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ABSTRACT 

 

 Protein kinase C epsilon (PKCe), a diacylglycerol (DAG)/phorbol ester-regulated PKC 

isoform, has been widely linked to oncogenesis and metastasis. PKCe plays important roles in the 

regulation of motility and invasiveness in non-small cell lung cancer (NSCLC). We previously 

reported that this kinase becomes prominently down-regulated upon TGF-b-induced epithelial-to-

mesenchymal transition (EMT), which leads to prominent phenotypic changes. While the phorbol 

ester PMA causes down-regulation of PKCa, d and e within hours, TGF-b requires at least 4 days 

to reduce the expression levels of PKCe without affecting the expression of other PKCs, an effect 

that parallels the acquisition of a mesenchymal phenotype. Despite the prominent transcriptional 

component involved in EMT, we found that PKCe down-regulation does not involve changes in 

PKCe mRNA levels and was entirely independent of transcriptional activation of the PRKCE gene. 

Further mechanistic analysis revealed that the reduction in PKCe expression is dependent on 

proteasomal and endolysosomal pathways, but independent of autophagy processing mechanisms. 

Site-directed mutagenesis of Lys312 and Lys321 in PKCe prevented its down-regulation in 

response to either TGF-b or the phorbol ester PMA. The shift in PKCe isozyme levels depending 

on cell plasticity underscores relevant functional consequences by modulating the expression of 

this oncogenic/metastatic kinase and highlights key roles of protein stability mechanisms in the 

control of PKCe phenotypic outcomes. 
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INTRODUCTION 

 

The protein kinase C (PKC) family of serine/threonine kinases are the best characterized 

cellular effectors for the lipid second messenger diacylglycerol (DAG) and the phorbol ester tumor 

promoters. These kinases play fundamental roles in normal cell physiology and have been widely 

implicated in disease, including cancer. Based on their biochemical and structural properties, the 

10 members of the PKC family have been classified into “conventional/classic” or cPKCs (α, βI, 

βII and γ), “novel” or nPKCs (δ, ε, θ and η) and atypical or aPKCs (ι/λ and ζ). Only cPKCs are 

responsive to calcium, whereas both cPKCs and nPKCs are activated by DAG and phorbol esters. 

The accepted general paradigm of PKC activation is that DAG generated upon stimulation of 

membrane receptors promotes cPKC and nPKC translocation to the plasma membrane, inducing 

a conformational change that leads to phosphorylation of specific PKC substrates (1-4).  DAG is 

a short-lived second messenger, thus receptor-mediated translocation of PKCs is a rapid and 

transient event. On the other hand, lipophilic phorbol esters such as PMA (phorbol 12-myristate 

13-acetate) or synthetic DAG analogues cause sustained PKC translocation to membranes. The 

lasting association of PKCs with membranes leads to their slow down-regulation in expression. 

Individual PKC isozymes follow distinctive patterns of translocation and down-regulation 

depending on the ligand and cell type (5-9). 

While acute stimulation of PKC with phorbol ester and related analogues is widely used to 

recapitulate DAG-mediated responses in cellular models, in many cases PKC-mediated functions 

are examined in response to long-term treatment with phorbol esters, thus suggesting potential 

relationships with PKC loss of expression. A typical example is the widely used multistage skin 

carcinogenesis experimental paradigm that involves multiple weeks of topical PMA applications 

after a single carcinogen topical treatment (1, 10). Since individual PKC isozymes have opposing 

roles in tumorigenesis either as promoters or suppressors of growth, the controversy still remains 

as to whether phorbol ester-mediated tumor promotion depends on the persistent activation of a 

tumor promoting PKC or the down-regulation of a tumor-suppressing PKC (1, 11-13). 

Interestingly, loss of PKC isozyme expression also takes place in a number of physiological 

processes such as differentiation (14, 15), underscoring the potential relevance of PKC degradation 

in cell fate determination. Whereas PKC down-regulation by phorbol esters has been studied in 

multiple contexts, the detailed mechanisms involved in enzyme degradation remain partially 
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understood. The potential utilization of multiple degradation pathways in PKC isozyme down-

regulation adds new layers of complexity to the regulation of PKC activity. 

Among the different member of the PKC family, PKCe has been identified as a pro-

oncogenic kinase and a cancer biomarker (1, 16). This nPKC is distinctly up-regulated in various 

epithelial cancers, including breast, head and neck, prostate and lung cancer. Recent studies have 

pointed to key roles for PKCe in cell survival, mitogenesis, and motility, and in upstream cancer 

signaling pathways, namely NF-kB, Akt, Stat3 and Rac pathways (12, 16-24). Interestingly, tumor 

growth could be abrogated by genetic deletion or silencing of PKCe, as well as by treatment with 

PKCe inhibitors (25-29). Furthermore, emerging evidence suggests potential roles for PKCε in 

EMT. While PKCe is required for EMT in mammary cancer models, it is dispensable for 

transforming growth factor-b (TGF-b)-induced EMT in non-small cell lung cancer (NSCLC) 

cellular models (30, 31). In a recent study, we reported that PKCe becomes markedly down-

regulated by NSCLC cells progressively transformed to a mesenchymal state, an effect that is not 

observed for other DAG/phorbol ester responsive PKCs expressed in NSCLC, i.e. PKCa and 

PKCd. Loss of PKCe expression in mesenchymally transformed NSCLC cells leads to important 

phenotypic consequences, specifically changes in the activation status of Rho GTPases widely 

implicated in migration and invasiveness (31). Dissecting the mechanisms that control PKCe 

down-regulation may help elucidate important regulatory aspects for this oncogenic kinase. 

In this study, we pursue a comprehensive analysis to demonstrate unique mechanisms 

responsible for PKCe down-regulation by TGF-b. Identifying the characteristic pathways for 

PKCe degradation offers opportunities to disentangle the intricacies of PKC regulation and 

function as well as potentially helping in the future development of tools to target this oncogenic 

kinase. 
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MATERIAL AND METHODS 

 

Cell lines and reagents 

 All cell lines were obtained from ATCC (Manassas, VA) and are fully authenticated (see 

ATCC homepage). Human NSCLC (A549, H358), prostate cancer (PC3), colon cancer (HCT116) 

and ovarian cancer (SKVO3) cell lines were cultured in RPMI medium supplemented with 10% 

FBS, 100 U/ml penicillin, and 100 µg/ml streptomycin. The human pancreatic cancer cell line 

AsPC1 was cultured in DMEM medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml 

penicillin, and 100 µg/ml streptomycin. Human TGF-β was purchased from Peprotech (Rocky 

Hill, NJ). Cycloheximide, bafilomycin A1, chloroquine, bortezomib, dynasore, leupeptin, methyl-

β-cyclodextrin, pepstatin A, E64, ALLN, MG-132 and puromycin were purchased from Sigma-

Aldrich (St. Louis, MO).  Geneticin was obtained from Gibco, Gaithersburg, MD).  

 

Western blot analysis  

Western blots were carried out as previously described (32). The following antibodies were 

used: anti-PKCd (catalog # 2058S), anti-PKCe (catalog # 2683S), anti-LC3B (catalog # 2775), 

anti-ATG5 (catalog # 12994), anti-ATG12 (catalog # 4180), anti-beclin (catalog # 4122), anti-

mTOR (catalog # 2983), anti-caveolin (catalog # 3267), anti-clathrin (catalog # 4796), anti-HA 

(catalog # 3724S), anti-FLAG (catalog # 8146S), anti-HSC70 (catalog # 8444), anti-HSP90 

(catalog #4877), anti-rabbit isotype control (catalog # 3900), anti-vimentin (catalog # 3390S, Cell 

Signaling Technology, Danvers, MA), anti-PKCa (catalog # sc-208, Santa Cruz Biotechnology, 

Dallas, TX), anti-vinculin (catalog # V9131, Sigma-Aldrich), anti-b-actin (catalog # A5441, BD 

Biosciences, Franklin Lakes, NJ) and anti E-cadherin (catalog # MAB1838, RD Systems, 

Minneapolis, MN).  

 

RNA interference (RNAi) 

 ON-TARGET Plus small interfering RNAs (siRNAs) were purchased from Dharmacon 

(Lafayette, CO). We used the following siRNAs: AGT5 (catalog #L-004374), ATG12 (catalog # 

L-010212), beclin (catalog # L-010552), HSC70 (catalog # J-017609), HSC90 (catalog #J-

005186), caveolin (catalog #L-003467), and CLTC (catalog #L-004001). siRNA for mTOR 

(catalog #6381S) was obtained from Cell Signaling Technology (Danvers, MA). ON-TARGET 
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Plus non-targeting pool (Catalog # D-001810) was used as a control. siRNAs were transfected 

with Lipofectamine RNAi/Max (Invitrogen-Life Technologies, Grand Island, NY), as previously 

described (33). 

 

Generation of PKCε mutants 

 Mutations in PKCe were introduced with the QuikChange XL site-directed mutagenesis 

kit (Stratagene, La Jolla, CA). The following primers were used for PCR: for 5'-

CCGCTGTTGGTGATTCTGTCTGGGGTAACGC-3' (forward) and 5'-

GCGTTACCCCAGACAGAATCACCAACAGCGG-3' (reverse) for K312R-PKCe; 5'-

CCAGCAATGAGCTTTCTCCTTCTCTGGCCGC-3' (forward) and 5'-

GCGGCCAGAGAAGGAGAAAGCTCATTGCTGG-3' (reverse) for or K321R-PKCe; 

Mutations were confirmed in all cases by DNA sequencing. 

 

Generation of stable cell lines  

For stable depletion of PKCe, A549 cells were infected with PKCe shRNA Mission® 

lentiviral transduction particles (catalog # SHCLNM_005400) from Sigma-Aldrich according to 

the manufacturer’s protocol. Pools were selected with puromycin (1 µg/ml). We used the shRNA 

clone TRCN0000219726 that is designed against the 3’UTR. The target sequence is 

CTGCATGTTCAGGCATATTAT. As a control, we used a non-target control shRNA lentivirus 

(catalog # SHC00IV).  

 For the generation of stable A549 cell lines expressing various PKCs and mutants we used 

following plasmids: pcDNA3-PKCe-Flag (wild-type, Addgene, Cambridge, MA), pcDNA3-Flag-

K312PKCe, pcDNA3-Flag-K321-PKCe, pcDNA3-Flag-K312/K321-PKCe. Plasmids were 

transfected using jetOPTIMUS as recommended by the manufacturer Polyplus (Illkirch, France) 

(Thermo Fisher Scientific, Waltham, MA). Selection of stable cell lines was carried out with 

geneticin. HA-ubiquitin pcDNA3 expression plasmid was purchased from Addgene. 

 

Luciferase assays 

Cells in 12-well plates were transfected with 450 ng of a reporter plasmid for the PKCe 

gen (PRKCE) promoter (pLuc-PKCe, bp -1933 to bp +219 bp) (34). As control we used pLuc 

empty vector. The Renilla luciferase expression vector pRL-TK (50 ng, Promega, Madison WI) 
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was co-transfected for normalization. Transfections were done with Lipofectamine 2000 

(Invitrogen, Carlsbad, CA). After 24 h, the cells were serum starved for 24 h and treated with TGF-

b (10 ng/ml) for 0-72 h or PMA (100 nM) for 0-16 h. Cells were then lysed with passive lysis 

buffer (Promega, Madison, WI) and luciferase activity was determined in cell extracts using the 

Dual-Luciferase reporter assay system (Promega, Madison, WI). Each experiment was performed 

in triplicate. The results were normalized to Renilla luciferase activity and expressed as relative 

luciferase units (RLU). 

 

Immunoprecipitation 

A549 cell pellets were lysed with a lysis buffer containing 20 mM Tris-HCl pH 7.5, 

150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1mM glycerophosphate, complete protease 

inhibitor cocktail (Roche, Basel, Switzerland, catalog # 4693116001) and phosSTOPTM inhibitor 

(Roche, catalog # 4906845001). For immunoprecipitation, cleared lysates were mixed with Protein 

G/A (50:50) recombinant protein G agarose beads (catalog #15920-010, Invitrogen, Carlsbad, CA) 

coupled with anti-HA (catalog #3724S, Cell signaling, Danvers, MA), anti-Flag-M2 (F3165, 

Sigma-Aldrich, St. Louis, MO) or IgG control. Samples were incubated overnight at 4 °C, and then 

beads were washed three times in lysis buffer. 

 

Immunofluorescence 

For immunofluorescence, cells growing on glass coverslides at low confluence (~20-30 %) 

were fixed with 4% formaldehyde and stained with the following antibodies: anti-PKCe (catalog 

# 2683S), anti-EEA1 (catalog #2411S), anti-Rab5 (catalog #3547T), or anti-Rab7 (catalog 

#9367T), As secondary antibodies we used Alexa 488 (catalog # A11001), Alexa 555 (catalog # 

A21428), and Alexa 549 (catalog # A-11042) (Thermo Fisher Scientific). The nuclei were 

counterstained with DAPI. Slides were visualized using the University of Pennsylvania Cell & 

Developmental Biology Microscopy Core Zeiss LSM 710 confocal microscope or Zeiss LSM880 

confocal microscope with Airyscanner. 

 

Quantitative real-time PCR (Q-PCR)  

 Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, CA). Reverse 

transcription of RNA was done using the TaqMan reverse transcription reagent kit (Applied 
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Biosystems, Branchburg, NJ). Q-PCR amplifications were performed using an ABI PRISM 7300 

Detection System in a total volume of 20 µl containing TaqMan Universal PCR Master Mix 

(Applied Biosystems), commercial target primers (300 nM), fluorescent probe (200 nM), and 1 µg 

of cDNA. PCR product formation was continuously monitored using the Sequence Detection 

System software version 1.7 (Applied Biosystems). The FAM signal was normalized to 

endogenous UBC (housekeeping gene). 

 

Statistical analysis 

Statistical analysis was done with either t-test or ANOVA using GraphPad Prism 3.0. In 

all cases, a p-value <0.05 was considered statistically significant. 
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RESULTS AND DISCUSSION 

 

TGF-b-induced PKCe down-regulation in NSCLC cells is independent of 

transcriptional/translational mechanisms 

PKCe is highly expressed in human NSCLC and plays important roles in tumor growth 

and metastasis (21,24,25). We recently found that PKCe undergoes a profound down-regulation 

as NSCLC cells acquire a mesenchymal phenotype in response to TGF-b, an effect that leads to 

important phenotypic consequences (31). A time-course analysis of PKCe expression in A549 

NSCLC revealed ~ 60% and 80% down-regulation after 4 and 6 days of TGF-b treatment (10 

ng/ml), respectively. This effect is specific for PKCe, since the expression levels of the other DAG-

responsive PKCs expressed in NSCLC cells, namely PKCa and PKCd, remained unaffected after 

long-term TGF-b treatment (Fig. 1A). This isozyme specificity and kinetics of down-regulation is 

remarkably different from that induced by PMA (100 nM), which down-regulates all three 

DAG/phorbol ester-responsive PKCs a few hours after initiation of treatment. Indeed, down-

regulation of PKCa, PKCd and PKCe isozymes is readily detected 4 h after PMA treatment, 

reaching a maximum at 16-24 h (Fig. 1A), as previously reported (9).  

To begin investigating the mechanisms behind PKCε down-regulation by TGF- b in 

NSCLC cells, we first assessed PKCe mRNA expression with Q-PCR. Using A549 and H358 

NSCLC as models, we observed that PKCe mRNA levels remain essentially unchanged 6 days 

after TGF-b treatment. Consistent with its activity as an EMT inducer, marked E-cadherin down-

regulation and a reciprocal vimentin up-regulation are detected in response to TGF-b (Fig. 1B, left 

panels). Therefore, PKCe down-regulation during TGF-b-induced mesenchymal transformation 

does not involve changes in PKCe mRNA synthesis or stability. In addition, no discernable 

changes in PKCe mRNA expression could be detected 16 h after PMA treatment in A549 or H358 

cells (Fig. 1B, right panels), arguing that the lack of changes in PKCe mRNA levels is a general 

phenomenon independently of the stimuli leading to PKCe protein down-regulation. 

The stable mRNA levels during PKCe down-regulation indicates that this is not due to 

changes at a transcriptional level. To confirm this prediction, we examined the transcriptional 

activity of the PKCe gene (PRKCE) promoter. A PRKCE luciferase reporter comprising bp -1933 

to bp +219 bp (pLuc-PKCe) was used, since we previously demonstrated that it encompasses the 
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relevant transcription responsive elements required for PKCe expression in cancer cells (34). 

Transfection of pLuc-PKCe into A549 cells resulted in a prominent reporter activity response, 

normalized to a Renilla reporter (Fig. 1C, left panel). Analysis of PKCe reporter activity at 

different times after stimulation with TGF-b (0-72 h) shows that it remained essentially 

unchanged. Similar results were observed in A549 cells treated with PMA for 16 h (Fig. 1C, middle 

and right panel). Altogether, these results suggest that PKCe down-regulation both during 

mesenchymal transformation or phorbol ester treatment does not involve changes in transcription 

of the PRKCE gene or in translational/mRNA stability mechanisms. It is therefore likely that PKCe 

down-regulation depends on changes in protein stability.  

 

Differential mechanisms involved in down-regulation of PKC isozymes in NSCLC cells 

In order to begin elucidating the mechanisms involved in PKCε protein degradation, we 

undertook a pharmacological approach. First, we used the proteasome inhibitor bortezomib (35). 

We found that this agent fully prevented the down-regulation of PKCa, PKCd and PKCe by PMA 

(16 h) in A549 cells (Fig. 2A). Similar studies were carried out with bafilomycin A and 

chloroquine, agents known to inhibit the autophagy/endolysosomal pathway (36,37). Notably, 

bafilomycin and chloroquine rescued the PKCe down-regulation by PMA in both A549 and H358 

cells. Whereas, neither agent was capable of preventing PKCa down-regulation by the phorbol 

ester. A rescue of PKCd down-regulation by chloroquine was observed only in A549 cells. The 

effectiveness of bafilomycin A and chloroquine in both cell lines was demonstrated by up-

regulation of LC3B (Fig. 2A and 2B). A similar selective protection by bafilomycin against PMA-

induced PKCe down-regulation could be observed in HCT116 colon cancer cells, SKOV3 ovarian 

cancer cells, PC3 prostate cancer cells and ASPC1 pancreatic cancer cells (Fig. S1). Interestingly, 

PKCe localization analysis revealed that PMA treatment in bafilomycin A- or chloroquine-treated 

A549 cells leads to the accumulation of the kinase in the periphery of large vesicular structures 

(Fig. 2C). 

When we attempted to carry out similar studies with the proteasome and 

autophagy/endolysosomal inhibitors to assess TGF-b-induced PKCe down-regulation, significant 

cell death was observed with these agents when used in incubations longer than 24 h (data not 

shown). Therefore, due to this toxicity we used other approaches to test the involvement of 
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proteasome and autophagy/endolysosomal pathways during TGF-b-induced EMT (see subsequent 

sections). Regardless, our results using PMA strongly suggest distinctive degradation mechanisms 

involved in PKCe down-regulation when compared to that of PKCa and PKCd. 

 

PKCe degradation is an autophagy-independent process 

The protective effect of bafilomycin A and chloroquine on PKCe down-regulation suggests 

the potential involvement of autophagy and/or endolysosomal mechanisms. Autophagy 

encompasses three different processes: macroautophagy (which involves the sequestration of 

cytoplasmic components within double-membrane vesicles or autophagosomes, that ultimately 

fuses with lysosomes for degradation of its cargo), microautophagy (engulfment of cytoplasmic 

molecules into intralysosomal vesicles), and chaperone-mediated autophagy or CMA (which 

requires unfolding of the substrate for direct translocation across the lysosomal membrane) (38-

40). 

To address the possible contribution of the different autophagy mechanisms to PKCe 

degradation, we silenced key proteins of the autophagy machinery in A549 cells using RNAi. First, 

we knocked down specific members of the autophagy-related family (ATG) that are involved in 

early stages of autophagy contributing to the nucleation and elongation of autophagosomes, 

specifically ATG5, ATG12 and ATG6/beclin-1 (39). We observed >90% depletion of the 

corresponding proteins relative to non-target control (NTC), as determined by Western blot, 

although an unexpected cross-reactivity between ATG5 and ATG12 RNAi duplexes was also seen. 

Regardless, PKCe down-regulation was not affected by silencing ATG5, ATG12 or ATG6/beclin-

1, neither in response to PMA (16 h) or TGF-b (48 h) treatment. The down-regulation of PKCa 

and PKCd caused by PMA was also unaffected in A549 cells subjected to RNAi for these ATG 

proteins (Fig. 3A). A quantitative analysis of PKC levels in these experiments is depicted in Table 

1A. 

Next, we used RNAi to silence the expression LC3B, a protein required for the closure and 

fusion of autophagosomes in the late stage of autophagy (41). As observed with the early stage 

ATG proteins, LC3B was also dispensable for TGF-b-induced down-regulation of PKCe as well 

as for the down-regulation of all DAG-regulated PKCs in response to PMA. As an additional 

means to examine autophagy, we knocked down the mammalian target of rapamycin (mTOR), an 

inhibitor of autophagy (42). This approach, which should lead to stimulation of autophagy, neither 
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led to any significant reduction in the basal levels of PKCs or modified down-regulation in 

response to the phorbol ester PMA or TGF-b (Fig. 3B, 4B and Table 1A). 

Next, we silenced key molecules involved in CMA. First, we knocked down HSC70, a 

chaperone that mediates substrate targeting for CMA and also participates in endosomal 

microautophagy, as well as the chaperone HSP90 (38, 40). We observed that none of these proteins 

were required for PKCε down-regulation by either PMA or TGF-b (Fig. 4A and Table 1B). We 

also did not observe any changes upon knocking down LAMP-2 (lysosome-associated membrane 

protein 2/CD107b), the receptor in the lysosomal membrane for substrate/chaperone complexes 

that mediates substrate translocation into the lysosome (data not shown). This result is consistent 

with the fact that PKCa, PKCd or PKCe lack the pentapeptide KFERQ-like motif required for 

chaperone binding (38). Altogether, these results strongly suggest that autophagy is not a 

mechanism involved in the degradation of PKCe or other DAG-responsive PKCs expressed in 

NSCLC cells. 

 

PKCe degradation involves the endolysosomal pathway 

Despite ruling out autophagy as a mechanism for PKCe down-regulation by silencing 

specific proteins of the autophagy pathways, bafilomycin A1 and chloroquine, agents widely used 

as inhibitors of autophagy, prevented PKCe degradation by PMA (see Fig. 2). It is known that in 

addition to blocking the fusion between autophagosomes and lysosomes, chloroquine also disturbs 

the endolysosomal machinery and bafilomycin A inhibits lysosome acidification by inhibiting the 

vacuolar H+ ATPase pump (V-ATPase) (36, 37). This potentially implicates an endolysosomal-

dependent mechanism in PKCe down-regulation by PMA. Two main mechanisms mediate the 

initial steps of endocytosis that transport proteins to lysosomes, namely clathrin-mediated 

endocytosis (CME) and clathrin-independent endocytosis (CIE) (43, 44). To address the potential 

involvement of these mechanisms in PKCe down-regulation in A549 cells we silenced clathrin 

heavy chain 1 (CTLC/CHC1) and caveolin-1 (CAV-1), essential components of CME and CIE, 

respectively. Neither CTLC/CHC1 or CAV1 RNAi modified PKCe down-regulation induced by 

either PMA or TGF-b treatment, suggesting that CME or caveolin-dependent pathways were 

essentially dispensable for PKCe degradation (Fig. 4C and Table 1B). The clathrin inhibitor 

dynasore or the caveolin disruptor drug b-methyl cyclodextrin were also ineffective in preventing 
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PKCe down-regulation by PMA (data not shown). These agents were toxic with incubations > 24 

h and therefore could not be examined for experiments using long-term incubations with TGF-b 

(data not shown).  

Next, to investigate the vesicular compartment(s) responsible for PKCe transport to the 

lysosome in response to PMA, we examined if PKCe co-localizes with specific endosomal 

compartment markers using confocal microscopy. Experiments were performed in the presence of 

bafilomycin 3 h after PMA treatment due to the significant loss of PKCe at longer times. Although 

under this experimental condition we detected only small co-localization with EEA1, a marker of 

early endosomes, we were able to observe significant co-localization with Rab5 and Rab7, markers 

of intermediate and late stage endocytosis, respectively. These results support the utilization of the 

endolysosomal pathway for the transport of PKCe to the lysosome in response to PMA (Fig. 4D). 

We also examined PKCe colocalization with the endosomal markers in response to TGF-b; 

however, we were not able to observe PKCe co-localization with endosomal markers (data not 

shown). It may be possible that the very slow nature of PKCe degradation under this experimental 

condition precludes the visualization of the association.  

With the goal of identifying lysosomal protease(s) responsible for PKCe degradation we 

used different protease inhibitors, specifically leupeptin (for cysteine, serine and threonine 

peptidases), pepstatin A (for aspartyl peptidases), E64 (for cysteine peptidases) and ALLN (for 

calpain peptidases). Leupeptin had a preventive effect only on PKCe down-regulation by PMA, 

whereas E64 or pepstatin A had no significant effect on PMA- and TGF-b-induced down-

regulation (Fig. 4E and Table 1C). Interestingly, ALLN rescued prevented PMA- and TGF-b-

induced down-regulation. This may be related to the described inhibitory effect on proteasomal 

degradation (45). Altogether, these findings indicate that PKCe is degraded via two different 

mechanisms; the proteasome and endolysosomal pathways.  

 

Lysines K312 and K321 ubiquitination sites mediate PKCe degradation 

As shown in Fig. 2A, treatment of A549 cells with the proteasome inhibitor bortezomib 

was able to prevent PKCe degradation induced by PMA. However, due to the toxicities of these 

agents we were unable to use them in the context of the specific degradation of PKCe induced by 

TGF-b. To address the potential involvement of the proteasome in PKCe degradation, we first 
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examined if PKCe becomes ubiquitinated in response to stimulation with TGF-b. Towards this 

goal we co-expressed FLAG-tagged PKCe and HA-tagged ubiquitin in A549 cells, and subjected 

cells to treatment with TGF-b for different times (0-48 h). Upon precipitation with anti-HA 

antibody beads, the associated PKCe was quantified by Western blot using an anti- PKCe antibody. 

As shown in Fig. 5A, after 48 h of TGF-b treatment an increase in the amount of PKCe 

precipitating with HA-ubiquitin is observed. Therefore, TGF-b induces the ubiquitination of PKCe 

in A549 cells. 

A previous study reported that PKCe is susceptible to mono-ubiquitination at position 

Lys321 (46). A potential ubiquitination site in Lys312 is reported in PhosphoSitePlus® 

(https://www.phosphosite.org/proteinAction.action?id=1756&showAllSites=true). We generated 

a series of mutants to determine if these residues could be ubiquitinated in response to TGF-b. 

Specifically, the single mutants K321R-PKCe and K312R-PKCe, as well as the double mutant 

K312/K321R-PKCe (2KK/RR) (Fig. 5B). These mutants can be readily expressed in A549 cells 

(Fig. 5C), and in all cases they efficiently translocate to the plasma membrane in response to PMA, 

as determined by immunofluorescence (Fig. S2). FLAG-tagged wild-type PKCe, K312R-PKCe, 

K321R-PKCe and 2KK/RR-PKCe were co-expressed with HA-tagged ubiquitin in A549 cells, 

which were subsequently subjected to TGF-b treatment for 48 h, followed by precipitation with 

the anti-HA antibody. This revealed a dramatic reduction in the amount of double mutant 2KK/RR-

PKCe precipitated (Fig. 5D). 

Lastly, we examined the effect of mutations at Lys 312 and 321 in PKCe on TGF-b-induced 

degradation. In order to avoid the simultaneous expression of PKCe mutants and endogenous 

PKCe, we generated A549 cell lines in which endogenous PKCe was stably depleted using an 

shRNA lentivirus targeting the 3’ UTR (Fig. 5E). PKCe-depleted cells were then transfected with 

plasmids coding for FLAG tagged wild-type PKCe or the FLAG tagged PKCe mutants. Following 

G418 selection, stable pools for cells expressing comparable levels of wild-type PKCe, K312R-

PKCe, K321R-PKCe and 2KK/RR-PKCe were generated (Fig. 5F). Cell lines were subjected to 

TGF-b treatment for 48 h and the expression of PKCe analyzed by Western blot. The single 

mutants still underwent down-regulation in response to PMA or TGF-b with a slight resistance to 

TGF-b induced down-regulation observed in the K312R mutant. Notably, the double mutant 

2KK/RR-PKCe was resistant to down-regulation in response to PMA or TGF-b (Fig. 5G). 
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Altogether these results suggest that TGF-b treatment induces PKCe degradation mediated by the 

proteasome, which depends on the ubiquitination sites Lys312 and Lys321. Ubiquitination is 

therefore a key mechanism involve in the degradation of PKCe triggered by TGF-b or PMA. 

 

Final remarks 

Here, we provide evidence for the contribution of distinct mechanisms in PKC isozyme 

down-regulation in NSCLC cells, both in response to PMA and during the loss of expression that 

occurs during TGF-b induced EMT. PKCe has a pro-migratory/invasive function in cancer cells, 

including NSCLC cells. The pronounced down-regulation of PKCe expression during 

mesenchymal transformation is in some ways counterintuitive; however, it provides a permissive 

signal to mechanistically support the associated RhoA-mediated formation of stress fibers 

occurring in mesenchymally transformed NSCLC cells (31). Our studies clearly indicate that 

PKCe down-regulation occurring in EMT is not dependent upon transcriptional mechanisms. 

Indeed, while PKC isozymes have important roles in promoting the expression of key EMT 

transcription factors, such as Zeb1 and Twist (47-50), the inverse mechanism, i.e. the regulation 

of PKC expression by EMT transcription factors does not seem to take place, at least in the context 

of TGF-b-induced EMT in NSCLC cells. Rather, PKCe down-regulation in this context is 

mediated by proteolytic degradation of PKCe, primarily via proteasomal-dependent mechanisms. 

While the ubiquitination and proteasomal-mediated degradation of different PKC family 

members, including PKCe, has been reported in the past (51-54), our studies provide distinctive 

evidence for major mechanistic differences in PKC isozyme degradation. Our initial observations 

revealed a selective preventative effect of chloroquine and bafilomycin on PKCe down-regulation, 

suggesting the existence of an additional degradation mechanism for PKCε that does not control 

the stability of PKCa and PKCd, the other DAG-phorbol ester PKCs present in NSCLC cells. This 

may involve the utilization of endolysosomal pathways, which are sensitive to chloroquine and 

bafilomycin inhibition. Our studies also reveal that autophagy-mediated degradation does not seem 

to be involved in the down-regulation of any DAG/phorbol ester-regulated PKC, as confirmed by 

interfering with the expression of key components of the autophagy machinery. 
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FIGURE LEGENDS 

 

Figure 1. PKCe down-regulation by PMA and TGF-b in NSCLC cells. (A) Time-course 

analysis of PKCa, PKCd, and PKCe protein expression in response to TGF-b (10 ng/ml, 1-6 days) 

or PMA (100 nM) in A549 cells. Upper panels, representative experiments. Lower panel, 

densitometric analysis of PKC isozyme expression, expressed as % expression relative to time = 

0 h. Results are expressed as mean	± S.E.M., (3 independent experiments). (B) PKCε, vimentin 

and E-cadherin mRNA levels were determined by Q-PCR in A549 and H358 cells. Cells were 

treated with either TGF-b (10 ng/ml, 1-6 days) or PMA (100 nM, 16 h) . Results are expressed as 

fold-change relative to untreated parental cells (mean	 ± S.E.M., n=3). (C) PRKCE promoter 

activity was determined in A549 cells using a reporter luciferase assay. Left panel, luciferase 

activity was determined 24 h after transfection of either empty vector or PRKCE luciferase vector. 

Middle panel, effect of PMA treatment. Right panel, effect of TGF-b (mean	± S.E.M., n=8). RLU, 

relative luciferase units. 

 

Figure 2. Effect of proteasome and endolysosomal inhibitors on PKC isozyme down-

regulation. (A) A549 cells were serum starved for 24 h and treated with the 

autophagy/endolysosomal inhibitor bafilomycin A (BAF, 100 nM) or the proteasome inhibitor 

bortezomib (BZ, 100 nM) added 1 h before and during PMA treatment (100 nM; 16 h). (B) 

Autophagy/endolysosomal inhibitors bafilomycin A (BAF, 50 µM) or chloroquine (CHLOR, 50 

µM) were added 1 h before PMA treatment (100 nM; 16 h). For (A) and (B), left panel, 

representative experiment; right panel, densitometric analysis of PKC isozyme expression, 

normalized by actin (mean ± S.E.M., 3 independent experiments). Dotted line, no PMA. *, p<0.05; 

**; p<0.01; ***; p<0.001 vs. control with no inhibitor. (C) Immunofluorescence analysis of PKCε 

localization. A549 cells were transfected with a FLAG-tagged PKCe expression vector (green) 

and 24 h later treated with PMA (100 nM, 16 h) in the presence or absence of either bafilomycin 

or chloroquine. DAPI staining was used to visualize the nucleus (blue). A representative 

experiment is shown.  

 

Figure 3. Degradation of PKC isozymes is not mediate by autophagy. A549 cells were 

transfected with different siRNA duplexes for autophagy proteins or non-target control (NTC) 
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siRNA. Cells were serum starved for 24 h before being treated with PMA (100 nM, 16 h) or TGF-

b (10 ng/ml, 48 h). (A) Effect of ATG5, ATG12 or beclin/ATG6 silencing on the expression of 

PKC isozymes before and after treatment with either PMA (100 nM, 16 h, upper panel) or TGF-b 

(10 ng/ml, 48 h, lower panel). (B)  Effect of mTOR or LC3B silencing on the expression of PKC 

isozymes before and after treatment with either PMA (100 nM, 16 h, upper panel) or TGF-b (10 

ng/ml, 48 h, lower panel). Left panels, representative experiments. Right panels, densitometric 

analysis of PKC isozyme expression, normalized by actin. Data are expressed as mean ± S.E.M. 

(n=3) relative to control cells. Dotted line, no PMA. 

 

Figure 4. Analysis of endocytic pathways in PKCe down-regulation. (A) A549 cells were 

transfected with different siRNA duplexes for autophagy proteins or non-target control (NTC) 

siRNA. Cells were serum starved for 24 h before being treated with PMA (100 nM, 16 h) or TGF-

b (10 ng/ml, 48 h). (A) Effect of HSC70 silencing. (B) Effect of HSP90 silencing. (C) Effect of 

caveolin or CLTC silencing. Representative experiments are shown. (D) A549 cells expressing 

FLAG-tagged PKCe were treated with PMA (100 nM, 3 h) in the presence of bafilomycin A1 (100 

nM), fixed and stained for FLAG-PKCε (green) and endosomal markers EEA1, Rab5 and Rab7 

(red). Nuclei was stained with DAPI (blue). Representative high-resolution confocal microscopy 

images are shown. (E) A549 cells were treated with PMA (100 nM, 16 h) or TGF-b (10 ng/ml, 48 

h) in the absence or presence of leupeptin (200 µM), pepstatin A (10 µM), E64 (10 µM) or ALLN 

(10 µM). Expression of PKCε was determined by Western blot. A representative experiment is 

shown. 

 

Figure 5.  Ubiquitination is required for PKCe down-regulation. (A) Ubiquitination of FLAG-

PKCe in anti-HA IPs in response to TGF-b (10 ng/ml, 0-48 h). Left panel, representative 

experiment. Right panel. Quantification of PKCe in IPs by densitometry, relative to total PKCe. 

Results were expressed as % relative to control (no TGF-b, dotted line) (B) Schematic 

representation of PKCε mutants. (C) Expression of PKCε mutants in A549 cells by Western blot, 

using either anti-FLAG or anti-PKCε antibodies.  (D) Ubiquitination of Flag-tagged wild-type 

PKCe and PKCe mutants, co-expressed with HA-tagged ubiquitin, in response to TGF-b (10 

ng/ml, 48 h). Left panel, representative experiment. Right panel. Quantification of PKCe in HA 
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IPs by densitometry, relative to total PKCe. Results were expressed as % relative to wild-type 

PKCe. (E) Generation of a PKCe-deficient cell line using a PKCe shRNA lentivirus. (F) 

Generation of A549 cell lines expressing FLAG-tagged PKCe (wild-type and mutants) in a PKCe-

deficient background. (G) PKCε protein expression was analyzed by Western blot after PMA (100 

nM, 16 h) or TGF-β (10 ng/ml, 48 h) treatment in A549 cell lines expressing FLAG-tagged PKCe 

(wild-type and mutants in a PKCe-deficient background. Left panel, representative experiments. 

Right panel. Quantification of PKCe by densitometry, expressed as % of control (wild-type PKCe, 

no treatment, dotted line). *, p<0.05; **; p<0.01; ***; p<0.001. TCL, total cell lysates; IP, 

immunoprecipitates. 
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Table 1. Effect of different treatments on PKC isozyme expression. (A and B) Effect of 

silencing different proteins on the expression of PKC isozymes after treatment with either PMA 

(100 nM, 16h) or TFG-b (10 ng/ml, 48 h). (B) Effect of silencing different proteins on the 

expression of PKCe after treatment with either PMA (100 nM, 16 h) or TFG-b (10 ng/ml, 48 h). 

(C) Effect of protease inhibitors on the expression of PKCe after treatment with either PMA (100 

nM, 16 h) or TFG-b (10 ng/ml, 48 h). Results are expressed as % of control (untreated) cells (mean 

± S.E.M., n > 3 independent experiments). NTC, non-target control. **; p<0.01; ***; p<0.001. 

 

A. 

siRNA 

 

% Expression 
PMA  TGF-b  

PKCa PKCd PKCe PKCa PKCd PKCe 

NTC 20 ± 17 13 ± 8 15 ± 5 73 ± 18 79 ± 19 37 ± 1 
ATG5 17 ± 14 13 ± 8 14 ± 2 75 ± 19 72 ± 11 34 ± 3 
ATG12 16 ± 12 13 ± 1 15 ± 1 71 ± 12 80 ± 2 40 ± 1 
Beclin 15 ± 12 4 ± 2 16 ± 2 63 ± 17 51 ± 2 33 ± 1 
LC3B 21 ± 11 0 14 ± 1 58 ± 11 63 ± 14 33 ± 8 

 

 B. 

 

 

 

 

 

 

 

C. 

 

 

 

 

 

 

siRNA 
% Expression 

PMA  TGF-b  
NTC 29 ± 3 37 ± 3 
Caveolin 23 ± 3 43 ± 1 
CLTC (Clathrin) 25 ± 2 41 ± 3 
HSC70 26 ± 3 30 ± 2 
HSP90 31 ± 9 49 ± 8 
LAMP2 33 ± 6 32 ± 5 

Inhibitor % Expression 
PMA  TGF-b  

NTC    26 ± 2   25 ± 7 
Leupeptin  63 ± 7 **   36 ± 6 
Pepstatin A    39 ± 4   37 ± 3 
E64    40 ± 4   33 ± 3 
ALLN    61 ± 11 ** 79 ± 7 *** 
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