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Abstract

We have reported that protein kinase C epsilon (PKCε) expression level in epidermis dictates the

susceptibility of mice to the development of squamous cell carcinomas (SCC) elicited either by

repeated exposure to ultraviolet radiation (UVR) or by the DMBA-TPA tumor promotion

protocol. To find clues about the mechanism by which PKCε mediates susceptibility to UVR-

induced development of SCC, we found that PKCε-over-expressing transgenic mice, as compared

to their wild-type littermates, when exposed to UVR, elicit enhanced phosphorylation of Stat3 at

Ser727 residues. Stat3 is constitutively activated in SCC and UVR fails to induce SCC in Stat3

mutant mice. Stat3Ser727 phosphorylation is essential for Stat3 transcriptional activity (Cancer

Res. 67: 1385, 2007). We now present severa novel findings including that PKCε integrates with

its downstream partner ERK1/2 to phosphorylate Stat3Ser727. In these experiments, mice were

either exposed to UVR (2 kJ/m2/dose) emitted by Kodacel-filtered FS-40 sun lamps or treated

with TPA (5 nmol). Both UVR and TPA treatment stimulated PKCε-Stat3 interaction,

Stat3Ser727 phosphorylation and Stat3-regulated gene COX-2 expression. PKCε-Stat3 interaction

and Stat3Ser727 phosphorylation was also observed in SCC elicited by repeated UVR exposures

of mice. PKCε-Stat3 interaction was PKCε specific. UVR or TPA-stimulated Stat3Ser727

phosphorylation accompanied interaction of PKCε with ERK1/2 in intact mouse skin in vivo.

Deletion of PKCε in wild-type mice attenuated both TPA and UVR-induced expression of

phosphoforms of ERK1/2 and Stat3Ser727. These results indicate that PKCε integrates with

ERK1/2 to mediate both TPA and UVR-induced epidermal Stat3Ser727 phosphorylation. PKCε

and Stat3 may be potential molecular targets for SCC prevention.
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Introduction

Skin cancer is the most common human cancer [1] and the multistage model of mouse skin

carcinogenesis has been on the forefront to provide clues about the cellular, biochemical,

and genetic events linked to the initiation, promotion, and progression steps of skin cancer

formation [2–4]. There are two commonly used protocols to induce skin cancer in mice: (1)

by the initiation (DMBA) and promotion (TPA) protocol and (2) by the complete

carcinogenesis regimen involving either repeated exposure to a polycylic hydrocarbon (e.g.,

DMBA, benzo(a)pyrene or methylcholanthene) or ultraviolet radiation (UVR) [4]. Protein

kinase C (PKC), a family of phospholipid-dependent serine/threonine (Thr) kinases, is not

only the major intracellular receptor for the mouse skin tumor promoter 12-O-

tetradecanoylphorbol-13-acetate (TPA) [5–9] but also is activated by a variety of stress

factors including UVR [10].

PKC represents a large family of phosphatidylserine (PS)-dependent serine/Thr kinases [6–

9]. Based on structural similarities and co-factor dependence, at least 11 PKC isoforms have

been classified into three subfamilies: the classical (cPKC), the novel (nPKC), and the

atypical (aPKC). The cPKCs (α, βI, βII, and γ) are dependent on PS, diacylglycerol (DAG),

and Ca2+. The nPKCs (δ, ε, η, and θ) retain responsiveness to DAG and PS, but do not

require Ca2+ for full activation. The aPKCs (λ and σ) only require PS for their activation. At

least five PKC isoforms (α, δ, ε, η, ζ) are expressed in epidermal keratinocytes [11]. PKC

isoforms are differentially expressed in proliferative (basal layer) and non-proliferative

compartments (spinous, granular, cornified layers), which exhibit divergence in their roles in

the regulation of epidermal cell proliferation, differentiation, and apoptosis.

Immunocytochemical localization of PKC isoforms indicate that PKCa is found in the

membranes of suprabasal cells in the spinous and granular layers. PKCε is mostly localized

in the proliferative basal layers. PKCη is localized exclusively in the granular layer. PKCδ is

detected throughout the epidermis [11].

PKC isozymes (α, δ ε, and η), exhibit specificities in their signals to the development of skin

cancer [12–14]. PKCε, a calcium-insensitive PKC isoform, is linked to the development of

squamous cell carcinoma (SCC) elicited either by the DMBA-TPA protocol [14] or by

repeated exposures to UVR [10]. PKCε over-expressing transgenic mice, when treated either

with TPA or exposed to UVR, elicit similar responses such as inhibition of apoptosis,

promotion of cell survival, and development of SCC [10,14]. Also, PKCε over-expression

sensitizes skin to both TPA and UVR for activation of Stat3 [15]. Both PKCε and Stat3 are

implicated in the development of SCC [16–18]. We found that PKCε interacts with Stat3

[15].

Signal transducers and activators of transcriptions (STATs) comprise a family of seven

[Stat1 (α and β splice isoforms), Stat2 and Stat3 (α and β isoforms), Stat4, Stat5a, Stat5b,

and Stat6)] latent transcription factors which reside in the cytoplasm and are encoded by
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seven distinct genes [19–23]. Constitutively activated STATs, in particular Stat3, has been

found in a number of human cancers (e.g., SCCs, head and neck, breast, ovary, prostate,

lung). Since naturally occurring mutations of Stat3 have not been observed, constitutive

activation of Stat3 appears to be mediated by aberrant growth factor signaling [19]. The

activation of STATs (Stat1, 3, and 5) is an essential component of the mechanism in mouse

skin tumor promotion by diverse tumor promoters. Tumor promoter-induced activation of

STATs is mediated by EGFR [2]. Furthermore, Stat3 is constitutively activated in both skin

papillomas and carcinomas [17,18]. Disruption of Stat3 activation prevents development of

skin tumors elicited by DMBA initiation and TPA promotion protocol [17]. Reports by Sano

et al. [18] link activated Stat3 to the development of psoriasis, keratinocyte survival, and to

keratinocyte proliferation following UV irradiation. Constitutive activation of Stat3 is

observed in UVB-induced human or mouse SCCs [18].

Stat1, Stat3, and Stat4 share a consensus motif between 720 and 730 in C-terminal

transactivation domain in which the serine (serine 727 in Stat3) residue is the target for

phosphorylation [24–29]. Evidence indicates that cooperation of both tyrosine and serine

phosphorylation is necessary for full activation of Stat3 [26]. For example, over-expression

of Stat3b, which lacks Ser727, acts as a dominant negative Stat3, and impairs the IL-6-

induced Stat3 activation [30]. Ser727 phosphorylation of Stat3 is required for transactivation

by association with CREB binding protein p300 [31]. Varinou et al. [32] showed, using a

Stat 1 serine 727 to alanine knockin mutant mouse, that phosphorylation of the Stat 1

transactivation domain is required for Stat1 regulated increases in transcriptional activity.

Similarly, Shen et al. [33] have shown that using knockin mouse models that Stat3Ser727

plays an essential role in post-natal survival and growth. Ser727 phosphorylation is involved

in the progression of the pre-malignant lesions and possibly early events in pathogenesis of

cervical cancer and is also constitutively activated in SCC [34]. We found in intact mouse

skin in vivo that PKCε, which sensitizes skin to development of SCC by UVR, leads to

constitutive activation of Stat3 [15]. PKCε interacts with Stat3 and phosphorylates

Stat3Ser727 [15]. In a reciprocal immunoprecipitation/blotting experiments, Stat3 co-

immunoprecipitated with PKCε. Co-localization of PKCε with Stat3 was also confirmed by

double immunofluorescence staining [15].

In this communication, we have further characterized PKCε–Stat3 interaction. We now

report here novel results never reported before in our previous publication [15] that: (1) both

UVR and TPA treatment stimulate PKCε–Stat3 interaction and Stat3Ser727

phosphorylation, (2) PKCε–Stat3 interaction and Stat3Ser727 phosphorylation are also

observed in SCC. (3) PKCε–Stat3 interaction is PKCε specific. (4) UVR or TPA-stimulated

Stat3Ser727 phosphorylation accompany interaction of PKCε with ERK1/2 in intact mouse

skin in vivo, and (5) deletion of PKCε attenuates both TPA and UVR-induced expression of

phosphoforms of ERK1/2 and Stat3Ser727.

Materials and Methods

Generation of PKCε Transgenic Mice

PKCε transgenic mice were generated as described previously [14]. Transgenic mice were

maintained by mating hemizygous transgenic mice with wild-type FVB/N mice. The mice
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were housed in groups of two to three in plastic bottom cages in light-, humidity-, and

temperature-controlled rooms; food and water were available ad libitum. The animals were

kept in a normal rhythm of 12-h light and 12-h dark periods. The transgene was detected by

polymerase chain reaction analysis using genomic DNA isolated from 1 cm tail clips [14].

Generation of PKCε-Null Mice

PKCε knockout mice were generated and provided by Dr. Michael Leitges (The

Biotechnology Centre of Oslo, University of Oslo, P.O. Box 1125, Blindern, N-0317, Oslo,

Norway). Briefly, the ES cell line used for targeting was E14 from mouse strain 129/Ola.

The embryonic stem cells were introduced into the blastocyst of C57BL/6. The germ-line

chimeras were identified by the presence of agouti coat color in the F1progeny. Chimeric

mice (C57Bl/6/129/Ola) were bred for 10 generations for mutant transmission to FVB/N

mice for a unified genetic background.

Chemicals, Antibodies, and Assay Kits

The sources of the antibodies used in this study were: PKCε, Stat3, ß-actin, ERK1/2,

phosphorylated ERK1/2 (pERK1/2), MEK1/2, phosphorylated MEK1/2 (pMEK1/2), PKCα,

PKCβI, PKCβII, PKCγ, PKCδ, PKCη, PKCλ, PKCζ, PKCθ, p38, phosphorypurchased from

Thermo Scientific lated p38 (p-p38), Raf-1 from Santa Cruz Biotechnologies (Santa Cruz

CA); and phosphorylated Stat3Tyr705 (pStat3Tyr705) and Stat3Ser727 (pStat3Ser727; BD

Biosciences, San Jose CA). COX-2 antibody was purchased from Cayman Chemical

Company (Ann Arbor MI). Anti-mouse, anti-goat, and anti-rabbit secondary antibodies were

purchased from Thermo Scientific (Rockford IL). TPA was purchased from Alexis

Biochemicals (Farminlysate were fractionated on micrograms of cell lysate were

fractionated dale NY).

UVR Treatment

The UVR source was Kodacel-filtered FS-40 sun-lamps (approximately 60% UV-B and

40% UV-A). Mice were exposed to UVR from a bank of six Kodacel-filtered sunlamps.

UVR dose was routinely measured using a UVX-radiometer. Mice were used for

experimentation beginning at 7–9 wk of age. The dorsal skin of the mice was shaved 3–4

days before experimentation. Mice were exposed to UVR as indicated in each experiment.

Western Blot Analysis

Mice were shaved and depilated 24 h before experimentation. Mouse skin was excised and

scraped to remove subcutaneous fat. The epidermis was scraped off on a ice-cold glass plate,

homogenized in lysis buffer [50 mmol/L HEPES, 150 mmol/L NaCl, 10% glycerol, 1%

Triton X-100, 1.5 mmol/L MgCl2, 10 mg/ml aprotinin, 10 mg/ml leupeptin, 1 mmol/L

phenylmethylsulfonyl fluoride (PMSF), 200 μmol/L Na3VO4, 200 μmol/L NaF, and 1

mmol/L EGTA (final pH 7.5)]. The homogenate was centrifuged at 14,000g for 30 min at

4°C. Twenty-five micrograms of cell lysate were fractionated on 10% criterion precast

SDS–polyacrylamide gel (Bio-Rad Laboratories, Hercules CA). The protein was transferred

to 0.45 μm Hybond-P polyvinylidene difluoride (PVDF) transfer membrane (Amersham

Life Sciences, Piscataway NJ). The membrane was then incubated with the indicated
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antibody followed by a horseradish peroxidase secondary antibody (Thermo Scientific), and

the detection signal was developed with Amersham's enhanced chemiluminescence reagent

and using FOTO/Analyst Luminary Work Station (Fotodyne Inc.). The Western blots were

quantitated by densitometric analysis using Totallab Nonlinear Dynamic Image analysis

software (Nonlinear USA, Inc., Durham, NC).

Immunoprecipitation Protocol

Epidermal lysates were prepared as for Western blot analysis. 100 μg of epidermal lysate

was incubated with 10 μg of the indicated antibody. The total volume of the lysate/antibody

mixture was adjusted to 1,000 μL with lysis buffer to allow for appropriate mixing and

rotated at 4°C overnight. Lysate/antibody mixture was then mixed with-mixed with 50 μL of

protein agarose A/G (sc-2003 Santa Cruz Biotechnology, Santa Cruz, CA) for 6 h. Lysate/

antibody/protein A/G agarose mixture was then centrifuged at 8,000g for 10 min to sediment

the protein A/G agarose. Pellet was washed with 0.1% tween in PBS and then sedimented at

8,000g for 10 min three times to wash any non-specific binding from the pellet. After three

washes the immunoprecipite was then boiled for 5 min in 20 μL Protein Loading Buffer

Blue (Cat # EC-886, National Diagnostics, Atlanta, GA). Immunoprecipitates were then

treated as in Western Blot analysis above.

Expression and Purification of Recombinant PKCε and Stat3

To determine whether PKCε directly interacts with Stat3 and phosphorylates Stat3Ser727,

the bacterial expression plasmid construct containing a PKCε or a GST-Stat3 fusion plasmid

were transformed into the BL21 strain of Escherichia coli. At a growth density of 0.2 (A600)

cells were induced with 0.1 mM isopropyl-β-D-thiogalactoside (IPTG) for 2.5 h at 37°C.

The bacteria were harvested and pellets were resuspended in cold PBS and after sonication

for a total of 2 min (six times for 20 sec sonication with 15-s intervals in between). Cells

debris was pelleted and to the clear protein extract, protease inhibitor was added. To purify

the GST-Stat3 fusion protein, the supernatant was incubated with 500 μl of 50% glutathione-

Sepharose 4B (Amersham) slurry for 4–5 h at 4°C with gentle agitation. The beads were

subsequently washed four times with cold PBS and GST-Stat3 fusion protein was eluted

with 1 mM glutathione. Purity of recombinant protein was assessed by SDS–PAGE and

coomassie brilliant blue staining.

GST Pull-Down

Approximately 25 μg of affinity purified GST-Stat3-fusion protein was incubated with

approximately 50 μg of bacterial expressed PKCε protein in cold 500 μl pull down buffer

[GSH agarose slurry (50%), 10 mM Tros-HCl (pH 7.5), 130 mM KCl, 1 mM MgCl2, 1 mM

EDTA, protease inhibitor cocktail, 0.5–1.0% NP40] in a total volume of 1 ml. Tubes were

rotated at 4°C for 2 h. The beads were then washed two times with 1 ml of pull down buffer,

centrifuged at 1,000 rpm for 2 min, and rotated for 5 min at 4°C in between washes.
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Results

PKCε–Stat3 Interaction and Stat3 Phosphorylation are Increased After TPA Treatment and
PKCε–Stat3 Interaction is PKCε Specific

To determine the effects of TPA treatment and epidermal PKCε level on the Stat3

phosphorylation, PKCε over-expressing transgenic line 215 mice and their wildtype

littermates were treated with 5 nmoles TPA and sacrificed at 1, 3, and 5 h post-TPA

treatment. In both PKCε transgenic and wild-type mice, TPA treatment elicited rapid and

time-dependent increase in the level of expression of phosphorylated Stat3 at both tyrosine

705 and serine 727 residues. PKCε over-expression in PKCε transgenic mice potentiated

phosphorylation of Stat3 at both tyrosine 705 and serine 727 residues (Figure 1A,Bi-Bii).

To determine whether interaction between PKCε and Stat3 is TPA-dependent, reciprocal

immunoprecipitation/blotting experiments were performed. In this experiment (Figure 1C–

F), the same epidermal protein extracts, prepared from the previous experiment with PKCε

transgenic mice(Figure 1A), were used. The epidermal protein extract was

immunoprecipitated with antibodies against PKCε or Stat3. The immunoprecipitates were

subjected to immunoblot analysis using antibodies against the indicated proteins. As shown

in Figure 1C, Di,ii, TPA treatment increased the interaction of PKCε with Stat3,

pStat3Tyr705, and pStat3Ser727. TPA-increased PKCε–Stat3 interaction was also observed

in a separate repeat experiment (Figure 1E,F). The results of the reciprocal

immunoprecipitation/blotting experiments illustrated in Figure 1E indicate that TPA

treatment increases the interaction of PKCε with Stat3 (Figure 1F). PKCε interacts with

Stat3a isoform, which has Ser727, and not with Stat3b isoform, which lacks Ser727. PKCε–

Stat3 interaction and PKCε isoforms specificity was only observed in PKCε over-expressing

transgenic mice. Since PKCε level is very low (see Figure 1A) in the wild-type mice,

PKCε–Stat3 interaction and PKCε isoform specificity could not be detected (data not

shown).

An increase in the interaction of PKCε with Stat3 upon TPA treatment is most probably a

result of both increased total and mature PKCε levels. It is noteworthy that newly

synthesized PKC is cytosolic. PKC undergoes covalent modification by phosphorylation and

that is accompanied by allosteric activation (see Ref. [7]). TPA treatment has been reported

to increase the translocation of PKCε from the cytosol to the membrane.

To determine whether PKCε, and not other PKC isoform interacts with Stat3, total

epidermal lysate, prepared 3 h post-TPA treatment of PKCε over-expressing transgenic

mice, was immunoprecipitated using an antibody directed to Stat3. Stat3-

immunoprecipitated proteins were subjected to SDS–PAGE and immunoblotted with PKC

isoform (α, βI, βII, γ, δ, ε, η, λ, ζ, θ) antibody. We observed that PKCε, and not any other

PKC isoform, associated with Stat3 and PKCε–Stat3 interaction appears to be increased

after TPA treatment (Figure 1G).
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PKCε–Stat3 Interaction and Stat3 Phosphorylation are Increased After UVR Treatment and
PKCε–Stat3 Interaction is PKCε Specific

In this experiment (Figure 2), PKCε transgenic mice (line 224) were exposed to UVR (2

kJ/m2) once and total epidermal lysate was prepared for reciprocal immunoprecipitation/

blotting experiments at 1, 3, and 6 h post-UVR exposure. UVR treatment stimulated the

association of PKCε with Stat3 and pStat3Ser727 and pStat3Tyr705) (Figure 2A, Bii,iii).

UVR treatment also increased the basal PKCε level (input) at 3 and 6 hr post-UVR

treatment (Figure 2Bi). To determine whether the interaction of PKCε and Stat3 is persistent

in SCC, PKCε line 224 and wildtype littermates were exposed to UVR until appearance of

SCC. Mice were then sacrificed and SCCs were excised. Total epidermal lysates were

prepared and immunoprecipitated with antibody to PKCε and Stat3. The

immunoprecipitated lysates were then subjected to SDS–PAGE and blotted with the

indicated antibody (Figure 2C,E). We observed that the interaction of PKCε and Stat3 is still

present in SCC samples from transgenc (Figure 2C,D) as well as wildtype mice. (Figure 2

E,F). To determine whether PKCε, and not other PKC isoforms, interact with Stat3 in UVR

treated mous skin, we used PKCε transgenic mouse line 215. PKCε transgenic mice were

exposed to UVR (2 kJ/m2) four times (Monday, Wednesday, Friday, and Monday). The

mice were then sacrificed 3 h post-final UVR exposure. Total epidermal lysate was

immunoprecipitated using a Stat3 antibody. Stat3-immunoprecipitated proteins were

subjected to SDS–PAGE and immunoblotted with the indicated PKC isoform (α, βI, βII, γ,

δ, ε, η, λ, ζ, θ) antibody (Figure 2G). We observed that PKCε, and not any other PKC

isoform, immuno-precipitated with Stat3 (Figure 2G). We have previously reported lack of

PKCδ-Stat3 interaction in UVR-treated PKCδ over-expressing transgenic mice [15].

PKCε and Stat3 Co-Immunoprecipitate With ERK1/2

The results (Figures 1 and 2) presented clearly indicate that PKCε interacts with Stat3.

However, it is unknown whether PKCε integrates with other protein kinase cascade to

phosphorylate Stat3Ser727. To determine whether PKCε-downstream protein kinase

ERK1/2 is involved in the interaction of PKCε and Stat3, the same epidermal lysate

prepared for the experiment described in Figure 2 was used. Total epidermal lysates were

immunoprecipitated with antibodies to PKCε or Stat3, and were subjected to SDS–PAGE

and immunoblotted with the indicated antibody. As shown in Figure 3A, PKCε and Stat3

co-immunoprecipitated with both pERK1/2 and total ERK1/2. PKCε-ERK1/2 interaction

was increased following UVR treatment (Figure 3A,B). Similar results were obtained in a

reciprocal/immunoprecipitation experiment (Figure 3C,D). To examine whether the

interaction of PKCε and Stat3 with ERK1/2 was present in UVR-induced SCCs, PKCε line

224 mice were exposed to UVR thrice weekly for 23 wk. Mice were then sacrificed and

SCCs were excised. Total epidermal lysates were prepared and immunoprecipitated with

antibody to PKCε and Stat3 and blotted with ERK1/2 (Figure 3E). We observed that PKCε

and Stat3 interacts with ERK1/2 in all UVR-induced SCC (Figure 3E,F).
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PKCε Deletion in Mice Attenuated Both UVR- and TPA-Induced Phosphorylation of MAPKs
and Stat3Ser727

In these experiments (Figure 4), PKCε KO, PKCε Heterzygous (Het) mice and their wild-

type littermates were exposed to UVR (2 kJ/m2 four times) or PKCε KO mice and their

wild-type littermates treated topically once with 5 nmol TPA. Total epidermal lysate,

prepared at 2 and 3 h after TPA or UVR treatment respectively, and subjected to SDS–

PAGE. PKCε deletion suppressed both UVR (Figure 4A,B) - and TPA (Figure 4C,D)-

induced phosphorylation of Stat3Ser727 and ERK1/2. The results of the inability of UVR

treatment to stimulate phosphorylation of Stat3Ser727 in PKCε KO mice are in accord with

our previous findings [15]. PKCε deletion also suppressed COX-2 protein expression level

in UVR and TPA treated mouse epidermis (Figure 4A–D). Interestingly, in the chronically

UVR treated mouse skin but not in TPA treated skin, there was a suppression in Raf-1 and

MEK1/2 phosphorylation suggesting a different pathway for activation of Stat3ser727

phosphorylation (Figure 4A–D).

PKCε May Also Directly Interact With Stat3 to Phosphorylate Stat3Ser727

We also investigated whether PKCε directly interacts with Stat3 to phosphorylate

Stat3Ser727. In an immunocomplex kinase assay, purified bacterially expressed

recombinant PKCε phosphorylated purified recombinant GST-Stat3 at Ser727. The result of

the immunocomplex kinase assay is shown in Figure 5. These results indicate that PKCε

phosphorylates Stat3 at Ser727. Omission of any components of the immunocomplex kinase

assay resulted in no Stat3ser727 phosphorylation. This result indicates that Stat3 may also

be a direct substrate for PKCε.

Discussion

We have previously reported that PKCε, a Ca+2-independent PKC isoform, plays a key role

in development of SCC elicited either by the DMBA-TPA protocol [14] or repeated UVR

exposures [10]. The mechanisms by which PKCε may mediate susceptibility to SCC

induction constitute PKCε-mediated both anti-apoptotic and survival signals [15]. We also

found that PKCε-mediated cell survival signal may involve PKCε interaction with Stat3.

PKCε interacts with Stat3 and phosphorylates Stat3Ser727, which is essential for its

maximal transcriptional activity of Stat3 [15]. Overwhelming evidence presented by Dr.

DiGiovanni and his associates links Stat3 activation to the induction of skin cancer [17,18].

We now present that PKCε-Stat3 interaction is specific for PKCε and is enhanced both by

TPA and UVR treatment. PKCε may integrate with mitogen activated protein kinase

(MAPK) cascade to phosphorylate Stat3Ser727.

PKCε and not any other PKC isoform (α, βI, βII, γ, δ, ε, η, λ, ζ, θ) mediated TPA- or UVR-

induced Stat3Ser727 phosphorylation (Figures 1G and 2G). This conclusion is supported by

the findings: (1) PKCε and not other PKC isoform co-immunoprecipitated with Stat3 and (2)

PKCε deletion suppressed TPA- or UVR-mediated Stat3Ser727 phosphorylation. We have

also shown that, using either immunopurified PKCε [15] or recombinant PKCε (Figure 5),

PKCε phosphorylated Stat3 in an immunocomplex kinase assay. These results indicate that

PKCε is a Stat3ser727 kinase.
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The interaction of PKCε with Stat3 was enhanced by both TPA and UVR treatments

(Figures 1C,E, and 2A). These results indicate that TPA and UVR-induced mature and

catalytically-competent PKCε mediate Stat3Ser727 phosphorylation. The generally accepted

paradigm for the activation of PKC consists of two major biological events [35–37]. The

initial event is a well-ordered sequential covalent modifications on the PKCs by

phosphorylation, and that is accompanied by the allosteric activation mediated by two lipid

signals. Priming phosphorylation on the activation loop residue Thr by phospholipid-

dependent kinase 1 (PDK1) initiates autophosphorylation on the turn motif Thr residue, and

hydrophobic motif Ser residue. Most PKC in unstimulated cells is in the triple-

phosphorylated mature form. The mature, phosphorylated species is released to the cytosol

and the pseudosubstrate gains access to the active site, thus maintaining the enzyme in an

autoinhibited state [35–37]. The mature PKC positions near the membrane for rapid access

to DAG. The translocation of the mature enzyme from the cytosolic soluble fraction to

particulate plasma membrane fraction is mediated by the binding of lipid second messenger.

Subsequent association with the membrane allows the phosphorylated PKC to carry out

phosphorylation of target substrates. The initial phosphorylation reaction, and the final

membrane tethering is a common theme for most PKC isoforms. But several variations in

PKC translocation mechanisms have been noticed. UVR-induced generation of lipid second

messenger DAG is possibly involved in PKCε translocation to membrane.

PKCε appears to integrate with ERK1/2 in intact mouse skin in vivo to mediate TPA and

UVR-induced Stat3Ser727 phosphorylation (Figure 3). This conclusion is supported by the

findings that: (1) both PKCε and Stat3 co-immunopreciptaed with ERK1/2 and (2) PKCε

deletion in mice attenuated both UVR- and TPA-induced phosphorylation of ERK1/2

(Figure 4). PKCε appears to integrate with Raf-1, MEK1/2 in addition to ERK1/2 in UVR-

induced Stat3Ser727 phosphorylation. PKCε deletion suppressed both TPA-induced

Stat3ser727 and ERK1/2 phosphorylation but, neither Raf-1 nor MEK1/2 phosphorylation.

This observation is not surprising considering that TPA is a direct activator of PKC's while

UVR is thought to signal through reactive oxygen/nitrogen species to activate PKC's

[38,39]. TPA is also known to signal through other molecules, such as Ras, which may also

play an important role in the activation of Raf-1 and MEK1/2 [40]. It is also notable that,

depending upon cellular context, Stat3 has been shown to be a substrate for other protein

kinases [41–43]. We have recently reported, using specific PKCε siRNA, that PKCε

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) [43].

Both TPA and the tumor promotion component of UVR carcinogenesis, involve clonal

expansion of initiated cells as the result of aberrant expression of genes altered during tumor

initiation [44,45]. TPA and UVR have been reported to alter the expression of genes

regulating inflammation, cell growth, and differentiation. Specific examples include up-

regulation of the expression of p21 (WAF1/C1P1), p53, AP-1, Stat3 activation, ornithine

decarboxylase, cyclo-oxygenase-2 (COX2), cytokines, and growth factors [46–50]. Our

results indicate that the development SCC, either by TPA promotion or UVR, involves

PKCε activation and its interaction with Stat3, as a common converging point.
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In summary, PKCε–Stat3 interaction, which leads to expression of survival and anti-

apoptotic genes, appears to be the key mechanism for the development of SCC [15].

Evidence employing gene deletion experiments indicates that PKCε may integrate with

ERK1/2 in both TPA- and UVR-induced phosphorylation of Stat3ser727. Also, purified

PKCε phosphorylates purified Stat3 in vitro in an immunocomplex kinase assay. Taken

together, the results indicate that PKCε directly or indirectly phosphorylates Stat3Ser727,

which is essential for Stat3 activation [15]. PKCε and its protein partner Stat3 constitute

important components of signal transduction pathway to mouse skin carcinogenesis. PKCε

and Stat3 may be important molecular targets for the prevention and treatment of skin

cancer.
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PKC protein kinase C
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UVR ultraviolet radiation

TPA 12-O-tetradecanoylphorbol-13-acetate

DMBA 7, 12-dimethylbenz[a]anthracene

DAG diacylglycerol

STAT signal transducers and activators of transcription

MAPK mitogen activated protein kinase
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Figure 1.
TPA-dependency and isoform specificity of PKCε-Stat3 nteraction. A: PKCε over-

expressing transgenic mice (line 215) (TG) and their wildtype littermates (WT) (2 mice/

group) were treated topically with 5 nmol of TPA or vehicle acetone in 0.2 ml. Mice were

sacrificed at 1, 3, and 5 h post-treatment and total epidermal lysates were prepared.

Epidermal protein (25 μg) was subjected to SDS-PAGE and then blotted with antibodies

specific for PKCε, Stat3, pStat3Tyr705, and pStat3Ser727. Bi,ii: Quantification of Western

blot A (normalized to total Stat3)(Mean ± SE). C: Total epidermal lysate prepared at 3 h

post-TPA treatment (Figure 1A) was pooled. Total epidermal cell lysate (100 μg) was

immunoprecipitated using Stat3 or PKCε antibody. The immunoprecipiate was then

subjected to SDS-PAGE and blotted with antibodies to PKCε, Stat3, pStat3Tyr705,

pStat3Ser727. Di,ii: Quantitation of Western blots shown in (C). E: Total epidermal lysates

were prepared at 0,1, 3, and 5 h post-TPA treatment (A) was pooled. Total epidermal cell

Iysate (100 μg) was immunoprecipitated using Stat3 or PKCε antibody and blotted for PKCε

and Stat3. Fi,ii: Quantitation of Western blots shown in (E). G: Total epidermal cell lysate

(100 μg) prepared from untreated and 3 h post-TPA treated transgenic mice (A) was pooled

and then immunoprecipitated using Stat3 antibody. Stat3-immunoprecipitated proteins were

subjected to SDS–PAGE and immunoblotted with the indicated PKC isoform (α, β, δ, ε, γ,

η, ι, λ) antibody. Input is 25 mg of epidermal lysate. Positive controls were purchased from

Santa Cruz Biotechnologies (Santa Cruz CA), PKCα, βI, and δ were Jurkat T-lymphocyte

whole cell lysate, PKCλ and ζ were A431 epidermoid carcinoma whole cell lysate, PKCβII
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and μ were K562 leukemia whole cell lysate, PKCε was IMR-32 neuroblastoma whole cell

lysate, PKCγ was 293T human embryonic kidney whole cell lysate, PKCη was mouse lung

tissue whole cell lysate, and PKCθ was Molt4 leukemia whole cell lysate. U: vehicle treated,

T: TPA treated.
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Figure 2.
UVR-dependency and isoform specificity of PKCε– Stat3 interaction. A: PKCε transgenic

mice (line 224) were exposed once to 2 kJ/m2 UVR and sacrificed 1, 3, and 6 h after UVR

exposure (3 mice/group). Epidermal lysates were prepared as described in Materials and

Methods Section. Epidermal lysates from three mice were pooled. Epidermal lysate (100 μg)

was immunoprecipitated with either PKCε or Stat3 and immunoblotted with the indicated

antibodies. B: Quantification of the Western blots shown in (A). Bi: Effect of UVR

treatment on basal level of PKCε expression (input), Bii–iii: PKCε–Stat3 interaction

increases following UVR treatment. C,E: PKCε transgenic mice (TG) (line 224) and

wildtype littermate (WT) were exposed thrice weekly to UVR (1 kJ/m2) for development of

SCC, 23 wk. Mice were then sacrificed and the SCC (TG Tumor, WT Tumor) was excised

and total epidermal lysates were prepared. Total epidermal cell lysate (100 μg) was

immunoprecipitated using Stat3 or PKCε antibody. Immunoprecipitated proteins were then

subjected to SDS–PAGE and blotted with PKCε, Stat3, pStat3Tyr705, and pStat3Ser727.

D,F: Quantification of blots shown in C (TG Tumor) and E (WT Tumor). Di: ip PKCε, (Dii)

ip Stat3, (Fi) ip PKCε, (Fii) ip Stat3. G: PKCε transgenic mice (line 215) were exposed to

UVR (2 kJ/m2) four times (Monday, Wednesday, Friday, and Monday). The mice were then

sacrificed 3 h post-last UVR exposure. Total epidermal cell lysate (100 μg) was

immunoprecipitated using Stat3 antibody. Stat3-immunoprecipitated proteins were subjected

to SDS–PAGE and immunoblotted with the indicated PKC isoform (α, β, δ, ε, γ, η, ι, λ)
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antibody. Input is 25 μg of epidermal lysate. Positive controls for PKC isoforms as described

in Figure 1. C: control (untreated) mice, UV: 3 h post-final UVR exposed mice.
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Figure 3.
PKCε and Stat3 co-immunoprecipitate with ERK1/2. Same epidermal lysate, prepared for

experiment described in Figure 2, was used. A: Epidermal lysate (100 μg) was

immunoprecipitated with either PKCε or Stat3 and immunoblotted with phospho and total

ERK1/2 antibodies. Input was 25 μg epidermal protein. B: Quantification of the Western

blot in (A). C: Epidermal lysate (100 μg) was immunoprecipitated with ERK1/2 and

immunoblotted with PKCε and Stat3. Input was 25 μg epidermal protein. D: Quantification

of the Western blot in C. E: PKCε line 224 and wildtype littermates were exposed thrice

weekly to UVR (1 kJ/m2) for 23 wk. Mice were then sacrificed and the SCC was excised

and total epidermal lysate was prepared. Total epidermal cell lysate (100 μg) was

immunoprecipitated using Stat3 or PKCε antibody and blotted for ERK1/2. Input was 25 μg

epidermal protein. F: Quantification of the Western blot in (E).
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Figure 4.
PKCε deletion in mice attenuated both UVR- and TPA-induced phsophorylation of ERK1/2

and Stat3Ser727. A: The indicated mice (three per group) were exposed to UVR (2 kJ/m2)

four times (Monday, Wednesday, Friday, and Monday). Mice were sacrificed 3 h post-final

UVR exposure. Epidermal lysate was then prepared and subjected to SDS/PAGE and blotted

with the indicated antibody. Shown are the representative results of three replicates. B:

Quantification of (A) Western: pStat3 was normalized to total Stat3 while other proteins

were normalized to β-actin. C: Indicated mice (three per group) were treated once with 5

nmol of TPA in 0.2 ml acetone. Total epidermal cell lysate, prepared 2 h after TPA

treatment. Total epidermal lysate was then subjected to SDS/PAGE and blotted with the

indicated antibody; results are representative of three replicates. D: Quantification of (C)

Western blots: pStat3 was normalized to total Stat3 while other proteins were normalized to

β-actin.
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Figure 5.
Bacterially expressed PKCε directly interacts with Stat3 and phosphorylates Stat3Ser727. In

in vitro immunocomplex kinase assays, purified PKCε phosphorylates Stat3 at serine 727

residue. Recombinant PKCε and GST-Stat3 were used in an immunocom-plex kinase assay.

Stat3-fusion protein was incubated with approximately 20 μg of bacterial cell lysate (a

source of PKCε) in cold pull down buffer in a total volume of 1 ml. Lane 1 and 2 are

expression level of PKCε and GST-Stat3 respectively. Lane 3: Bacterial extract without

plasmid + GST-Stat3 bacterial extract + complete kinase assay components, Lane 4:PKCε +

GST-Stat3 + complete kinase assay components Lane 5: PKCε + GST-Stat3 + kinase assay

without lipid (PS + TPA) Lane 6: Complete kinase assay without proteins (PKCε + GST-

Stat3) Lane 7: PKCε + GST-Stat3 + kinase assay without ATP.
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