373MG human astrocytoma cells without affecting activation of MAPK [52]. Acquisition
of androgen independence of LNCaP cells by PKCε overexpression was associated with
constitutive activation of Raf-1 and ERK [53]. It has been suggested that PKCε acts upstream
of Raf-1/ERK signaling and contributes to deregulation in cell cycle progression of LNCaP
cells in the absence of testosterone through hyperphosphorylation of Rb [53]. Activated
PKCε could stimulate the expression of parathyroid hormone-related protein, which promotes
metastatic potential and proliferation of breast cancer cells in a MEK/ERK1-dependent manner
[83]. Constitutive activation of ERK is frequently found in human melanoma [84]. ERK is a
target of metabotropic glutamate receptor 1 (Grm1), a G protein coupled receptor, which has
been associated with melanocytic neoplasia [85]. Introduction of kinase-dead mutant of
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PKCε inhibited Grm1-mediated ERK activation. Thus, PKCε is an important signaling
molecule used by oncogenic Grm1 to activate ERK and to contribute to melanoma.

PKCε has also been implicated in ultraviolet (UV)-induced apoptosis and tumor promotion
[86,87]. It has been proposed that UVC irradiation could promote carcinogenesis by activating
ERK via PKCε [87]. PKCε and PKCδ were involved in UVB-induced apoptosis via activation
of ERK [86]. PKCε was also shown to contribute to hypoxia that promotes tumor progression
[88]. The glucose-regulated protein 78 (GRP78) was overexpressed in primary gastric tumors
and its expression was induced by chronic hypoxia in gastric cancer cells. It has been shown
that PKCε directly participated in GRP78 induction by activating AP-1 via Raf-1/MEK/ERK
pathway [88].

6. PKCε: AKTing in concert to promote survival
Akt, also known as PKB, a cellular homolog of the oncogene product v-Akt encoded by AKT8
retrovirus, belongs to a family of serine/threonine kinases [89-91]. It acts downstream of
phosphoinositide 3-kinase (PI3-K) and plays a critical role in cell survival and oncogenesis
[92]. Activation of Akt occurs when it is phosphorylated at both Thr308 in the activation loop
and Ser473 in the C-terminal domain [93]. It is well established that phosphoinositide-
dependent protein kinase 1 (PDK1) phosphorylates Akt at the Thr308 site [94,95]. The identity
of the kinase that phosphorylates the Ser473 site (designated PDK2), however, has been
elusive. To date several candidates have been proposed, including integrin-linked kinase (ILK)
[96,97], mitogen-activated protein kinase-activated kinase-2 (MAPKAPK-2) [93,98], DNA-
dependent protein kinase (DNA-PK) [99], and rictor-mTOR complex [100]. Active Akt
phosphorylates a large number of substrates, including GSK-3, caspase-9, Bad, MDM2 and
Forkhead transcription factors, to mediate its antiapoptotic effects [101].

There is considerable evidence for PKCε-mediated increase in Akt phosphorylation and
activity [102-104]. Matsumoto et al. reported that overexpression of a kinase-dead PKCε in
CHO cells decreased Akt phosphorylation at Ser473 in response to insulin, hydrogen peroxide
and heat shock, suggesting that PKCε activity was required for the phosphorylation of Akt
[105]. Akt has been reported to be a downstream effector of PKCε for ethanol-induced
cardioprotection because ethanol consumption caused an increase in expression and activity
of PKCε and Akt, and inhibition of PKCε prevented the increase in Akt activity [104]. Cardiac-
specific overexpression of PKCε in mice resulted in enhanced Akt phosphorylation at Ser473
[106] and protection against ischemia-reperfusion injury [107]. Li et al. found that
overexpression of PKCε did not enhance Akt activity, nor did it protect 32D myeloid progenitor
cells from interleukin-3 withdrawal [108]. This supports the notion that increased Akt activity
may be required to mediate the antiapoptotic effects of PKCε. We have shown that
overexpression of PKCε in MCF-7 cells increased Akt phosphorylation (Ser473) and depletion
of Akt by siRNA inhibited the antiapoptotic effect of PKCε [102]. Therefore, it is reasonable
to propose that these oncogene products collaborate to promote cell survival.

Several studies suggest that PKCε can directly interact with Akt although the functional
significance of the association was not investigated in every case. A physical interaction
between Akt and PKCε in cardiomyocytes was determined by functional proteomics [107].
Immunoprecipitation analyses revealed association of Akt and PKCε in several different cell
lines, including recurrent prostate cancer CWR-R1 cells [103], breast cancer MCF-7 cells
[102] and rat glomerular mesangial cells [109]. Generally, interaction of these two proteins
was associated with an increase in Akt phosphorylation at Ser473 and consequently, resistance
to stimulus-induced apoptosis. We have shown that PKCε activated Akt by enhancing
interaction between Akt and DNA-PK, resulting in phosphorylation of Akt at Ser473 site
[102]. In contrast, although PKCε and Akt were present in a constitutive complex in rat
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glomerular mesangial cells, neither Akt phosphorylation nor kinase activity was affected
[109]. Interestingly, signaling via both proteins was required for efficient MAPK activation,
suggesting that the PKCε-Akt complex can cross-talk with a third pathway to mediate its
antiapoptotic effects.

PKCε may also enhance Akt activity indirectly. The most compelling example comes from
reports of the reciprocal regulation of PKCε and β1 integrin signaling. PKCε overexpression
increased β1 integrin protein levels, augmented the open (active) conformation of β1 integrin
[103] and increased recycling of β1 integrin to the cell surface [110]. Engagement of integrins
can trigger signaling through the PI3K pathway [111,112]. In turn, integrins can activate
PKCε [113]. Thus, PKCε, Akt and integrins are involved in a positive feed-back loop. PKCε
overexpression in Rat 6 fibroblasts resulted in release of growth factors including TGFβ1
[78], which is a known activator of Akt Ser473 phosphorylation [114]. Therefore, PKCε may
trigger Akt signaling via an autocrine loop. Thus, the indirect regulation of Akt by PKCε can
involve integrins or secretion of growth factors that can elicit signaling through the pro-survival
PI3K pathway.

Okhrimenko et al. showed that depletion of PKCε decreased Akt protein level and that
overexpression of PKCε prevented TRAIL-induced degradation of Akt [33]. The authors
suggested that the downregulation of Akt could be due to activation of caspase-3, since Akt is
a substrate for caspase-3 [115]. Similarly, increased PKCε activity in transgenic mouse hearts
resulted in a 6- to 10-fold induction in Akt protein levels [106]. PKCε overexpression also
upregulated expression of stress-activated signaling pathways, though caspase activity was not
studied [106]. Thus, it appears that the regulation of Akt by PKCε may not be restricted to
phosphorylation, but also involves regulation of Akt protein levels. It is most likely that this
effect is indirect, via changes in caspase-3 activation status. Whether PKCε can directly
regulate Akt expression is questionable. For example, in MCF-7 cells that lack caspase-3,
exposure to TNF did not affect Akt levels [102]. These observations, however, add a further
layer of complexity to the interaction of PKCε with the PI3K pathway.

Contrary to the data cited above, there are some reports that suggest that PKC negatively
regulates Akt function [116-121], and this was associated with increased apoptosis.
Suppression of Akt phosphorylation in response to PKC activators or adenoviral expression
of PKCε has been shown to occur via PP2A [117,119]. Moreover, TPA co-treatment
diminished the capacity of IGF to protect against UVC-induced cell death, while PKC
inhibitors enhanced cell survival [119]. Similarly, in myeloid cell lines, Liu and colleagues
showed that wild-type or constitutively-active PKCε attenuated cell proliferation stimulated
by granulocyte colony-stimulating factor [120]. This inhibitory effect was associated with a
decrease in Akt phosphorylation. Surprisingly, in the same model, IL3-stimulated cell growth
was unaffected despite decreased Akt phosphorylation seen with PKCε overexpression. This
suggests that the role of PKCε in cell survival depends on the stimulus and may be disconnected,
in some cases, from its effect on Akt phosphorylation. Thus, there are contrasting reports as to
whether PKCε can increase or suppress Akt activation and this appears to be determined in a
cell-type and stimulus-specific manner. However, the evidence supporting cooperation
between Akt and PKCε to promote survival is an overwhelming one.

7. PKCε and Bcl-2 family: many partners in the dance of death
The Bcl-2 family of proteins consists of at least 20 members that can be classified into anti-
(e.g., Bcl-2, Bcl-xl, Mcl-1, and Bcl-w) and proapoptotic (e.g., Bax, Bad and Bid) family
members based on structural and functional characteristics [122]. The function of these anti-
and proapoptotic family members can be regulated by changes in expression (altering the ratio
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of anti- to proapoptotic proteins), post-translational modification (e.g., phosphorylation) or
subcellular localization (e.g., mitochondrial translocation and association).

A number of studies have been performed in different systems using general PKC activators,
including TPA and bryostatin-1 and determining effects on Bcl-2 family members. In general,
PKC activator-mediated alterations in Bcl-2 were associated with protection/resistance from
spontaneous or stimulus-induced apoptosis in a variety of cells, including B-CLL cells [123,
124], rat cardiomyocytes [125] and GT1-7 neuronal cells [126]. In contrast, there is some
evidence that PKC can enhance drug-induced apoptosis by increasing the expression of BAD
[127] or by inhibiting the expression of Bcl-2 [128]. These observations have been difficult to
integrate because multiple PKC isoforms, both pro- and antiapoptotic, can be activated.
Furthermore, prolonged exposure of cells to PKC activators could downregulate PKC protein
levels. Therefore, the time of exposure to these agents is also a critical determinant of the final
outcome of treatment.

Data supporting isoform-specific regulation of Bcl-2 family members are sparse, but quite
consistent in that antiapoptotic PKCε enhances antiapoptotic Bcl-2 members [34,129] while
inhibiting the proapoptotic members of the family [31,34,130,131]. Suzuki et al. first reported
that intense expression of Bcl-2 during the development of pregnancy-dependent mammary
tumors (PDMTs) to malignant tumors was associated with overexpression of PKCε but not of
other isozymes, such as PKCα, -δ, -η, -ζ or –λ[132]. Gubina et al. provided first direct evidence
that overexpression of PKCε could increase Bcl-2 protein levels and prevent both cell death
and downregulation of Bcl-2 associated with IL-3 withdrawal in TF-1 hematopoietic cells
[129]. Expression of truncated N-terminal domain of PKCε in thyroid cancer PCCL3 cells also
caused an increase in Bcl-2, decrease in Bax and resistance to doxorubicin-induced apoptosis
[45]. In MCF-7 cells, however, overexpression of the PKCε regulatory domain decreased Bcl-2
protein levels and increased susceptibility to apoptosis induced by multiple factors although
the effects of PKCα regulatory domain was more pronounced [133]. It has been reported that
EPO-driven upregulation of PKCε levels renders differentiating erythroid cells resistant to
TRAIL, likely via Bcl-2 upregulation [134].

We recently showed that overexpression of PKCε in MCF-7 cells resulted in an increase in
Bcl-2 at the mRNA and protein level with a concomitant decrease in proapoptotic Bid [34].
This dual regulation of pro- and antiapoptotic members of the Bcl-2 family contributed to
TRAIL resistance. An increase in Bcl-2 phosphorylation was also associated with refraction
to apoptosis [135]. A PKCε inhibitory peptide efficiently inhibited Bcl-2 phosphorylation and
augmented hydrogen peroxide-induced apoptosis in a concentration-dependent manner in rat
cardiomyocytes [135].

Overexpression of constitutively active PKCε increased phosphorylation of Bad at Ser112
[130,136] but not Ser136 and inhibited CH11 (a FAS ligand mimic)-induced apoptosis in Jurkat
T cells [130]. An interaction between PKCε and Bax was identified in CWR22 prostate tumor
xenografts. In addition, PKCε-deficient LNCaP cells were sensitive to PMA-induced apoptosis
and forced expression of PKCε in these cells conferred resistance to PMA-mediated apoptosis
by preventing Bax activation and translocation to mitochondria [131]. In contrast, although
ectopic expression of PKCε resulted in decreased Bax translocation to mitochondria in
melanoma cell lines there was no association between PKCε and Bax [31]. Recent work by
Pardo and colleagues showed that a higher expression level of PKCε in small cell lung cancer
(SCLC) was associated with higher Bcl-XL and X-linked inhibitor of apoptosis (XIAP) protein
levels [137]. Furthermore, adenoviral overexpression of PKCε in H69 cells protected them
from VP-16-induced death and this was correlated with increased Bcl-XL and XIAP protein
levels. In yeast cells, co-expression of PKCε with Bcl-XL was protective against acetic acid-
induced apoptosis by preventing Bcl-XL phosphorylation [138]. Thus, the antiapoptotic effect
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of PKCε may be due, in part, to its ability to impinge upon one or more of the mechanisms that
control the function of the Bcl-2 family of proteins.

8. Conclusions
Since the discovery of PKCε almost 20 years ago there have been numerous studies on the
involvement of PKCε in cell survival and cell death. Although majority of the studies suggest
that it favors life over death, a few studies showed that activation of PKCε could contribute to
apoptosis. Since most of the cells express several members of the PKC family and some of the
PKC isozymes have opposite effects on cell proliferation and cell death, the presence of these
other PKC isozymes will also impact on the final outcome. In addition, PKCε interacts with
several signaling pathways, including the Ras/Raf/MAPK and PI-3K/Akt pathway (Fig. 1). It
appears that PKCε acts upstream of Akt as well as Raf-1. Thus, components of these signaling
pathways and not just PKCε will determine the ultimate fate of a cell. Furthermore, since there
is also cross-talk between the Ras/Raf/MAPK and Akt, there may be competition between
these pathways.

Based on the published reports, PKCε primarily exerts its antiapoptotic signaling by
influencing the levels/activation status of Bcl-2 family proteins that regulate mitochondrial
integrity (Fig. 1). It increases the ratio of anti- to proapoptotic Bcl-2 family members at the
mitochondria by increasing the levels of antiapoptotic Bcl-2 family proteins, decreasing the
levels of the proapoptotic Bcl-2 family members, or both. It remains to be established whether
PKCε directly affects Bcl-2 family members or acts via Akt or MAPK pathway. PKCε is an
important signaling molecule and an understanding of how it makes the life and death decision
of a cell will help understand the process of carcinogenesis and facilitate identification of novel
targets for cancer therapy.
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Fig 1.
Regulation of cell proliferation and cell death by PKCε. PKCε can cause disordered cell growth
by stimulating the Raf/MEK/ERK pathway downstream of Ras proto-oncogene. It can also
send survival signal via the PI3K/Akt pathway. PKCε can increase phosphorylation of Akt at
Ser473 by facilitating interaction of Akt with a putative PDK2, such as DNA-PK. PKCε has
been shown to increase the levels of antiapoptotic Bcl-2. It can interact with Bax and inhibit
its activation, dimerization and translocation to mitochondria. It can also phosphorylate Bad
and prevents its translocation to the mitochondria. An increase in the ratio of anti- to
proapoptotic Bcl-2 family members in the mitochondria inhibits release of cytochrome c from
the mitochondria and prevents activation of procaspase-9. PKCε can also inhibit receptor-
initiated cell death pathway by decreasing the level of Bid and thus decreasing the amount of
truncated Bid in the mitochondria. PKCε is a substrate for caspase-7. In response to apoptotic
stimuli, full-length PKCε is cleaved at the hinge region to generate the C-terminal catalytic
domain, which is active in the absence of cofactors.
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