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Abstract

Mutational activation of the epidermal growth factor receptor (EGFR) is a major player in the 

pathogenesis of non-small cell lung cancer (NSCLC). NSCLC patients with constitutively active 

EGFR mutations (mEGFR) eventually develop drug resistance against EGFR tyrosine-kinase 

inhibitors (TKIs); therefore, better understandings of key components of mEGFR signaling are 

required. Here, we initially observed aberrantly high expression of protein kinase Cα (PKCα) in 

lung adenocarcinomas, especially those with mEGFR, and proceeded to examine the role of 

PKCα in the regulation of the signaling pathways downstream of mutant EGFR (mtEGFR). The 

results showed that NSCLC cell lines with constitutively active EGFR mutations tend to have very 

or moderately high PKCα levels. Furthermore, PKCα was constitutively activated in HCC827 and 

H4006 cells which have an EGFR deletion mutation in exon 19. Interestingly, mtEGFR was not 

required for the induction of PKCα at protein and message levels, suggesting that the increased 

levels of PKCα are due to independent selection. Whereas, mtEGFR activity was required for 

robust activation of PKCα. Loss of functions studies revealed that the NSCLC cells rely heavily 

on PKCα for the activation of the mTORC1 signaling pathway. Unexpectedly, the results 

demonstrated that PKCα was required for activation of Akt upstream of mTOR but only in cells 

with the mtEGFR and with the increased expression of PKCα. Functionally, inhibition of PKCα 
in HCC827 led to caspase-3-dependent apoptosis and a significant decrease in cell survival in 
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response to cellular stress induced by serum starvation. In summary, the results identified 

important roles of PKCα in regulating mTORC1 activity in lung cancer cells, whereby a primary 

switching occurs from PKCα-independent to PKCα-dependent signaling in the presence of 

mEGFR. The results present PKCα as a potential synergistic target of personalized treatment for 

NSCLC with constitutively active mutant forms of EGFR and constitutively active PKCα.

Keywords

signaling; oncogenes; kinases

INTRODUCTION

Lung cancer represents the leading cause of cancer-related deaths all over the world (1, 2). 

The treatment options for lung cancer are extremely limited due to the fact that most cases 

are usually diagnosed at late stages of the disease. Non-small cell lung cancer (NSCLC) is 

the most common type of lung cancer, accounting for 85% of the diagnosed cases, and is 

divided into three main types: adenocarcinoma, large cell carcinoma, and squamous cell 

carcinoma (3, 4). NSCLC can be associated with activating mutations in several oncogenes 

such as KRAS and epidermal growth factor (EGFR) or due to inactivation of some tumor 

suppressors such as PTEN, p53, Pb, and p16 (5–7). Mutations in EGFR are mostly in the 

form of exon 19 deletions affecting the LREA motif (delE746–750) or an exon 21 

substitution of arginine for leucine at position 858 (L858R). These mutations lead to 

constitutive activation of EGFR leading to induction of its downstream pro-survival 

signaling cascades (8), and they occur in 10 up to 50% (in Asia-Pacific populations) of 

NSCLC patients with EGFR mutations (9, 10). NSCLC patients with either delE746–750 or 

L858R EGFR mutations have been shown to be initially sensitive to tyrosine kinase inhibitor 

(TKI) molecules such as erlotinib and gefitinib. However, they ultimately losoe their 

sensitivity due to emergence of resistance (11, 12).

The protein kinase C (PKC) family of serine-threonine kinases comprises ten members that 

are classified according to their structural domains and activators into three sub-families: 

diacylglycerol (DAG)-responsive/Ca+2 dependent (conventional; cPKC α, βI, βII, and γ), 

Ca+2-independent (novel; nPKCδ, ε, η, and θ), and atypical (aPKCζ and ι) that are 

independent of calcium and DAG (13, 14). Previous studies have demonstrated the roles of 

PKC family members in cancer progression and metastasis. PKCα has been shown to 

mediate cell proliferation, invasion, and anti-apoptosis in different cancer types, such as 

bladder (15), breast (16, 17), colon (18), gastric (19), glioma (20), melanoma (21), liver (22), 

and lung cancers (23–26). More importantly, PKCα plays anti-apoptotic and metastatic roles 

in NSCLC cells (24, 25, 27). PKCα has also been implicated in resistance to doxorubicin in 

lung cancer which was linked to the phosphorylation of the antiapototic protein RLIP76 at 

its threonine-297 residue (23). Moreover, miR-203-mediated downregulation of PKCα in 

A549 cells was associated with increased apoptosis (27). In regard to its role in metastasis, 

the activation of PKCα following its interaction with the substrate, discs large homology 1 

(DLG1), was shown to induce migration of NSCLC cells (24). Moreover, increased PKCα 
activity was observed in lung metastatic nodules from diethylnitrosamine (DEN)-induced 
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hepatocellular carcinoma in rats (25). Recently, PKCα was shown to mediate erlotinib 

resistance and epithelial-to-mesenchymal transition (EMT) in H1650 NSCLC cells (28). 

These findings suggest that PKCα could be a therapeutic target in NSCLC patients. In 

patients with NSCLC, PKCα has been shown to be highly expressed with higher levels 

being found in adenocarcinoma than squamous cell carcinoma (29). Therefore, in the 

present study, we aimed to investigate the possible regulation of PKCα by persistent EGFR 

activity driven by exon 19 deletion (delE746–750) and the role of PKCα in cell survival. 

The results point to a key acquired role of PKCα in reconfiguring signaling downstream of 

mutant EGFR. These results and their implications for the biology and therapeutics of 

NSCLC are discussed.

RESULTS

PKCα is highly expressed in NSCLC cell lines with EGFR mutation

It was reported that PKCα is highly expressed in NSCLC and preferentially expressed in 

adenocarcinoma compared with squamous carcinoma of the lung (29). In order to further 

understand the regulation of PKCα in NSCLC, the expression of PKCα was analyzed by 

examining Cancer Cell Line Encyclopedia (CCLE) database (30) available on cBioPortal 

website (http://www.cbioportal.org/study?id=cellline_ccle_broad). Six NSCLC cell lines 

with EGFR mutations (HCC827, HCC2279, HCC4006, HCC2935 with delE746-A750; 

H3255 with L858R; H1975 with L858R + T790M) and 8 NSCLC cell lines with wild-type 

EGFR (H1666, H1299, H1781, H292, HCC78, HCC95, H661, and H1437) were selected for 

comparisons of PKC expression levels. As can be seen, the mean Z score for PKCα (but not 

PKCβ or PKCγ) is significantly higher (1.37 ± 0.42) in NSCLC cell lines with EGFR 

mutations than cells with wild type EGFR (−0.54 ± 0.14; Fig. 1A–C). To corroborate the 

data, we randomly checked the protein level and mRNA level of PKCα in some NSCLC 

cells analyzed in the CCLE. Indeed, in the H292 cell line that harbors a wild-type EGFR, we 

could not detect PKCα protein by western blotting (Fig. 1D). Moreover, the mRNA level 

was also quite low; however, both protein and mRNA levels of PKCα were significantly 

elevated by 15-fold in HCC827 harboring E746-A750 deletion in exon 19 of EGFR 

compared to H292 cells with wild type EGFR (Fig. 1D). It was also observed that H4006, 

H3255, and H1975 expressed high PKCα protein levels (data not shown). To further explore 

the correlation between PKCα and the status of EGFR mutation in NSCLC, we screened a 

tumor tissue array. The results showed that 18 out of 40 patients’ tissue samples were 

positive for mtEGFR (deletion E746-A750) (45%) with high expression of PKCα. In 

addition, PKCα was highly expressed in 10 samples with no staining for the deletion mutant 

of EGFR, suggesting that some of the PKCα positive tumors may harbor additional 

mutations in EGFR or other oncogenes. However, the optical density of PKCα staining was 

significantly higher in samples with mtEGFR than those with negative staining for mtEGFR 

(Fig. 2A&B). By examining the lung carcinoma TCGA datasets, we found that there is a 

significant upregulation in PKCα mRNA expression in patients with EGFR mutations (82 

patients) compared to those without EGFR mutations (936 patients; Supplementary Fig. 1). 

Collectively, these results indicate that NSCLC cell lines and patients harboring activating 

EGFR mutation tend to have high PKCα expression.
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Activating mutations in EGFR lead to stimulation of PKCα in NSCLC cells

Since we observed the connection between PKCα and mtEGFR in NSCLC cell lines, it 

became important to determine the activity of PKCα in these cells. Thus, the localization of 

PKCα in these cells was assessed under serum starvation. As shown in Fig. 3A, in HCC827, 

H1650, H1975 and H4006, which contain activating EGFR mutation, PKCα was mostly 

located on the plasma membrane, indicating that PKCα was ‘constitutively’ active in the 

cells even under serum starvation. On the other hand, in A549 and H358 that have wild type 

EGFR, PKCα was mostly cytoplasmic (Fig. 3A). To further understand the status of PKCα 
in HCC827 cells, we evaluated the phosphorylation of PKCα/βII at Thr638/Thr641 in H292 

and HCC827 since the phosphorylation of PKCα/βII at Thr638/Thr641 is important for their 

catalytic activity and represents an active form of PKCs. As shown in Figure 3B, the 

phosphorylation of PKCα/βII at Thr638/Thr641 in HCC827 cells was considerably higher 

than that in H292 cells, which suggests a robust PKCα catalytic activity in HCC827. 

Moreover, addition of EGF to HCC827 cells did not increase the phosphorylation of PKCα, 

consistent with the high ‘intrinsic’ activity of mtEGFR. Taken together, these results 

therefore support a correlation between mtEGFR and PKCα activation.

To determine whether mtEGFR is responsible for the activation of PKCα, we tested the 

effects of the EGFR specific inhibitor erlotinib on the localization of PKCα. As can be seen, 

the inhibitor was able to alter the localization of PKCα from the plasma membrane to the 

cytoplasm at a concentration of 500nM for 1 hour (Fig. 3C), thereby establishing a 

mechanistic link between activity of mtEGFR and activation of PKCα. On the other hand, 

and quite interestingly, prolonged treatment with erlotinib did not exert any effects on PKCα 
protein and mRNA expression, but decreased phosphorylation of PKCα (Fig. 3D&E, 

Supplementary Fig. 2), revealing that the increased expression of PKCα is not dependent on 

basal activity of mtEGFR, but that the activation of PKCα is. This result suggests that the 

increased expression of PKCα must represent a separate selection pressure in the cells with 

mtEGFR.

It then became important to determine whether EGFR mutation is sufficient to induce the 

sustained activation of PKC. Accordingly, H292 cells were co-transfected with wild type 

GFP- PKCα and empty vector, wild type EGFR or mtEGFR (containing E746- A750 

deletion in exon 19). As can be seen, PKCα remained in the cytoplasm in cells transfected 

with PKCα and empty vector or wild type EGFR, but PKCα became mostly located on the 

plasma membrane when co-transfected with mtEGFR (Fig. 4A). Similarly, in H292 stably 

expressing PKCα and mtEGFR, PKCα is mostly located on the plasma membrane 

(Supplementary Fig. 3). Taken together, these results demonstrate that mtEGFR is necessary 

and sufficient to activate PKCα in the context of lung cancer cells with mtEGFR and high 

levels of PKCα.

Since EGFR couples to PKC through the activation of phospholipase C (PLC)γ via 

phosphorylation on tyrosine 783, we next examined the effects of the PLCγ inhibitor 

U73122 on the localization of PKCα. As shown in Figure 4B, treatment with U73122 for 1 

hour induced the relocation of PKCα from the plasma membrane to the cytoplasm. 

Similarly, downregulation of PLCγ1 by two different siRNAs also induced relocation of 

PKCα from the plasma membrane to the cytoplasm in HCC827 and in EGF-stimulated 
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H292 stably expressing PKCα (Supplementary Fig. 3). Moreover, erlotinib inhibited the 

basal phosphorylation of PLCγ1 in HCC827 cells (Fig. 4C&D). Taken together, these 

results demonstrate that mtEGFR constitutively activates PKCα and drives the PKCα 
isoenzyme to the plasma membrane through PLCγ1 and this effect requires persistent 

activity of mtEGFR.

Activation of mTORC1 in NSCLC cell lines with mtEGFR requires PKCα and PLCγ

Since the data above suggest that mtEGFR continuously activates PKCα in HCC827 cells, it 

became important to determine the consequences of the sustained activation of PKCα in the 

NSCLC cell lines. Our laboratory previously reported that sustained/persistent activation of 

classical PKC results in the activation of mTORC1 (31). Therefore, mTORC1 signaling was 

examined in the NSCLC cell lines with mtEGFR. First, we examined the effect of the 

classical PKC inhibitors, Go6976 and enzastaurin, on p70S6K in HCC827 cells. As can 

been seen, at concentrations as low as 50nM, Go6976 was able to inhibit the basal 

phosphorylation of p70S6K with no effect on tyrosine phosphorylation of EGFR (Fig. 5A). 

Moreover, the more specific classical PKC inhibitor enzastaurin also inhibited the 

phosphorylation of p70S6K with no effect on tyrosine phosphorylation of EGFR (Fig. 5A). 

We likewise observed a similar inhibitory effect of these inhibitors in H4006 

(Supplementary Fig. 2). In addition, we used PKCα siRNA to knock down PKCα in 

HCC827 and observed a decrease in the phosphorylation of p70S6K with or without EGF 

treatment (Fig. 5B). Since we showed that PLCγ is necessary for the activation of PKCα in 

HCC827, we then tested the effect of U73122 on the phosphorylation of p70S6K in 

HCC827 cells. The results showed that treatment with U73122 effectively reduced the 

phosphorylation of p70S6K with no effect on tyrosine phosphorylation of EGFR (Fig. 5C). 

Similar effect on p70S6K was observed after knocking down of PLCγ1 by using siRNA 

(Supplementary Fig. 3). Collectively, these data clearly demonstrate that the activation of 

mTORC1 requires a signaling pathway from the mtEGFR transduced by PLCγ and PKCα.

PKCα is critical for the activation of PI3K/Akt prompted by mtEGFR in HCC827

In glioma cells, it was shown that high levels of EGFR couple preferentially to PKCα which 

couples to mTOR in an Akt-independent manner (20). We therefore evaluated the roles of 

PKCα in the activation of Akt. The results showed that treatment with Go6976 and 

enzastaurin reduced the phosphorylation of Akt at Ser473 in HCC827 cells (Fig. 6A). The 

results also showed that PKCα knockdown via siRNA or CRISPR repressed the 

phosphorylation of Akt (Fig. 6B&C). As the phosphorylation of Akt at Thr308 was shown to 

be correlated with its activity in NSCLC (32), we evaluated the effect of enzastaurin and 

Go6976 on the phosphorylation of Akt at Thr308. As shown in Figure 6D, both inhibitors 

effectively inhibited the phosphorylation at Thr308. Similarly, deletion of PKCα via 

CRISPR also reduced the phosphorylation of Akt on T308 (Fig. 6D). Taken together, these 

results indicate that cPKC is critical for Akt activation in HCC827, unlike the results in 

glioma.

Next, we evaluated if Akt is essential for mTORC1 activity in HCC827 by using an Akt 

inhibitor, MK-2206. As shown in Figure 6E, treatment with MK-2206 abolished 

phosphorylation of p70S6K, the same as the treatment with highly specific dual-mTOR 
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inhibitor of mTORC1 and mTORC2, KU-0063794. Notably, the inhibitors did not modulate 

phosphorylation of the mtEGFR on Y1068, indicating lack of effects on initial status of 

EGFR activation. These results, also unlike those in glioma cells, indicate that Akt is 

required for activation of mTOR in mt-EGFR cell lines.

To consolidate these data, we checked the effect of U73122 on the phosphorylation of Akt at 

Ser473, as we showed that PLCγ plays a vital role in the regulation of PKCα activity 

prompted by mtEGFR in HCC827. As shown in Figure 6F, U73122 treatment significantly 

inhibited the phosphorylation of Akt at Ser473. Collectively, these data indicate that the 

activation of Akt in HCC827 requires the coordination of mtEGFR/ PLCγ/ PKCα signaling 

pathway.

Finally, it has been shown that the Gab adaptor proteins and ErbB3 play critical roles in 

activation of the PI3K pathway by interacting with mtEGFR in EGFR-mutant NSCLC cell 

lines. Therefore, to evaluate the role of PKCα in the activation of PI3K/AKT by mtEGFR, 

HCC827 cells were transfected with control, Gab1, or ErbB3 siRNAs. As shown in Figure 

6G and Supplementary Figure 4, downregulation of Gab1 by two different siRNAs reduced 

the phosphorylation of p70S6K. On the other hand, ErbB3 knockdown had no effect on the 

phosphorylation of p70S6K (Fig. 6G). Next, we assessed whether PKC plays a role in the 

interaction of Gab1 and mtEGFR. Notably, both Go6976 and erlotinib decreased the 

interaction between Gab1 and mtEGFR (Fig. 6H). Moreover, Gab1 and mtEGFR interaction 

was less in PKCα CRISPR cells (Supplementary Fig.4). Together, these data implicate an 

important role of PKCα in the activation of PI3K by mtEGFR through the Gab1 pathway.

PKCα gain of function is sufficient to activate the Akt/mTOR pathway

Since the results strongly suggest that PKCα activates mTORC1 in response to mtEGFR, we 

investigated if this regulation of mTORC1 is exclusive to mtEGFR but not WT EGFR. 

Indeed, as shown in Figure 7A, mTOR was activated constitutively in serum free conditions 

in HCC827 cells, and this high level of activation did not respond to additional EGF and was 

cPKC-dependent. On the other hand, mTOR in H292 cells, with WT EGFR, was activated 

by EGF and this was largely PKC-independent.

Next, we examined if PKCα is sufficient to impart activation of mTOR in serum free 

conditions in lung cancers with WT EGFR. As can be seen, transient overexpression of 

PKCα in H292 cells, which have WT EGFR and very low levels of endogenous PKCα, 

resulted in significantly increased basal phosphorylation of S6K and increased response to 

EGF (Fig. 7B). In cells with stable overexpression of PKCα, there was also persistent 

induction of phosphorylation of S6K that was not seen with overexpression of mtEGFR 

(Fig. 7C). Moreover, overexpression of PKCα appeared to selectively enhance 

phosphorylation of Akt on T308 and not S473. Also, overexpression of PKCα did not 

increase the phosphorylation of ERK1,2. In contrast, overexpression of mtEGFR 

significantly increased the activation of ERK1,2 but had no effects on the phosphorylation of 

Akt or S6K. Altogether these results reveal that expression of mtEGFR is not sufficient to 

drive activation of mTOR. On the other hand, enhanced expression of PKCα is sufficient to 

activate the Akt/mTOR pathway, and this is further driven by EGF. These results help define 
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the independent contribution of elevated expression of PKCα in lung cancer cells with 

mEGFR as it becomes required for allowing activation of Akt and mTOR.

mtEGFR/PKCα/mTOR signaling pathway regulates cell survival in HCC827

To further explore the significance of this gain of function of PKCα, we examined several 

oncogenic properties in H292 and HCC827 cells. We found that cancer cells with mtEGFR 

grow much better in serum free conditions compared with H292 cells with wild type EGFR 

(Fig. 8A). The growth advantage of HCC827 was reversed by treatment with erlotinib and 

became similar to the growth observed in H292 (Fig. 8B), suggesting that this advantage is 

contributed by the mtEGFR. Next, we assessed the effects of inhibition of cPKC. 

Interestingly, the inhibition of cPKC specifically abolished this advantage for mtEGFR, and 

a similar albeit reduced effect was observed with inhibition of mTOR (Fig. 8C). Moreover, 

loss of PKCα by CRISPR repressed the growth advantage of HCC827 cells under serum 

starvation (Fig. 8D). Interestingly, stable co-expression of PKCα and mtEGFR in H292 cells 

significantly improved growth under serum starvation more than expressing mtEGFR alone 

(Fig. 8E). Taken together, these results begin to demonstrate that mtEGFR/PKC signaling 

pathway plays an important role in cell survival. To gain further insight into the cell survival 

advantage of HCC827 under serum starvation, we examined the apoptosis in HCC827 cells. 

The results showed that inhibition of PKCα induced autophagy and caspase-3-dependent 

apoptosis, as did inhibition of mtEGFR (Fig. 9A). Moreover, PKCα CRISPR cells showed 

higher cleaved caspase-3 levels in response to erlotinib treatment (Fig. 9B). Taken together, 

these results demonstrate that mtEGFR/PKC signaling pathway plays an important role in 

apoptosis and autophagy and loss of PKCα could sensitize cells with mtEGFR to erlotinib.

DISCUSSION

To date, research has established the role of EGFR mutation and its subsequent persistent 

activation in the development of NSCLC, while PKCα has also been shown to play a part in 

the progression of NSCLC as well as the development of drug resistance. Here, we explored 

the possible regulation of PKCα by persistent EGFR activation driven by exon 19 deletion 

(delE746–750). The results clearly demonstrate that PKCα is highly expressed in cells 

harboring mutant EGFR and in tissues from NSCLC patients with activating EGFR 

mutation. Moreover, the results showed that active EGFR is required and sufficient to 

activate PKCα in these NSCLC cells via a PLCγ-dependent mechanism. Strikingly, results 

demonstrate that PKCα plays a role in rewiring the PI3K/AKT/mTORC1 signaling 

downstream of mtEGFR through the Gab1 pathway. Biologically, PKC-dependent signaling 

pathways downstream of mtEGFR are important for promoting cell survival and reducing 

apoptosis. Collectively, the results reveal a previously unknown role for PKCα in 

modulating PI3K/AKT/mTORC1 signaling in the context of NSCLC with EGFR mutation.

The major conclusion from this study relates to the interactions of mEGFR and PKCα. First, 

the results show that the mutation of EGFR correlates with high expression of PKCα. The 

results of this study show that this induction is not directly dependent on the activity of 

EGFR since inhibition of EGFR by erlotinib had no effect on mRNA and protein expression 

of PKCα. Thus, we propose that cells with activating EGFR mutation select for 
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overexpression of PKCα which then imparts a growth advantage to those cells. This is 

clearly illustrated and corroborated by the gain-of-function studies that showed that 

expression of mtEGFR on its own is unable to turn on either Akt or mTOR and that this 

response requires additional expression of PKCα to activate these critical pathways and to 

stimulate cell growth under serum starvation. Second, the results show that the persistent 

activity of mtEGFR causes continuous activation of PKCα, as demonstrated by increased 

phosphorylation of PKCα/βII and membrane localization of PKCα under serum starvation 

in cells with activating EGFR mutation. Moreover, overexpression of mtEGFR was 

sufficient to induce the sustained activation of transiently or stably overexpressed PKC in 

NSCLC cells with wild-type EGFR. Thus, mtEGFR is both necessary and sufficient for 

activation of PKCα in NSCLC lung cancer cells.

A major revelation from these studies is that mEGFR utilizes PKCα to rewire downstream 

signaling. The results show that in cells with mtEGFR, PKCα is required for activation of 

Akt/mTOR pathway while on the other hand, EGF-induced mTOR activation is PKCα-

independent in cells with wild-type EGFR. The data show that PKCα is necessary and 

sufficient to activate Akt/mTOR pathway in cells with increased levels of PKCα (and 

mtEGFR) as demonstrated by increased phosphorylation of Akt and S6K by overexpression 

of PKCα in cells with wild-type EGFR. This is supported by inhibitor results as well as with 

knock down.

Functionally, we implicate PKCα in important biology of NSCLC cells with mtEGFR. The 

results showed that NSCLC cells with activating EGFR mutations have a growth advantage 

in serum-free conditions compared with cells with wild-type EGFR. Importantly, this growth 

advantage is dependent on the activities of both EGFR and PKC that was supported by the 

growth advantage of wild-type EGFR cells stably expressing mtEGFR and PKC. Similarly, 

PKCα plays a role in apoptosis and autophagy in response to erlotinib and Go6976 and 

sensitizing cells with mtEGFR to erlotinib. Taken together, these findings clearly 

demonstrate a pro-survival role played by PKCα in the biology of NSCLC in the context of 

mtEGFR. Previous studies have revealed significant roles played by PKCs in cancer 

progression. However, depending on the isoform and context, a specific PKC could function 

either as a tumor suppressor or a tumor promoter. For example, PKCβII inhibition with 

enzastaurin reduced proliferation and migration of A549 cells in a PLD/mTOR- dependent 

manner (31), and inhibition of PKCβ has been considered as a therapeutic approach for lung 

cancer (33, 34). Similarly, PKCε has recently been shown to be required for progression and 

metastasis of NSCLC cells (35), and previous studies have demonstrated the important role 

played by PKCα in modulating NSCLC invasion (24, 26). On the other hand, PKCα has 

recently been shown to act as a tumor suppressor of KRAS-mediated lung cancer (36). In 

addition, PKC has recently been shown to be a tumor suppressor in colon cancer (37). It 

should be noted though that the expression of PKCα appears to be low in KRAS mutated 

NSCLC. These findings together with the results presented herein suggest distinct roles of 

PKCα in NSCLC depending on the mutation of either KRAS or EGFR oncogene.

The stimulation of survival and growth associated with EGFR mutations involves signaling 

through PI3K/Akt pathway. Activation of Akt is achieved through phosphorylation of 

threonine 308 (Thr308) and serine 473 (Ser473) residues. The phosphorylation of Akt at its 
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Thr308 residue mostly occurs by action of PDK1 while phosphorylation of Ser473 occurs by 

action of mTORC2 (38–40). Activated Akt then acts on several downstream targets, such as 

mTORC1 and p70S6 to promote cell growth and survival (41). Akt activity has been shown 

to be a useful biomarker for cancer prognosis and response to therapy. However, 

phosphorylation of Akt at Thr308 has been demonstrated to be a more reliable biomarker for 

Akt activity in vivo (39), and higher phosphorylation levels of Akt at Thr308, but not 

Ser473, correlates with poor survival in NSCLC (42) and acute myeloid leukemia (43). 

These findings suggest that the degree of Akt phosphorylation at Thr308 could be a useful 

indicator of Akt activity. That was recently confirmed in tissue samples from NSCLC 

patients, where Akt phosphorylation at Thr308 was shown to correlate with the 

phosphorylation of several substrates downstream of Akt (32). Here we found that inhibition 

or downregulation of PKCα was associated with less phosphorylation of Akt at both 

residues. Interestingly, PKCα overexpression NSCLC with wild-type EGFR selectively 

induced the phosphorylation of Akt Thr308 and had little effect on Ser473. These results 

indicate that PKCα is critical for the Akt activity in NSCLC cells with mtEGFR. As such, 

Akt phosphorylation at T308 might be relevant as a biomarker of PKC activity in NSCLC 

tissues with mutant EGFR. The current results also reveal that PKCα-dependent activation 

of PI3K/Akt downstream of mtEGFR involves Gab1, an adaptor protein that has been 

implicated in PI3K signaling in response to EGF following its tyrosine phosphorylation (44, 

45). Gab1 can also induce PI3K by amplifying EGFR signaling by a positive feedback loop 

as previously described (44). Recently, Gab1 has also been shown to be activated by EGFR 

mutation in NSCLC cells (46).

In conclusion, our results demonstrate a previously unidentified role of PKCα in mediating 

PI3K/Akt/mTORC1 signaling and biology downstream of activated EGFR in NSCLC cells. 

Therefore, targeting PKCα and/or EGFR could be a promising therapeutic strategy for 

NSCLC patients who are harboring activating EGFR mutations.

MATERIALS AND METHODS

Materials

Dulbecco’s Modified Eagle Medium (DMEM) with high glucose was from Invitrogen. The 

HCC827, H292, H4006, 293T cell lines were purchased from American Type Culture 

Collection. Enzastaurin and erlotinib were from LC Laboratories (Woburn, MA). Go6976 

and U0126 were purchased from EMD Millipore (Billerica, MA). Anti-phospho-p70S6K 

(Thr389), S6K, mTOR, phospho- Erk½ (Thr202/Tyr204), Erk½, (E747-A750del Specific) 

EGFR, EGFR, P-Akt (Ser473), P-Akt (Thr308), Akt, PKCα and ErbB3 antibodies were 

from Cell Signaling Technology (Danvers, MA), and anti-actin antibody was purchased 

from Sigma-Aldrich (St. Louis, MO). Anti-EEA1 antibody was from BD Biosciences (San 

Jose, CA). siRNAs for PKCα and Gab1 were from Qiagen (Valencia, CA) and those for 

PLCγ1 were from ambion (life technologies). Dual mTOR inhibitor (KU-0063794) and Akt 

inhibitor (MK-2206 2HCl) were purchased from Selleckchem. All other reagents were from 

Sigma-Aldrich (St. Louis, MO).
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Cell Culture and Cell Counting

HCC827, H4006, H1975, and H292 cells were grown in RPMI supplemented with 10% 

(v/v) fetal bovine serum. For cell counting, cells were trypsinized from culture dishes, and 

10μl of cell suspension was mixed with Trypan blue in a 1:1 ratio (v/v) for 1 minute and 

then cell number was counted using Countess® automated cell counter (Invitrogen).

Immunohistochemistry

Human tissue arrays were obtained from Folio (Catalogue number: FOLIO-800). 

Deparaffinization of tissue slides was performed at 60°C for 1 hr. After 10 min of cooling, 

tissues were hydrated in two separate baths of xylene for 5 minute each, followed by a bath 

in 2% hydrogen peroxide/methanol solution for 30 minutes and finally incubated in 3 

different concentrations of ethanol solutions (100%, 95%, 70%). After neutralizing in water, 

antigen retrieval was performed in citrate buffer (pH 6) at 100–120°C for 10 minutes. 

Sections were cooled at 4°C for 30 min and subsequently blocked using 5% BSA/Tris buffer 

solution/ 0.1% Tween (TBST) for 30 min at room temperature. Blocked tissues were 

incubated with unconjugated primary antibody overnight: anti-EGFR (E746-A750del 

Specific) or anti-PKCα (Cell Signaling), both diluted 1:50 in block solution. Tissues were 

washed for 5 min 3x with TBST and incubated with conjugated secondary antibody (Biocare 

MACH 3 Rabbit HRP). Sections were then washed and counterstained with nuclear stain 

and mounted in Vectashield mounting medium (Vector Labs). Microscopy was performed 

using a Zeiss microscope. Optical density (OD) for PKCα staining were calculated by 

ImageJ software version 2 (https://imagej.nih.gov/ij/).

Plasmid Constructs and Transient Transfection

All plasmids were generated by standard protocols. Wild type GFP-PKCα and GFP-EGFR 

were described previously (47–49). The GFP-mtEGFR construct was made by using 

pEGFP-N1 vector and GFP-EGFR as a template for the QuickChange II Site-Direct 

Mutagenesis Kit. Cells were plated on 6- well plates at a density 5×104 cells/well. After 24 

hours, X-tremeGENE 9 was used for transient transfection following the manufacturer’s 

protocol. After transfection, cells were grown in normal medium with 10% FBS for 24 to 48 

hours and then starved with medium without serum for 5 hours, followed by different 

treatments.

Generation of H292 Cells Stably Expressing PKCα and/or or mtEGFR

pENTR™ Directional TOPO® Cloning Kit (Life technologies, NY, USA) was used for 

cloning of PKCα and mtEGFR into pENTR/D-TOPO entry vector. Human PKCα and 

mtEGFR were amplified from GFP-PKCα and GFP-mtEGFR plasmid constructs using the 

following primers: PKCα Fwd: CACCATGGCTGACGTTTTCCCG; PKCα Rvs: 

TACTGCACTCTGTAAGATGGG; mtEGFR Fwd: CACCATGGGACCCTCCGGGACG; 

mtEGFR Rvs: TCATGCTCCAATAAATTCACTGC. PCR products were then purified and 

cloned into pENTR/D-TOPO and transformed into One Shot® Competent E. coli (Life 

technologies) and plasmids were isolated form selected colonies and sequenced. PKCα and 

mtEGFR were cloned into pLenti6.3/TO/V5-DEST (Addgene) and pLenti CMV/TO Puro 

DEST (Addgene), respectively using clonase reaction following the Gateway® LR 
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Clonase® II enzyme mix’s protocol (Life technologies) for 2 hours at 25°C. Two μl from 

clonase reaction were transformed into STBL3 cells (life technologies) and plated into 

ampicillin LB plates followed by plasmid isolation and sequencing.

For generating lentiviral particles, 293T cells were seeded into 100mm dishes at a density of 

2.5×106 cells in 10ml DMEM with 10% FBS on the day before transfection. For each 

transfection, 13.5 μl X-tremeGENE 9 was diluted into 150μl optimum/dish. Next, 1.5μl from 

each of the following plasmids was added: PKCα/mtEGFR pLentiviral vector, viral 

envelope plasmid (pCMV-VSV-G; Addgene), packaging plasmid (pCMV-dR8.2 dvpr; 

Addgene). As a control, pLenti CMV/TO Puro and pLenti CMV Blast Empty vectors 

(Addgene) were used.

The mixture was then incubated for 15 min at room temperature and then added to the cells. 

One day later, medium was aspirated and replaced with 10ml DMEM. Two days later, 

medium was harvested, filtered through 48μm PVDF filters, aliquoted, and stored at −80°C.

H292 cells were seeded into 35mm dishes (150,000 cells in 2ml RPMI). Next day, media 

were aspirated then replaced with 1ml RPMI with 16μg/ml polyprene followed by addition 

of 1ml of PKCα, mtEGFR, or control lentiviral particles. Medium was changed after 24 hrs 

with fresh RPMI. One day later, cells were expanded into 100mm dishes in 10ml RPMI with 

selective antibiotic (2μg/ml puromycin for mtEGFR and 50μg/ml blasticidin for PKCα). 

Cells were selected for 10 days followed by confirmation of protein overexpression with 

western blotting. For PKCα and mtEGFR co-expression experiment, H292 cells were first 

infected with PKCα lentivirus and were selected with blasticidin for 10 days followed by 

infection with mtEGFR lentivirus and cells were then selected with puromycin for 7–10 

days.

siRNA Transfection

siRNAs were transfected into NSCLC cells with Lipofectamine RNAiMAX following the 

manufacturer’s recommendation. Transfected cells were grown in medium with 10% FBS 

for 48 to 72 hours then followed by specific treatments as indicated.

Generation of PKCα Knockout Cells Using Crispr/Cas9 Technology

To knockout PKCα from HCC827 cells, we used the Lenticrispr v2.0 system (50). The 

LentiCRISPR v2 plasmid was a gift from Feng Zhang (Addgene plasmid # 52961). Briefly, 

guide RNAs targeting the PKCα gene were designed using the ChopChop algorithm (http://

chopchop.cbu.uib.no/) and cloned into the plasmid as described previously (51). To generate 

lentivirus, 2μg plasmids were co-transfected with 2μg VSV-G and 2μg dVPR into 293T cells 

(2500K/100mm dish). Virus-containing media were harvested and filtered (0.22μM PVDF 

membrane) after 72h. HCC827 cells (100K/6-well) were infected with 1ml virus-containing 

media in the presence of polybrene (8μg/ml). After 48h, cells were split into 100mm dishes 

containing selective media (2μg/ml puromycin). After 7 days of selection, puromycin was 

removed and cells were maintained in normal growth medium.
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Immunofluorescence

Cells were plated on 35mm confocal dishes (MatTek) at a density of 3 to 5×105 cells/dish. 

After 24 to 48 hours, cells were then starved with medium without serum for 5 hours, 

followed by treatment. Fixation and permeabilization were conducted as described 

previously (52). After incubation with 2% human serum for 1 hour, cells were stained with 

primary antibodies and secondary antibodies as described before (52). All images were 

taken by Leica TCS SP8, and pictures are representative of a least three fields examined 

from three independent experiments.

MTT Assay

Cells (5×104) were plated in 6 well plates, and after 24 hours, they were treated as indicated. 

MTT (Thiazolyl Blue Tetrazolium Bromide: 5mg/ml in PBS, 400μl) and fresh medium was 

added to each well, and following brief agitation, cells were incubated at 37°C for 3–4 

hours. Media were aspirated, and 2ml MTT solvent was added. Following brief agitation to 

ensure full dissolution, optical density was read at 595nm.

Immunoprecipitation

HCC827 were serum starved for 5 hours and then treated with vehicle, Go6976, or erlotinib 

for 1 hour. After washing with ice-cold PBS, cells were collected and lysed in lysis buffer 

(50mM Tris-HCl, pH 7.4, 150mM NaCl, 1mM EDTA, and 1% Triton X-100) with protease 

and phosphatase inhibitor cocktails (Sigma-Aldrich) on ice for 20 min. Lysates were cleared 

by centrifugation, and protein concentration was determined by Bicinchoninic Acid Assay 

(BCA). Lysates containing 500μg - 1mg protein were pre-cleared with protein G magnetic 

beads (EMD Millipore) for 1h at 4°C, and subsequent immunoprecipitations were carried 

out using anti-(E747-A750del Specific) EGFR antibody by end-to-end rotation overnight at 

4°C following the manufacturer’s protocol. The next day, the pre-formed antibody-antigen 

complex was added to the protein G magnetic beads and incubated for another 1h at 4°C. 

Antigen-antibody-bead complexes were separated by using the magnetic stand and washed 

three times with 1X PBS containing 0.1% Tween. After boiling with sample loading buffer, 

proteins were resolved on 4–20% TGX gels (BioRad Laboratories), and immunoblotting 

was carried out as described above.

Statistical Analysis

Statistical significance was calculated with student’s t-test or by two-way ANOVA with 

Bonferroni Post-test where appropriate. A p-level of below 0.05 was considered to be 

statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

cPKC Classical protein kinase C

EGFR Epidermal growth factor receptor

ERK Extracellular related kinase

mEGFR EGFR mutations

mtEGFR mutant EGFR

mTOR Mammalian target of rapamycin

mTORC1 mTOR Complex 1

NSCLC Non-small cell lung cancer

PI3K phosphoinositide 3-kinase

S6K p70 Ribosomal S6 Kinase
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FIGURE 1. PKCα is highly expressed in NSCLC cell lines with EGFR mutations.
Mean Z scores from CCLE for PKCα (A), PKCβ (B) and PKCγ (C) were compared 

between 6 NSCLC cell lines with mtEGFR and 8 NSCLC cells with wild-type EGFR; (D) 

H292 and HCC827 cells were seeded in tissue culture plate over night, and then were 

harvested to examine the protein and mRNA levels of mtEGFR, PKCα by western blotting 

and real-time PCR.*** P<0.001.
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FIGURE 2. PKCα is highly expressed in NSCLC patients with mtEGFR.
(A) Non-small cell lung carcinoma TMA, which includes 40 cases of non-small cell lung 

carcinoma and normal adjacent lung tissues in duplicate, were stained with either mtEGFR 

(E746-A750del Specific) or PKCα antibody following the standard immunohistochemistry 

procedure; (B) Mean optical density (OD) for PKCα staining were calcualted by ImageJ and 

compared between patients with positive and negative mtEGFR staining. ** p<0.01.
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FIGURE 3. PKCα is activated in NSCLC cells.
(A) HCC827, H1650, H1975, H4006, A549 and H358 cells were serum starved for 5 hours, 

and then immunofluorescence was performed to visualize endogenous PKCα; (B) H292 and 

HCC827 cells were starved for 5 hours and then stimulated with 10ng/mL of EGF for 5 min 

as indicated; (C) HCC827 cells were starved and treated with DMSO or 500nM erlotinib for 

1 hour followed by immunofluorescence to visualize endogenous PKCα; (D and E) 

HCC827 cells were starved and treated with DMSO, 100nM erlotinib, or 500nM erlotinib 
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for 24 hours or 48 hours, followed by western blotting to analyze PKCα and phosphorylated 

EGFR protein level (D) or by real-time PCR to analyze PKCα mRNA level (E).
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FIGURE 4. EGFR mutation is sufficient to induce the sustained activation of PKC.
(A) H292 cells were co-transfected with PKCα-GFP and empty vector or PKCα-GFP and 

mtEGFR. After 24 hours, cells were serum starved for 5 hours, followed by 

immunofluorescence to visualize the location of PKCα-GFP, wild-type EGFR-GFP, or 

mtEGFR-GFP. Quantitation of GFP-positive cells with membrane localization is shown next 

to the images; (B) HCC827 cells were starved and treated with 5μM U73122 for 1 hour, and 

the localization of endogenous PKCα was analyzed by immunofluorescence; (C) HCC827 

cells were starved and treated with DMSO or 500nM erlotinib for 1 hour and then the 
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phospho-PLCγ Tyrosine 783 and PLCγ 1 and β-actin were analyzed by western blotting; 

(D) HCC827 cells were starved and treated with DMSO or 500nM erlotinib for 1 hour and 

then the phospho-PLCγ Tyrosine 783 was analyzed by immunofluorescence.
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FIGURE 5. Activation of mTORC1 in NSCLC cell lines with mtEGFR requires PKCα, and 
PLCγ.
(A) HCC827 cells were starved and then treated with various concentrations of Go6976 or 

enzastaurin as indicated, following with western blotting to detect phosphorylation of S6K 

and phosphorylation of EGFR; (B) HCC827 cells were transfected with control siRNA or 

PKCα siRNA for 72 hours, and then serum starved for 5 hours following with 10ng/ml EGF 

for 5 min; (C) HCC827 cells were starved and then treated with different concentration of 

U73122 for 1 hour, followed by western blotting to detect pEGFR, pS6K, S6K and actin.
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FIGURE 6. PKCα is involved in the activation of PI3K/Akt in HCC827 cells with mtEGFR.
(A) HCC827 cells were starved for 5 hours and then treated with Go6976 or enzastaurin at 

different concentration as indicated, followed by western blotting to detect P-AKT (S473) 

and actin; (B) HCC827 cells transfected with control or PKCα siRNA were starved for 5 

hours, and then protein levels were checked by western blotting; (C) Vector and PKCα 
CRISPR HCC827 cells were serum starved for 5 hours followed by immunoblotting; (D) 

HCC827 cells were starved for 5 hours, followed by Go6976 or enzastaurin treatment for 1 

hour; (E) HCC827 cells were starved and then treated with MK-2206 and KU-0063794 for 1 
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hour, and then phosphorylation and total protein level of targeted proteins were analyzed by 

western blotting; (F) HCC827 cells were starved for 5 hours and then treated with 5μM 

U73122 for 1 hour; (G) HCC827 cells were transfected with control, Gab1, or ErbB3 siRNA 

for 72 hours and then starved for 5 hours followed by western blotting to detect 

phosphorylated or total protein levels of targeted proteins; (H) HCC827 cells were starved 

for 5 hours and then treated with DMSO, Go6976 or erlotinib, followed by 

immunoprecipitation of mtEGFR to analyze the interaction of Gab1 and mtEGFR.
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FIGURE 7. PKCα gain of function is sufficient to activate the Akt/mTOR pathway.
(A) H292 and HCC827 cells were starved for 5 hours, and then pretreated with Go6976 for 

1 hour followed by treatment with 10ng/mL EGF for 5 min; (B) H292 cells were transiently 

transfected with vector or PKCα-GFP, and then cells were starved for 5 hours followed by 

treatment with 10ng/mL EGF for 5 min; (C) H292 cells were stably transfected with vector, 

mtEGFR or PKCα, and then cells were analyzed by western blotting for phosphorylated or 

total targeted protein.
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FIGURE 8. mtEGFR/PKCα/mTOR signaling pathway regulates cell survival in HCC827.
(A) H292 and HCC827 cells were grown in medium with serum or without serum as 

indicated. MTT OD value was read at 1, 2, and 3 days after the feeding; (B) H292 cells and 

HCC827 cells were grown in medium without serum plus DMSO or 100nM erlotinib for 48 

hours; (C) H292 and HCC827 cells were cultured in medium without serum plus DMSO, 

100nM Go6976, or 100nM rapamycin for 48 hours; (D) Vector and PKCα CRISPR 

HCC827 cells were grown under serum free conditions, and MTT OD values were measured 

after 24, 48, and 72 hours; (E) Control H292 cells and those stably expressing PKCα and or 
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mtEGFR were grown under serum free conditions and MTT OD values were measured after 

24, 48, and 72 hours.* p<0.05; ** p<0.01.
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FIGURE 9. mtEGFR/PKCα signaling regulates apoptosis and autophagy in HCC827 cells.
HCC827 cells were grown in serum-free medium plus DMSO, 100nM Go6976, or 100nM 

erlotinib for 48 hours. The LC3-I, LC3-II, pro-caspase 3 and cleaved caspase 3 were 

detected by Western blotting; (B) Vector and PKCα CRISPR HCC827 cells were treated 

with vehicle or 100 nM erlotinib for 24 hours followed by immunoblotting for caspase-3 and 

cleaved caspase-3.
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