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Abstract

Diacylglycerol (DAG)/phorbol ester-regulated protein kinase C (PKC) isozymes have been widely 

linked to tumor promotion and the development of a metastatic phenotype. PKCε, an oncogenic 

member of the PKC family, is abnormally overexpressed in lung cancer and other cancer types. 

This kinase plays significant roles in proliferation, survival and migration; however its role in 

epithelial-to-mesenchymal transition (EMT) has been scarcely studied. Silencing experiments in 

non-small lung cancer (NSCLC) cells revealed that PKCε or other DAG-regulated PKCs (PKCα 
and PKCδ) were dispensable for the acquisition of a mesenchymal phenotype induced by 

transforming growth factor beta (TGF-β). Unexpectedly, we found a nearly complete down-

regulation of PKCε expression in TGF-β-mesenchymally transformed NSCLC cells. PMA and 

AJH-836 (a DAG-mimetic that preferentially activates PKCε) promote ruffle formation in NSCLC 

cells via Rac1, however they fail to induce these morphological changes in TGF-β-mesenchymally 

transformed cells despite their elevated Rac1 activity. Several Rac Guanine nucleotide Exchange-

Factors (Rac-GEFs) were also up-regulated in TGF-β-treated NSCLC cells, including Trio and 

Tiam2, which were required for cell motility. Lastly, we found that silencing or inhibiting PKCε 
enhances RhoA activity and stress fiber formation, a phenotype also observed in TGF-β-

transformed cells. Our studies established a distinctive involvement of PKCε in epithelial and 

mesenchymal NSCLC cells, and identified a complex interplay between PKCε and small GTPases 

that contributes to regulation of NSCLC cell morphology and motile activity.
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INTRODUCTION

Protein kinase C (PKC) serine-threonine kinases represent the most prominent cellular 

targets for the lipid second messenger diacylgycerol (DAG) and the phorbol esters, natural 

products with tumor promoter activity. Based on their distinctive biochemical and structural 

features, DAG/phorbol ester-responsive PKCs are classified into calcium-dependent 

“classical/conventional” cPKCs (α, βI, βII, and γ) and calcium-independent “novel” nPKCs 

(δ, ε, η, and θ). Decades of research have proven that individual members of the PKC 

family control signaling pathways crucial for cell proliferation, survival, differentiation, and 

motility, with an exquisite degree of isozyme- and cell type-specificity (1-3).

PKC isozymes often display altered expression and/or activity in cancer, and in some cases 

this is causally linked to disease progression (1, 4). In this regard, recent studies highlighted 

a key association between PKCε up-regulation and the progression of lung, prostate, and 

breast cancer (5-7). PKCε has been recognized as a cancer biomarker that participates in 

central steps of the metastatic cascade, namely cancer motility, invasiveness, and the 

secretion of metalloproteases (6, 8-10). Genetically engineered PKCε transgenic and knock-

out mouse models further helped delineating fundamental roles for this kinase in cancer 

initiation and progression as well as revealed cooperative effects with defined oncogenic and 

tumor suppressor stimuli, thus highlighting the attractiveness of this kinase as a potential 

target for cancer therapy (11-13). As an example, transgenic overexpression of PKCε in the 

mouse prostate confers a preneoplastic phenotype that progresses to invasive malignant 

carcinoma upon loss of a single allele of the tumor suppressor Pten (6). In human non-small 

cell lung cancer (NSCLC), PKCε is abnormally up-regulated compared to normal lung 

epithelium, and silencing PKCε expression markedly reduces the ability of NSCLC cells to 

form tumors in athymic nude mice. RNAi depletion of PKCε in NSCLC cells alters the 

expression profile of pro-apoptotic and pro-survival genes, thus underscoring its prominent 

role in NSCLC cell survival and growth maintenance (7, 10, 14).

As might be anticipated from its central role in tumor progression and metastasis, PKCε 
signals through multiple cascades, including the Erk, PI3K/Akt, NF-κB and Stat3 pathways 

(6, 15-18). In NSCLC cells, phorbol esters and growth factors induce remarkable 

morphological changes, including the formation of ruffles, via activation of PKCε and Rac1, 

a member of the Rho small GTPase family. Notably, RNAi depletion or pharmacological 

inhibition of PKCε in NSCLC cells impairs ruffle formation, consequently reducing their 

migratory and invasive capacities (10, 19). Recent evidence suggested that PKC isozymes, 

including PKCε, are involved in epithelial-to-mesenchymal transition (EMT), a sequential 

process of biochemical and cellular events that constitute the onset of metastatic 

dissemination (18, 20-23). EMT involves the expression of specific transcription factors, 

reorganization of cytoskeletal structures, inhibition of cell-cell contacts, and secretion of 

extracellular matrix (ECM)-degrading enzymes, ultimately leading to the acquisition of 

enhanced migratory and invasive capacities (24, 25).

In this study we investigated whether a potential relationship between PKCε and EMT exists 

in NSCLC cells. Although we found that PKCε is dispensable for EMT, our results revealed 

a distinctive involvement of this kinase in the control of actin-rich structures depending on 
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whether NSCLC cells are in epithelial or mesenchymal states. In addition, we identified 

novel relationships between PKCε and Rho GTPases that greatly impact on the architecture 

and motile activity of NSCLC cells.

RESULTS

PKCε and other DAG-regulated PKCs are dispensable for TGF-β induced EMT in NSCLC 
cells

In order to investigate a potential involvement of PKCε in EMT, we used an established 

TGF-β treatment protocol (26-28). A549 and H358 NSCLC cells were treated with TGF-β 
(10 ng/ml) for 6 days to generate A549-T6 and H358-T6 cell lines, respectively. TGF-β-

treated cells lost the cuboidal epithelial morphology to acquire a characteristic elongated 

shape (Fig. 1a), and display elevated motile activity characteristic of the mesenchymal 

phenotype, as determined using a Boyden chamber (Fig. 1b). Morphological changes in 

A549-T6 and H358-T6 cells were accompanied by loss of E-cadherin expression and 

vimentin up-regulation, as determined by Western blot (Fig. 1c) and Q-PCR (Fig. 1d). 

Similar morphological changes and vimentin up-regulation in response to TGF-β treatment 

were observed in “normal” immortalized, non-transformed human bronchial epithelial 

HBEC cells, although E-cadherin changes in these cells were marginal (Fig. S1).

Based on a previous study in mammary models suggesting the involvement of PKCε in 

EMT (17), we asked if this kinase plays any role in the acquisition of a mesenchymal 

phenotype in NSCLC cells. To address this question, we silenced PKCε expression from 

A549 and H358 cells using two different RNAi duplexes (εl, ε2), which cause nearly 

complete PKCε depletion (Fig. 1f) that lasted for at least 4 days (data not shown). We found 

that PKCε-depleted NSCLC cells still developed an elongated mesenchymal shape in 

response to TGF-β treatment (Fig. 1e). Consistent with this result, E-cadherin down-

regulation and vimentin up-regulation by TGF-β were essentially the same in NSCLC cells 

subject to PKCε or non-target control (NTC) RNAi (Fig. 1f). PKCε depletion did not cause 

any significant changes in TGF-β-induced phosphorylation of Smad2/3, a proximal event in 

the TGF-β cascade (Fig. 1g), further supporting the concept that PKCε is not involved in 

TGF-β signaling to drive EMT. For all these experiments, similar results were observed with 

two additional PKCε RNAi duplexes (ε3 and ε4) (Fig. S2).

In addition to PKCε, NSCLC cells express DAG/phorbol ester-responsive PKCα and PKCδ 
isozymes, which play roles in cancer progression, including in lung cancer (29, 30). To 

assess if these PKCs have any roles in EMT, we performed similar experiments in which 

PKCα or PKCδ were knocked down using two specific RNAi duplexes (α1/α2 and δ1/δ2, 

respectively). We observed that, similarly to PKCε, neither PKCα nor PKCδ were required 

for TGF-β-induced mesenchymal transformation in A549 or H358 NSCLC cells, as judged 

by analysis of cell morphology (Fig. 2a), expression of EMT markers (Fig. 2b), and 

Smad2/3 phosphorylation (Fig. 2c). Likewise, PKCα and PKCδ RNAi did not affect TGF-β-

induced vimentin up-regulation or Smad2/3 phosphorylation in HBEC cells (Fig. S3A and 

S3B). Furthermore, the pan-PKC inhibitor GF109203X or the cPKC inhibitor Gö6976 (31) 

had no effect on Smad2 phosphorylation by TGF-β in NSCLC cells (Fig. 2d), further 

reinforcing the concept that DAG/phorbol ester responsive PKCs expressed in NSCLC cells 
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are dispensable for TGF-β pathway activation. Similar result was observed in HBEC cells 

(Fig. S3C).

TGF-β promotes PKCε down-regulation

As PKCε up-regulation/activation has been previously linked to motile and invasive 

phenotypes in cancer cells, including NSCLC cells (4, 10), we next examined whether 

changes in PKCε levels could be associated with mesenchymal transformation induced by 

TGF-β. To our surprise, PKCε expression in A549-T6 and H358-T6 cells, which display 

elevated motile activity (Fig. 1b), was prominently down-regulated (~70% and ~80% 

reduction, respectively) relative to their corresponding epithelial counterpart cell lines (Fig. 

3a). PKCδ expression levels were slightly reduced (~20-30%), and PKCα expression levels 

were essentially unchanged under the same experimental conditions. Similar PKCε down-

regulation by TGF-β treatment was observed in H322 and H1299 NSCLC cell lines as well 

as in HBEC cells (Fig. S4). Moreover, similar effects were observed in prostate, ovarian and 

pancreatic cancer cell lines (Fig. S5). A subsequent time-course analysis revealed a 

progressive reduction in PKCε levels that became noticeable 2 days after initiation of TGF-β 
treatment (Fig. 3b, upper panels). Densitometric analysis showed that PKCε down-

regulation in A549 and H358 cells follows a similar time-dependency to E-cadherin down-

regulation and vimentin up-regulation (Fig. 3b, lower panels).

Epithelial and mesenchymal NSCLC cells exhibit differential PKCε requirement for actin 
cytoskeleton reorganization and motility

The unexpected PKCε down-regulation observed by TGF-β treatment led us to speculate a 

differential involvement of this kinase in the motile activity of epithelial and mesenchymally 

transformed NSCLC cells. Knocking down PKCε in “epithelial” A549 and H358 cells using 

ε1 and ε2 RNAi duplexes reduced their ability to migrate by ~60%, as determined with a 

Boyden chamber assay. Of course, as endogenous PKCε levels are essentially null in TGF-

β-transformed NSCLC cells, one would predict a limited effect of PKCε RNAi on the motile 

activity of cells in mesenchymal state. Indeed, despite the higher motility of A549-T6 and 

H358-T6 cells relative to their epithelial counterparts, delivery of ε1 and ε2 RNAi duplexes 

into these cells did not significantly affected migration (Figs. 3c and 3d). Thus, PKCε is 

only required for the motility of NSCLC cells in an epithelial state, whereas it is largely 

dispensable for the migratory activity of mesenchymally-transformed NSCLC cells.

We have previously reported that phorbol esters and DAG analogues promote the formation 

of ruffles in NSCLC cells, an effect largely mediated by PKCε (10, 19). The reduced PKCε 
expression in TGF-β-transformed cells led us to speculate that important differences in the 

formation of these actin-rich structures might exist between epithelial and mesenchymal 

NSCLC cells. To address this issue, parental A549 and A549-T6 cells were treated with the 

phorbol ester PMA (100 nM, 30 min) and the formation of ruffles was analyzed by 

phalloidin-rhodamine staining. As seen before (10), PMA induced a prominent formation of 

peripheral ruffles in A549 cells, an effect that was substantially reduced upon PKCε RNAi 

depletion (Fig. 4a). A549-T6 cells maintained their characteristic elongated shape in 

response to the phorbol ester, however the formation of actin-rich structures was barely 

detected, other than some small structures that could be occasionally observed. As expected 
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from the low PKCε levels present in mesenchymally-transformed A549 cells, subjecting 

these cells to PKCε RNAi had no effect.

To further confirm the differential requirement of PKCε in ruffle formation in epithelial vs. 

mesenchymal state, we took advantage of AJH-836, a DAG-mimetic analogue characterized 

in our laboratory that preferentially activates PKCε relative to other PKCs (19). Like PMA, 

AJH-836 also caused a prominent formation of ruffles in parental A549 cells that was 

sensitive to PKCε RNAi (see also Ref. (19)). In A549-T6 cells, however, AJH-836 did not 

cause any obvious formation of peripheral ruffles in A549-T6 cells (Fig. 4a), as described 

above for PMA.

As a second approach to determine ruffle formation, we stained cells for cortactin (Fig. 4b). 

In agreement with phalloidin staining experiments, we found significant cortactin staining in 

A549 “epithelial” cells in response to either PMA or AJH-836. This effect is not observed in 

cells subject to PKCε RNAi depletion. Moreover, no obvious cortactin staining in response 

to either PKC activator can be observed in A549 cells subject to TGF-β treatment. A 

quantitative analysis of staining is shown in Fig. 4c. Altogether, these experiments indicate 

that PKCε is relevant for the formation of peripheral ruffles only in epithelial NSCLC cells.

TGF-β-transformed NSCLC cells display enhanced activation of Rho GTPases

We have previously reported that in NSCLC cells, PKCε controls the activation of Rac1, a 

small G-protein involved in actin cytoskeleton reorganization and the formation of dynamic 

membrane structures required for cell locomotion (10, 32-34). In the next set of experiments, 

we examined if mesenchymal transformation of NSCLC cells is associated with changes in 

the activity of Rac1. Fig. 5a shows that TGF-β-transformed A549 cells display a significant 

elevation in active Rac1 levels relative to their corresponding epithelial counterpart, as 

determined with a PBD “pull-down” assay (35). Mesenchymally transformed cells also 

display a significant increase in the activity of Cdc42, another member of the Rho GTPase 

family implicated in the regulation of cellular architecture (36).

We next investigated whether changes in RhoA activity also occur in cells transformed to a 

mesenchymal state. The small GTPase RhoA plays a central role in regulating actin-binding 

proteins required for the assembly of stress fibers (37). As shown in Fig. 5a, there was a 

significant elevation in Rho-GTP (active) levels in A549-T6 cells relative to parental A549 

cells, as determined with a rhotekin RBD “pull-down” assay (38). Higher levels of active 

Rac1, Cdc42, and RhoA were also observed in H358 cells transformed with TGF-β (data 

not shown).

To determine a potential involvement of PKCε in the regulation of Rho GTPases, we re-

expressed this kinase in the mesenchymal–like cells using a FLAG-tagged PKCε vector, to 

obtain A549-T6-PKCε cells. Ectopic expression of PKCε in mesenchymally-transformed 

A549 lung cells reduced the levels of activated Rac1, Cdc42, and RhoA in A549-T6 cells 

(Fig. 5b). Thus, while PKCε is important for the motility of NSCLC cells in the epithelial 

state, down-regulation of this kinase in mesenchymally-transformed cells is a permissive 

input for the activation of Rac1 activity, as well as the activity of other GTPases of the Rho 

family.
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Changes in the expression of Rac-GEFs in mesenchymal NSCLC cells

Activation of Rho small G-proteins is mediated by Guanine nucleotide Exchange Factors 

(GEFs), a large family of proteins with discrete specificities towards different Rho GTPases 

(39-41). Overexpression of Rac-GEFs that contribute to the motile phenotype has been 

described in various cancer types (42, 43). We wished to determine if the expression of Rac-

GEFs changes in mesenchymally-transformed cells. We generated a Q-PCR array for the 

simultaneous detection of 26 Rac-GEFs. Three sets of A549 cells were used for this 

analysis: non-treated, TGF-β-treated (6 days), and TGF-β-treated cells (6 days) followed by 

6 days without TGF-β, a condition in which the mesenchymal phenotype is reversed (A549-

T6-REV). The morphology of A549-T6-REV cells is similar to that of parental A549 cells 

(Fig. S6a). In addition, A549-T6-REV cells have high E-cadherin and low vimentin levels, 

as determined by Western blot (Fig. S6b) and immunofluorescence (Fig. S6c), and display 

high PKCε levels (Fig. S6b). The “cut-off” established as the limit for detection for the Q-

PCR was Ct=35. Experimental Ct values are shown in Supplementary Table S1, and 

revealed detectable expression for 16 Rac-GEFs (Fig. 6a). Up-regulation in A549-T6 relative 

to parental A549 was found for 7 Rac-GEFs, which could be reversed upon TGF-β removal 

(DOCK2, DOCK4, NGEF, RasGRF2, TIAM2, TRIO, VAV2) (Table S1, Fig. 6a and Fig. 

6b). Rac-GEF up-regulation in mesenchymally transformed cells was validated in 

independent Q-PCR experiments performed both in A549/A549-T6 and H358/H358-T6 cell 

lines (Fig. 6c). To determine a potential role of these Rac-GEFs in the motility of TGF-β-

transformed NSCLC cells, we used RNAi, which caused a nearly complete depletion in the 

corresponding mRNA levels relative to NTC RNAi (Fig. 6d). Silencing Tiam2 and TRIO 

caused the largest reduction in the motility of A549-T6 cells, whereas depletion of other 

Rac-GEFs caused no effects or marginal reductions in migratory capacity (Fig. 6e and 6f).

PKCε depletion/inhibition is permissive for the formation of Rho-mediated stress fibers in 
NSCLC cells

As shown in Fig. 5, TGF-β-transformed cells display elevated RhoA-GTP levels. RhoA 

plays a central role in regulating actin-binding proteins required for the assembly of stress 

fibers (37). Consistent with the elevated RhoA activity in mesenchymally-transformed cells, 

confocal microscopy analysis revealed an evident increase in actin stress fibers in A549-T6 

cells compared to parental cells. A similar effect was observed in other NSCLC cell lines 

(H358 and H1299) subject to TGF-β treatment (Fig. 7a).

The negative regulation of RhoA activity by PKCε (see Fig. 5) prompted us to analyze its 

potential functional consequences. Notably, there was a noticeable increase in stress fibers in 

epithelial A549 cells subjected to PKCε RNAi depletion. This effect was observed with 4 

different RNAi duplexes (ε1-ε4) (Fig. 7b) and resembles the phenotype seen in TGF-β-

transformed cells. The formation of stress fibers in PKCε-depleted cells was abolished by 

treatment with the Rho kinase (ROCK) inhibitor Y27632 (Fig. 7c), hence supporting the 

involvement of the Rho pathway. The efficacy of Y27632 was confirmed by its ability to 

impair the phosphorylation of the ROCK substrate MYPT1 (Fig. S7a).

To further substantiate the inhibitory role that PKCε has on stress fiber formation, we took 

advantage of εV1-2, a TAT-fused permeable peptide that selectively inhibits PKCε (44). We 
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previously reported that this inhibitor blocks the formation of ruffles in response to PKCε 
activation by PMA and AJH-836 (10, 19). Treatment of A549 cells with εV1-2 (10 μM, 60 

min) caused a marked increase in the formation of stress fibers. On the other hand, a TAT 

peptide used as a control had no effect. The effect of εV1-2 was sensitive to the ROCK 

inhibitor Y27632 (Fig. 7d), which reduces phospho-MYPT1 levels (Fig. S7b).

Finally, we asked if pharmacological PKCε inhibition could have an impact on RhoA 

activity. A time-dependent increase in RhoA-GTP levels by εV1-2 was observed, with 

maximum effect at 15-30 min, whereas the TAT control peptide had no effect (Fig. S7c). 

Fig. 7e shows a representative Rho-GTP “pull-down” assay of εV1-2-treated cells at 30 min 

with the corresponding densitometric analysis. Altogether, these results suggest that PKCε 
negatively regulates RhoA activation and RhoA-mediated morphological changes in NSCLC 

cells.

DISCUSSION

A large body of evidence links PKC isozymes to multiple steps of cancer progression, 

including cancer cell migration, invasiveness and metastatic dissemination. However, the 

specific roles of individual members of the PKC family in the different stages of progression 

remain partially understood and have been a subject of controversy (4, 45). Most notably, 

PKCε emerged as an oncogenic member of the PKC family, with significant involvement in 

tumorigenesis and metastasis (4, 6, 8, 15, 21). PKCε is overexpressed in many epithelial 

cancers, and has been widely implicated in pathways regulating cell division, motility, and 

survival, making it an attractive target for cancer therapy (4, 17). Several links have also 

been established between PKCε, actin cytoskeleton reorganization, invasive capacity, and 

metalloprotease secretion required for ECM degradation (8, 10, 19, 46). Based on recent 

suggestions implicating PKCε in EMT (18, 20, 22, 23), we decided to explore this issue in 

more detail in NSCLC cellular models that display elevated PKCε expression and depend on 

PKCε for tumorigenic and metastatic activity (10, 14). Our results showed that despite the 

involvement of PKCε in NSCLC cell motility and ruffle formation, this kinase is not 

required for the transition to a mesenchymal state. A similar conclusion was attained for 

other DAG/phorbol ester-regulated PKCs, namely PKCα and PKCδ, which also have 

recognized roles in lung cancer progression (29, 30). Silencing PKCε or other relevant PKCs 

in NSCLC cells did not affect Smad2/3 activation by TGF-β, arguing that acquisition of the 

mesenchymal phenotype in this setting is independent of the activation of the DAG/PKC 

pathway. However, ectopic overexpression of PKCε induces a mesenchymal phenotype in 

MCF-10A mammary epithelial cells, and these morphological features could be partially 

reversed in TGF-β-transformed cells upon PKCε knockdown (23). Contrasting results with 

regard to the PKCε requirement for Smad phosphorylation have been reported in fibroblasts 

and renal epithelial cells (22, 33), thus suggesting a distinctive cell context-specific 

involvement of PKCε in the transition to the mesenchymal state.

The unanticipated down-regulation of PKCε by TGF-β, but no other PKCs, raises 

interesting functional and mechanistic issues. The first relates to the relevance of the 

dynamic regulation of PKCε expression in physiological and pathophysiological settings. 

For example, expression levels of PKCε greatly influence apoptotic/survival responses 
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(47-50). Muscle differentiation and erythropoiesis involve PKCε up-regulation (51-54), 

whereas megakaryocytopoiesis, colonic mucosa and vascular endothelial differentiation are 

accompanied by PKCε down-regulation (55-57). Notably, hypoxic signaling, which 

promotes EMT and is linked to metastasis, induces down-regulation of PKCε in tumor cells 

(47). In our study, we found that PKCε down-regulation in EMT is a permissive signal for 

the activation of Rho GTPases that control cell architecture and motile capacity. A second 

important question is: what mechanisms drive PKCε down-regulation by TGF-β? It is well 

known that PKCs can be down-regulated by persistent treatment with phorbol esters and 

related DAG-mimetics (58). However, one would predict distinctive mechanisms taking 

place upon TGF-β receptor activation, which does not primarily couple to DAG generation 

and PKC activation. A likely possibility is that PKCε is transcriptionally repressed during 

the acquisition of the mesenchymal phenotype via genetic and/or epigenetic mechanisms. As 

yet, the mechanisms controlling the transcription of the PKCε gene (PRKCE) are only 

partially understood (59, 60). PRKCE is also regulated by specific miRNAs (61-63), 

including miR-222, which inhibits PKCε expression and controls EMT in NSCLC cells 

(64). As PKCε is subject to ubiquitination, and its degradation involves lysosomal 

mechanisms distinctive to those mediating PKCα and PKCδ degradation (Casado Medrano 

et al., manuscript in preparation), another attractive hypothesis is that TGF-β-regulated 

ubiquitylating enzymes such as SMURF1, USP15, or Nedd4L (65-67) contribute to PKCε 
down-regulation in EMT. This area of research is currently under investigation in our 

laboratory.

PKCε has been linked to a migratory phenotype in cancer cells (5, 46). In prostate cancer 

cells, described a pro-migratory pathway driven by the chemokine CXCL13 that involves 

PKCε (6). In lung cancer cells, DAG-mimetics acting through PKCε promote the formation 

of actin-rich structures required for cell motility, and targeted disruption of PKCε reduces 

motility though Rac1 inactivation (10, 19), supporting previously reported hierarchical 

PKCε-Rac relationships (32-34, 68). Mechanistically, one likely hypothesis is that PKCε 
phosphorylates and thereby controls the activity of Rac regulatory proteins, such as Rac-

GEFs, exchange factors that can be regulated via phosphorylation by PKCs and other 

kinases (39, 69, 70). PKCs can also inhibit the activity of Rac-GAPs responsible for Rac1 

inactivation (71, 72). Direct binding of PKCε to actin (73, 74) may also contribute to the 

regulation of motile structures. Based on our results, the assumption is that different 

mechanisms independent of PKCε must take place in the control of cell motility in a 

mesenchymal state. Indeed, the PKCε-mediated permissive signal for Rac1 activation 

operating in NSCLC cells in the epithelial state is annulled in TGF-β-transformed cells due 

to PKCε down-regulation. The high motility state and elevated Rac1 activity in 

mesenchymally-transformed cells may therefore rely on alternative pathways independent of 

PKCε. Not surprisingly, we found significant changes in the pattern of expression of Rac-

GEFs between epithelial and TGF-β-transformed NSCLC cells, suggestive of distinctive 

Rac activation mechanisms in either state. Interestingly, a dependency of lung 

adenocarcinoma metastasis on TGF-ε-mediated activation of the Rac-GEF DOCK4 has been 

described (75). Identifying direct substrates and effectors of PKCε implicated in the 

regulation of Rac signaling will provide important insights into the pathways controlling cell 

motility and metastatic dissemination in cancer cells.
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Our results showing a negative regulatory role of PKCε in Rho signaling also enlightened 

unexpected links between this PKC isozyme and small GTPases that control the actin 

cytoskeleton. Available data indicate an extensive and complex signaling cross-talks 

between TGF-β and Rho GTPases in EMT, both in normal and neoplastic epithelial cells 

(76). Early studies by Moses and co-workers reported that TGF-β-induced epithelial to 

mesenchymal transdifferentiation involves the activation of RhoA, and that EMT could be 

inhibited by expression of dominant-negative Rho/ROCK mutants (77). The requirement of 

the Rho/ROCK pathway in TGF-β signaling, including in cytoskeleton rearrangement and 

EMT, was subsequently described in other models (78). Similar to our results, other studies 

also reported elevated Rho activity in mesenchymally-transformed cells (78, 79). Given that 

PKCε inhibition leads to RhoA activation and the induction of stress fiber formation, we 

propose that the loss of expression of this kinase in TGF-β-transformed cells acts as a 

permissive mechanism for the activation of this GTPase in a mesenchymal state. This 

conclusion is further supported by the evident formation of stress fibers in NSCLC cells 

upon PKCε RNAi depletion or treatment with the PKCε inhibitor εV1-2, an effect that is 

sensitive to the ROCK inhibitor Y27632. Our results also recapitulate the negative 

relationship between PKCε and RhoA activation status found during megakaryocyte 

differentiation (53). A negative regulation of RhoA-dependent pathways by PKCε has also 

been reported in astrocytes (80).

In summary, our studies underscore a differential requirement for PKCε in NSCLC cells 

depending on whether they are in epithelial or mesenchymal states. Despite the fact that 

PKCε is dispensable for TGF-β-induced EMT, this kinase has important roles in the 

formation of actin rich structures and migration of NSCLC cells in an epithelial state. PKCε 
down-regulation in TGF-β-mesenchymally transformed cells releases a “brake” that 

facilitates RhoA activation and enables the formation of stress fibers. This conclusion is 

summarized in the model depicted in Fig. 8. Our results highlight the high levels of 

complexity in the regulation of small GTPase function by upstream kinases in EMT 

transdifferentiation and motile/invasive processes involved in the metastatic dissemination of 

cancer cells.

MATERIAL AND METHODS

Cell lines and materials

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

ATCC homepage). Human NSCLC (A549, H358, H1299 and H322), prostate cancer (PC3 

and DU145), and ovarian cancer (SKVO3) cell lines were cultured in RPMI medium 

supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 μg/ml 

streptomycin. Human pancreatic cancer cell lines (PANC1 and HPAFII) were cultured in 

DMEM medium supplemented with 10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 

100 μg/ml streptomycin. Immortalized human bronchial epithelial HBEC cells were cultured 

in KSFM medium supplemented with 50 μg/ml bovine pituitary extract and 5 ng/ml EGF. 

Human TGF-β was purchased from Peprotech (Rocky Hill, NJ). PKC inhibitors 

GF109203X and Gö6976 were purchased from TOCRIS (Bristol, UK). The ROCK inhibitor 

Y27632 was obtained from Calbiochem (Burlington, MA).
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RNA interference (RNAi)

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

(Lafayette, CO). For PKCs we used the following siRNAs: CCAUCCGCUCCACACUAAA 

(α1) and GAACAAGGAAUGACUU (β2) for PKCα; CCAUGAGUUUAUCGCCACC (δ1) 

and CAGCACAGAGCGUGGGAAA (δ2) for PKCδ; and J-004653-06-0002 (ε1), 

J-004653-07-0002 (ε2), J-004653-07-0002 (ε3) and J-004653-09-0002 (ε4) for PFKCε. For 

DOCK2, DOCK4, NGEF, RasGRF2, Tiam2, TRIO and Vav2 depletion we used ON-

TARGET plus SMARTpool (Catalog# L-019915, L-017968, L-009354, L-024516, 

L-008434, L-00547 and L-005199, respectively). ON-TARGET 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 (81).

TGF-β treatment

For EMT experiments, cells were treated with TGF-β (10 ng/ml). For most experiments, a 

6-day treatment was used, and TGF-β was replaced every 2 days. In some cases, cells were 

subject to RNAi 3 days before the 6-day TGF-β treatment was completed. For Smad2/3 

phosphorylation experiments, cells were treated with TGF-β (10 ng/ml) for 2 h.

Transfections

pCDNA3-Flag or pCDNA3-PKCε-Flag (Addgene, Cambridge, MA) plasmids were 

transfected using Lipofectamine 2000, as recommended by the manufacturer (Thermo Fisher 

Scientific, Walthan, MA).

Western blot analysis

Western blots were carried out as previously described (35), using the following antibodies: 

anti-Rac1 clone 23A8 (catalog # 05-389, Upstate Biotechnology, Lake Placid, NY), anti-

phospho-Erk1/2 (catalog # 9101S), anti-PKCδ (catalog # 2058S), anti-PKCε (catalog # 

2683S), anti-phosphoSmad2/3 (catalog # 8828S), anti-phospho-MYPT1 (catalog # 5163S), 

anti-vimentin (catalog # 3390S), anti-Cdc42 (catalog # 2466S), anti-RhoA (catalog # 2117S, 

Cell Signaling Technology, Beverly, MA), anti-PKCε (catalog # sc-208, Santa Cruz 

Biotechnology, Dallas, TX), anti-vinculin (catalog # V9131, Sigma-Aldrich, St. Louis, MO), 

anti-β-actin (catalog # A5441, BD Biosciences, Franklin Lakes, NJ), and anti E-cadherin 

(catalog # MAB1838, RD Systems, Minneapolis, MN).

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 

Biosystems, Branchburg, NJ). For the GEFs array, TaqMan Assays (primers and probes) 5′ 
end-labeled with 6-carboxyfluorescein (6-FAM) for 26 GEFs and 5 housekeeping genes 

(ACTB, B2M, HRPT1, TBP and UBC) for normalization were purchased from Applied 

Biosystems. 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 μl of 

cDNA. PCR product formation was continuously monitored using the Sequence Detection 
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System software version 1.7 (Applied Biosystems). The FAM signal was normalized to 

endogenous UBC (housekeeping gene).

Pull-down assays

Rac1-GTP and Cdc42-GTP levels were determined with a pull-down assay using the p21-

binding domain (PBD) of Pak1, as described previously (35). To determine RhoA-GTP 

levels, rhotekin beads bound to agarose (Millipore, Burlington, MA) were used in the pull-

down assay, and detection of RhoA-GTP was carried out by Western blot using an anti-

RhoA antibody (1:1000 dilution).

Cytoskeleton morphology assays and migration

Assessment of ruffles was done after phalloidin staining, as previously described (42). 

Briefly, cells were serum starved for 24 h and stimulated for 30 min with either 100 nM 

PMA or 1 μM AJH-836, as described before (10, 19). Following fixation with 4% 

formaldehyde, cells were was stained with phalloidin-rhodamine, and cell nuclei were 

counterstained with DAPI. Slides were visualized by fluorescence microscopy.

For immunofluorescence, cells growing on glass coverslides at low confluence were fixed 

with 4% formaldehyde, stained with cortactin, E-cadherin or Vimentin antibodies, and 

nuclei counterstained with DAPI. Slides were visualized by confocal microscopy, using a 

Zeiss LSM 710 microscope. Immunofluorescence experiments were carried out using the 

following antibodies: rhodamine-phalloidine (catalog # R415, Thermo Fisher Scientific, 

Waltham, MA), cortactin (catalog # 3503S, Cell Signaling Technology), E-cadherin (catalog 

# MAB1838, RD Systems MN) and vimentin (catalog # NB300-223, Novus biological, 

Centennial, CO). As secondary antibodies we used Alexa 488 (catalog # A11001), Alexa 

555 (catalog # A21428), and Alexa 549 (catalog # A-11042) (Thermo Fisher Scientific). For 

quantification of ruffles, five random fields were selected. Ruffle area was measured by 

thresholding for signal intensity using ImageJ.

For migration analysis, we used a Boyden chamber assay with 12 μM pore diameter 

polycarbonate membranes. The lower chamber contained RPMI medium with 10% FBS. 

Migration was assessed for 16 h at 37°C, and migratory cells in each well were counted by 

contrast microscopy in 5 independent fields.

Statistical analysis

Sample sizes for cellular studies for each experimental condition were three to five in most 

cases, based on established reproducibility of the assays, and this is indicated in figure 

legends. Experiments were replicated at least three times. Statistical analysis was done with 

t-test or ANOVA using GraphPad Prism 3.0. In all cases, a p-value <0.05 was considered 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. PKCε is not required for EMT in A549 and H358 NSCLC cells.
(A) Morphological changes in NSCLC cells treated with TGF-β (10 ng/ml, 6 days) (T6). 

Representative micrographs are shown. Magnification: 20x. (B) Enhanced motility of TGF-

β-treated NSCLC cells, as determined using a Boyden chamber. Results are expressed as 

mean ± S.D. of 5 random fields. Similar results were observed in 2 additional experiments. 

**, p<0.01. (C) Expression of E-cadherin and vimentin in T6 vs. parental NSCLC cells, as 

determined by Western blot. (D) Expression of E-cadherin and vimentin in T6 vs. parental 

NSCLC cells, as determined by Q-PCR. Data represent the mean ± S.E.M. of 3 independent 

experiments. Results are expressed as fold-change relative to parental cells. ***, p<0.001 vs. 

non-treated cells. (E) Morphological changes in A549 and H358 cells subject to either PKCε 
(ε1 and ε2 duplexes) or non-target control (NTC) RNAi, after 6 days of treatment with TGF-

β. Magnification: 20x. (F) Expression of E-cadherin and vimentin by Western blot in A549 

and H358 cells (parental and T6) subject to either PKCε or NTC RNAi. (G) Changes in 

Smad2/3 phosphorylation upon TGF-β stimulation (10 ng/ml, 2 h) in NSCLC cells subject 

to either PKCε or NTC RNAi.
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Figure 2. PKCα and PKCδ are dispensable for TGF-β-induced EMT in NSCLC cells.
(A) A549 and H358 cells were subject to either PKCα or PKCδ RNAi, using two different 

duplexes (α1 or α2, and δ1 or δ2, respectively), or NTC RNAi. Representative micrographs 

showing morphological changes in response to TGF-β (10 ng/ml, 6 days) are shown. 

Magnification: 20x. (B) Expression of E-cadherin and vimentin by Western blot in A549 and 

H358 cells (parental and T6) subject to PKCα, PKCδ, or NTC RNAi, after 6 days of 

treatment with TGF-β. (C) Changes in Smad2/3 phosphorylation upon TGF-β stimulation 

(10 ng/ml, 2 h) in A549 and H358 cells subject to PKCα, PKCδ, or NTC RNAi. (D) Effect 

of PKC inhibitors GF109203X (GF) and Gö6976 (Gö) (5 μM) on Smad2/3 phosphorylation 

by TGF-β (10 ng/ml, 2 h). Similar results were observed in two additional experiments.
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Figure 3. PKCε is down-regulated during EMT in NSCLC cells.
(A) Expression of PKC isozymes in A549 and H358 cells after TGF-β treatment (10 ng/ml, 

6 days). Upper panel, representative Western blot. Lower panel, PKCε expression, as 

determined by Q-PCR. Results are expressed as mean ± S.E.M. of 3 independent 

experiments. (B) Time-course analysis of PKCα, PKCδ, and PKCε expression in response 

to TGF-β (10 ng/ml, 1-6 days). Upper panel, representative Western blots. Lower panel, 
densitometric analysis of PKCε down-regulation. The graph also shows the changes in 

expression of E-cadherin and vimentin. Results are expressed as mean ± S.E.M. of 3 

independent experiments. (C) Upper panel, migration of parental and TGF-β-treated (T6) 

NSCLC cells subject to either PKCε (ε1 and ε2 duplexes) or NTC RNAi, as determined 

with a Boyden chamber. Representative images are shown. Lower panel, Western blot 

showing PKCε silencing in parental and TGF-β-treated cells. (D) Quantification of 

migration (cells/field) in each well. Data are expressed as mean ± S.D. of 5 random fields. 

Similar results were observed in an additional experiment. **, p<0.01; ***, p<0.001. n.s., 

not significant.
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Figure 4. PKCε is required for ruffle formation in epithelial A549 cells.
(A) Parental A549 and T6-A549 cells were transfected with two different PKCε RNAi (ε1 

or ε2) or NTC RNAi duplexes, serum starved, and treated for 30 min with PMA (100 nM) or 

the DAG-lactone AJH-836 (1 μM), fixed, and stained with phalloidin-rhodamine. 

Representative micrographs are shown. Magnification: 40x. (B) Similar experiments were 

carried out using cortactin staining. Magnification: 63x. (C) Quantitative analysis of 

cortactin staining. Magnification: 20x. Data are expressed as mean ± S.D. of 5 random 

fields. Similar results were observed in an additional experiment. ***, p<0.001.
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Figure 5. TGF-β-treated cells display elevated Rac1, Cdc42, and RhoA activities.
A549 cells were treated with TGF-β (10 ng/ml, 6 days) and the levels of active Rac1, 

Cdc42, and RhoA were then determined in cell extracts. For Rac1-GTP and Cdc42-GTP, a 

PBD “pull-down” assay was used. For RhoA-GTP, we used a rhotekin RBD “pull-down” 

assay. Left, representative experiments. Right, quantification of Rac1-GTP, Cdc42-GTP, and 

RhoA-GTP levels, normalized to the corresponding total levels of the GTPases, and 

expressed as % relative to parental cells not treated with TGF-β. Data expressed as mean ± 

S.E.M. (n=3). **, p<0.01; ***, p<0.001 vs. parental cells. (C) TGF-β-treated (T6) A549 

cells were transfected with a FLAG-tagged PKCε expression vector, and 30 h later active 

levels of Rac1, Cdc42 and RhoA were determined using a “pull-down” assay. Left, 
representative experiments. Right, quantification of Rac1-GTP, Cdc42-GTP, and RhoA-GTP 

levels, normalized to the corresponding total levels of the GTPases, and expressed as % 

relative to cells transfected with empty vector. Data are expressed as mean ± S.E.M. (n=3). 

**, p<0.01; ***, p<0.001 vs. cells transfected with empty vector.
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Figure 6. Differential expression of Rac-GEFs in epithelial vs. mesenchymal NSCLC cells.
(A) mRNA was obtained from parental A549 cells, cells treated with TGF-β (10 ng/ml) for 

6 days (A549-T6 cells), and T6 cells subsequently cultured in the absence of TGF-β 
(“reverted”) A549-T6-REV cells. cDNA was prepared by reverse transcription and used to 

assess the expression of 26 Rac-GEFs and 5 housekeeping genes (ACTB, B2M, HRPT1, 

TBP and UBC) using Q-PCR. Results represent the fold-change (2−ΔΔCt) in mRNA 

expression levels for each Rac-GEF according to its respective treatment. Ct values were 

normalized to the expression of the 5 housekeeping genes (−ΔCt), and then compared with 

the average expression of the 26 GEFs in the 3 treatments (ΔΔCt). For those Rac-GEFs with 

Ct>35 in parental A549 cells, expression was considered as undetectable. (B) Representation 

of Rac-GEFs regulated by TGF-β treatment. Results are expressed as fold-change (2−ΔΔCt) 

relative to parental A549 cells. (C) Validation Q-PCR assays for selected Rac-GEFs in A549 

(upper panels) and H358 cells (lower panels) subject to TGF-β treatment. Results are 

expressed as fold-change relative to parental cells. Data expressed as mean ± S.E.M. (n=3). 

*, p<0.05, **, p<0.01; ***, p<0.001 vs. parental cells. (D) A549-T6 cells were transfected 

with RNAi (after 6 days of TGF-β treatment) for selected Rac-GEFs or NTC RNAi, as 

indicated. Depletion of Rac-GEFs, expressed as relative to NTC, is shown, and expressed as 
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mean ± S.E.M. (n=3). (E) Migration of A549-T6 cells subject to RNAi for selected Rac-

GEFs or NTC, as determined with a Boyden chamber. Results are expressed as mean ± S.D. 

of 5 random fields. Similar results were observed in 2 additional experiments. (F) 

Representative images of migration experiments. *, p<0.05; ***, p<0.001 vs. NTC.
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Figure 7. PKCε negatively regulates RhoA-dependent stress fiber formation.
(A) NSCLC cells (A549, H358 and H1299) cells were treated with TGF-β (10 ng/ml, 6 

days), fixed, stained with phalloidin-rhodamine, and visualized by confocal microscopy. 

Magnification: 63x. (B) Stress fiber formation was analyzed by confocal microscopy in 

A549 cells 48 h after transfection of different PKCε RNAi duplexes (ε1, ε2, ε3 or ε4) or a 

non-target-control (NTC) RNAi duplex. (C) Confocal microscopy analysis of A549 cells 

subject to either PKCε RNAi (ε1 or ε2) or NTC RNAi, serum starved for 24 h, and then 

treated with the ROCK inhibitor Y27632 (10 μM, 24 h). (D) Confocal microscopy analysis 

of serum-starved (24 h) A549 cells treated with Y27632 (10 μM) for 30 min, followed by 

treatment with either εV1-2 (10 μM) or the TAT control peptide for 1 h. (E) RhoA-GTP 

levels were determined after 30min treatment with either εV1-2 or TAT. Left, representative 

experiment. Right, quantification of RhoA-GTP levels, normalized to total RhoA, and 

expressed as % relative to parental cells. Data expressed as mean ± S.E.M. (n=4). **, p<0.01 

vs. parental cells.
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Figure 8. Model depicting the proposed mechanism of PKCε-mediated regulation of EMT in 
NSCLC.
Distinctive involvement of PKCε in the control of the actin cytoskeleton in epithelial or 

mesenchymal NSCLC cells.
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