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Abstract

Purpose—Acquired resistance to erlotinib in patients with EGFR-mutant non-small cell lung 

cancer can result from aberrant activation of alternative receptor tyrosine kinases, such as the 

HGF-driven c-MET receptor. We sought to determine whether inhibition of AKT signaling could 

augment erlotinib activity and abrogate HGF-mediated resistance.

Methods—The effects of MK-2206, a selective AKT inhibitor, were evaluated in combination 

with erlotinib on a large panel of 13 lung cancer cell lines containing different EGFR or KRAS 

abnormalities. The activity of the combination was assessed using proliferation assays, flow 

cytometry and immunoblotting. The MEK inhibitor PD0325901 was used to determine the role of 

the MAP kinase pathway in erlotinib resistance.

Results—The combination of MK-2206 and erlotinib resulted in synergistic growth inhibition 

independent of EGFR mutation status. In cell lines where HGF blocked the anti-proliferative and 

cytotoxic effects of erlotinib, MK-2206 could restore cell cycle arrest, but MEK inhibition was 

required for erlotinib-dependent apoptosis. Both AKT and MEK inhibition contributed to cell 

death independent of erlotinib in the T790M-containing H1975 and the EGFR-WT cell lines 

tested.

Conclusions—These findings illustrate the potential advantages and challenges of combined 

signal transduction inhibition as a generalized strategy to circumvent acquired erlotinib resistance.
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Introduction

The epidermal growth factor receptor (EGFR) regulates key intracellular pathways 

responsible for cell proliferation and survival and is frequently overexpressed in non-small 

cell lung cancer (NSCLC). Agents blocking the function of EGFR tyrosine kinase activity, 

including erlotinib, have demonstrated a modest clinical benefit after first- or second-line 

chemotherapy (Shepherd et al. 2005; Thatcher et al. 2005). A more robust and dramatic 

response has been observed following treatment with EGFR tyrosine kinase inhibitors 

(TKIs) in patients whose tumors possess somatic mutations in EGFR leading to constitutive 

activation of the receptor and its downstream pathways primarily including PI3K/AKT and 

MEK/ERK (Amann et al. 2005; Hirsch et al. 2006; Lynch et al. 2004; Mukohara et al. 

2005). In most lung cancers with activating EGFR mutations, the induction of signaling 

pathways appears under the sole regulation of EGFR (Weinstein 2002).

Acquired resistance to EGFR TKIs occurs primarily through the development of secondary 

mutations (T790M) in EGFR or the activation of parallel downstream pathways via 

alternative receptor tyrosine kinases (RTKs; Bean et al. 2007; Engelman et al. 2007; 

Kobayashi et al. 2005; Niederst and Engelman 2013; Pao et al. 2005). For example, MET 

amplification or expression of the MET receptor ligand hepatocyte growth factor (HGF) has 

been implicated in erlotinib resistance by maintaining the signaling of the PI3K/AKT and 

MEK/ERK pathways (Engelman et al. 2007; Wang et al. 2012; Yano et al. 2008, 2011). 

Multiple studies have sought to directly target the PI3K/AKT and MEK/ERK pathways to 

overcome their aberrant reactivation resulting from mutational events or alternative RTK 

signaling in the EGFR TKI-resistant setting (Donev et al. 2011; Li et al. 2011; Sano et al. 

2013; Sos et al. 2009). However, engagement of negative feedback loops may curtail the 

effectiveness of targeting downstream pathways. Suppression of either PI3K/AKT or 

MEK/ERK may induce signaling in the parallel pathway or increase upstream RTK 

signaling, reducing the impact of targeted therapy (Niederst and Engelman 2013). Effective 

combination therapies in the EGFR TKI-resistant setting would therefore be of greatest 

utility if they could re-establish EGFR dependency while mitigating alternative signaling 

salvage pathways.

MK-2206 is a highly selective first-in-class allosteric inhibitor of AKT 1/2/3 (Barnett et al. 

2005). As an allosteric inhibitor, MK-2206 retains AKT in an inactive conformation, 

preventing membrane localization, and subsequent activation. Phase I data on MK-2206 

have shown it to be well tolerated, with pharmacodynamic and pharmacokinetic data 

indicating substantial AKT inhibition at a dose of 60 mg QOD 22 (Molife et al. 2014; Yap et 

al. 2011). Early studies conducted with MK-2206 suggest that it may enhance anti-tumor 

activity of EGFR-targeted therapeutics including EGFR TKIs and the monoclonal antibody 

cetuximab (Hirai et al. 2010; Iida et al. 2013; Meng et al. 2010). Here, we describe the 

effects of AKT inhibition as a strategy to augment erlotinib activity and overcome HGF-

mediated EGFR TKI resistance.
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Materials and methods

Cell culture and reagents

The NSCLC cell lines HCC827, H358, H1666, H460, H1975, H1650, A549, H727, H1703, 

Calu-1, A427 and H1355 were purchased from American Type Culture Collection 

(Manassas, VA, USA). PC-9 cells were kindly provided by Dr. Reen Wu (University of 

California, Davis, CA, USA). All cell lines were maintained in RPMI supplemented with 10 

% FBS (JR Scientific, Woodland, CA, USA), 1× penicillin/streptomycin/L-glutamine, and 

1× MEM vitamin solution (Invitrogen, Carlsbad, CA, USA). Cell line authentication for 

H1975, HCC827, PC-9, H1666, and H358 was performed by the University of Arizona 

Genetics Core on 2/3/14 comparing the autosomal STR profiles with reference databases. 

EGFR and/or KRAS mutations were confirmed separately for all cell lines by DNA 

sequencing. The AKT inhibitor MK-2206 was provided by MERCK Inc., and erlotinib was 

provided by OSI Pharmaceuticals. Both agents were diluted in DMSO to a concentration of 

10 mM. Hepatocyte growth factor (HGF) was purchased from Peprotech (Rocky Hill, NJ, 

USA) and reconstituted in 0.1 % BSA to a concentration of 10 μg/mL. The c-Met inhibitor 

PHA665752 and MEK inhibitor PD0325901 were purchased from Tocris Bioscience (R&D 

systems, Minneapolis, MN, USA), reconstituted to 100 mM in DMSO and 25 mM EtOH, 

respectively, and used at the listed concentrations. After reconstitution and/or dilution to 

stock concentrations, agents were stored at −20 °C until use.

Proliferation assay

Cell lines were plated at 1,000–5,000 cells/well in 96-well plates in the presence of media 

and were allowed to attach overnight prior to treatment. Plating density was determined 

based upon doubling time of each cell line. All samples were performed in triplicate. For 

single-agent and drug interaction studies, MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide; Thiazolyl blue; Sigma-Aldritch, St. Louis, MO, USA) assays 

were performed to assess growth following three days of treatment. Cells were incubated 

with 5 mg/mL MTT for 3.5 h at 37 °C. The supernatant was removed, cells were lysed in 

100 % DMSO for 15 min, and absorbance was measured at 550 nm with reference 

background at 690 nm on a Benchmark plus photometer (Bio-Rad, Camarillo, CA, USA). 

For drug interaction studies, ten of the cell lines within our panel were treated with 1:1 fixed 

ratios of both agents at 0.5, 2.5, and 5μM (with the exception of HCC827 where the IC50 for 

erlotinib is ~0.05 μM). The selected dose range for each agent was sub-IC50 for most cell 

lines in order to limit possible non-targeted effects observed at higher doses. Following 72 h 

of treatment, cells were incubated with MTT as already described. For combination studies 

the Cell Titer-Fluor Cell Viability Assay (Promega, Madison, WI) was performed according 

to manufacturer’s specifications. Fluorescence was measured at 380–400 nmEx/500Em on a 

Tecan Safire fluorescent microplate reader with Magellan data analysis software (Tecan, 

San Jose, CA, USA).

Flow cytometry

Cells (7.5 × 105 cells) were seeded into 100-mm dishes and allowed to adhere overnight. 

Cells were then treated for 24 h prior to trypsinization and prepared for cell cycle analysis as 

previously described by Chinn et al. (2011). Briefly, cells were re-suspended in 0.5 mL PBS 
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(pH7.4) then fixed in a final concentration of 75 % ethanol and stored at −20 °C. Cells were 

then centrifuged, re-suspended in PBS with DNase-free RNase (Fermentas, Glen Burnie, 

MD, USA), and incubated at 37 °C for 45 min. Propidium iodide staining was followed. 

Cellular DNA content was measured by a Becton–Dickinson FACScan and CellQuest 

software (BD Biosciences, San Jose, CA, USA). Cell cycle analysis was performed and sub-

G1 population was calculated using ModFit LT (BD Biosciences) and Flowing Software 

(Turku Centre for Biotechnology, Turku, Finland), respectively. Data are reported for 

triplicate experiments.

Immunoblotting

Cell lysates were prepared by washing once with cold PBS followed by lysis with a 

modified RIPA buffer containing 25 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 

1 mM EGTA, 10 mM NaF, 1 % NP-40, 10 % glycerol, 2 mM Na3VO4, and 1X EDTA-free 

protease inhibitor cock-tail tablets (Roche) as previously described by Chinn et al. (2011). 

Protein concentration was determined using the Pierce BCA protein assay kit (Thermo 

Scientific, Rockford, IL, USA) according to the manufacturer’s protocol. SDS-PAGE was 

performed with 10–25 μg of protein loaded for each sample. Protein was transferred to 

nitrocellulose membranes (Bio-Rad, Hercules, CA, USA) and probed overnight at 4 °C with 

the following primary antibodies: phospho-AKT (Ser473) (#4060), AKT (#9272), phospho-

ERK1/2 (Thr202/Tyr204) (#4370), ERK1/2 (#4696), EGFR (C74B9, #2646), BIM (#2819), 

cleaved caspase-3 (#9661; Cell Signaling Technology, Danvers, MA, USA), phospho-EGFR 

(Tyr1068; #44788G; Invitrogen, Carlsbad, CA, USA), PARP-1 (#sc-8007; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA), β-actin (#A2228; Sigma-Aldrich, St. Louis, MO, 

USA). Blots were then incubated for 1 h at room temperature with the HRP-conjugated 

secondary antibodies, anti-mouse IgG (W4021) and anti-rabbit IgG (W4011; Promega, 

Madison, WI, USA), and visualized by chemiluminescence with Amersham ECL (GE 

Healthcare, Buckinghamshire, UK).

Statistical analysis

All plots were generated using GraphPad Prism 5 version 5.03 for Windows (GraphPad 

Software, San Diego, CA, USA). Using median-effect analysis as originally described by 

Chou and Talalay, combination indexes (CI) were formally generated with CalcuSyn 

software (Biosoft, Cambridge, UK) to determine whether the combination treatments were 

synergistic (CI < 1; Chou and Talalay 1984). A 50 and 75 % effective dose (ED) was 

reported for triplicate experiments as these coincide with the actual dose effects observed by 

the assay for most cell lines.

Results

Combination treatment with MK-2206 and erlotinib synergistically inhibits cell proliferation

We assessed the anti-proliferative activity of MK-2206 in a panel of 13 NSCLC cell lines 

comprised of four EGFR-mutant cell lines (HCC827, H1975, H1650, and PC9), seven 

KRAS-mutant cell lines (A549, H460, Calu-1, H727, H358, A427, and H1355), and two 

EGFR and KRAS wild-type cell lines (H1703 and H1666). As a single-agent, treatment with 

MK-2206 resulted in growth inhibition for all cell lines within our panel with an IC50 
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ranging from 2.5–20 μM (Fig. 1b). There was no discernible difference in treatment 

response to single-agent MK-2206 in the three population groups examined. As shown in 

Fig. 1b, MK-2206 potently inhibited phospho-AKT (S473) in a dose-dependent manner 

achieving almost complete inhibition between 0.1 and 0.5 μM.

To test the effects of MK-2206 on erlotinib activity, we examined how addition of MK-2206 

would shift the dose curve for erlotinib within our cell line panel. Using a sub-IC50 fixed 

dose of MK-2206 (0.5 μM) effective in attenuating AKT phosphorylation, the combination 

showed greater anti-proliferative activity than single-agent erlotinib (Online Resource 1) for 

most of the cell lines tested. We next performed drug interaction studies on a subset of the 

cell lines according to methods described by Chou and Talalay (see Materials and methods). 

CI values were generated based upon median-effect plots of single-agent MK-2206, single-

agent erlotinib, and the combination of both agents (Online Resource 2). CI < 1 is 

considered synergistic, >1 is antagonistic, and =1 is additive. Shown in Table 1 are the CI 

values measured at two different dose–effect levels: at ED50 (effective dose of 50 % 

response) and ED75 (effective dose of 75 % response). Of the ten cell lines examined, 

almost all showed a synergistic interaction between erlotinib and MK-2206 over the dose 

range tested, including the T790M-positive EGFR-mutant H1975 cell line, which is poorly 

responsive to erlotinib. These results suggest that AKT inhibition may enhance the activity 

of erlotinib in both EGFR-mutant and wild-type cells.

MK-2206 partially restores erlotinib sensitivity following treatment with HGF in EGFR wild-
type and mutant NSCLC cell lines

Activation of the MET receptor has been shown to bypass inhibition of EGFR in erlotinib-

sensitive cell lines and patient tumors, leading to acquired resistance to EGFR TKI 

monotherapy. This effect has largely been associated with continued maintenance of 

downstream signaling pathways including PI3K/AKT. We therefore sought to determine 

whether direct inhibition of AKT by MK-2206 was sufficient to restore erlotinib sensitivity 

in cells rendered resistant due to MET activation. Of the cell lines in our panel, we selected 

five for continued study: two EGFR-mt (HCC827, PC-9) containing an exon 19 deletion, 

one KRAS-mt (H358), one EGFR/KRAS-wt (H1666), and one EGFR-mt (L858R/T790M) 

erlotinib-resistant cell line H1975. In order to minimize inhibiting non-specific targets, doses 

of each agent were limited to the dose needed to ablate EGFR phosphorylation. For the 

EGFR-mutant cell lines HCC827 and PC-9, we found complete inhibition of EGFR was 

observed by 50 nM, whereas for the EGFR-wt cell lines a ten-fold higher dose was required 

(data not shown). In order to develop models of resistance, cells were treated with human 

HGF to stimulate MET signaling in the presence of erlotinib. As shown in Fig. 2a, the 

HCC827, PC-9, and H1666 cell lines became insensitive to erlotinib upon addition of HGF. 

This effect was largely reversed by subsequent treatment with the MET inhibitor 

PHA-665752, at a dose that abrogated HGF-induced pMET expression (Fig. 2b). Neither 

H358 nor H1975 showed much sensitivity to erlotinib at this dose level (see Online 

Resource 3 for activity of erlotinib in H358 and H1975 using higher dosing). Single-agent 

treatment with PHA-665752 had no effect on cell proliferation absent both HGF and 

erlotinib (data not shown); this would suggest that, in our models, targeting MET outside of 

erlotinib resistance has little utility overall for disrupting cell growth and survival.
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Using MK-2206 to inhibit AKT in combination with erlotinib was sufficient to partially 

restore erlotinib sensitivity in the resistant cell lines. Significantly enhanced growth 

inhibition was observed following MK-2206 co-treatment compared with erlotinib alone in 

HGF-stimulated cells (HCC827: 25 vs. −4 %; PC-9: 21 vs. 6 %; H1666: 25 vs. −3 %; H358: 

7 vs. −3 %). This effect was similar to the level of inhibition observed for MK-2206 alone. 

HGF stimulation had a limited effect on MK-2206-mediated growth kinetics with the 

exception of the KRAS-mutant H358. Taken together, it appears that HGF-induced erlotinib 

resistance is not solely dependent upon the AKT pathway, and treatment with the MET 

inhibitor is still required to fully restore erlotinib sensitivity. However, including MK-2206 

in the combination of erlotinib plus PHA-665752 was still superior to the double 

combination (HCC827: 81 vs. 67 %; PC-9: 51 vs. 26 %; H1666: 44 vs. 16 %; H358: 15 vs. 

−3 %). These results would suggest that neither EGFR nor MET inhibition is sufficient to 

completely alter or eliminate AKT signaling, thus providing a therapeutic window for 

MK-2206 to further disrupt cell growth in the combination treatments.

MK-2206 restores cytostatic but not apoptotic activity in erlotinib-treated cells under HGF-
mediated resistance

To explore the anti-proliferative effects observed in our treatment combinations, we 

examined the cell cycling profiles of four of the cell lines by flow cytometry (a 

representative sample is seen in Online Resource 4). As the low dose of erlotinib (0.5 μM) 

had little effect on proliferation in the H358 and H1975 cell lines, we utilized the higher 

dose (2.5 μM) for those cell lines in cell cycling experiments. After 24 h, both erlotinib and 

MK-2206 induced a partial G1 arrest in the four cell lines tested, with a substantial reduction 

in the S-phase population, although the effect of erlotinib was still minimal in the T790 M-

positive H1975 line (Online Resource 5). In three of the four cell lines (H1666, H1975, and 

H358), the combination of erlotinib and MK-2206 resulted in a greater G1 arrest with a 

concomitant reduction in S-phase and/or G2 cells when compared with single-agent 

treatment. In the fourth cell line (HCC827), sub-G1 DNA content, an indicator of apoptosis, 

was substantially increased by the combination (37.9 vs. 22.8 %), an effect that was also 

noted in the H358 cell line (10.1 vs. 4.1 %) (Online Resource 4, detailed in Online Resource 

6). As expected based upon the proliferation studies, HGF strikingly reversed the cytostatic 

and cytotoxic effect of erlotinib in all cell lines. MK-2206 largely restored erlotinib 

cytostatic activity; however, this effect did not appear to restore the cytotoxic effects 

observed absent HGF-induced resistance. In this setting, it therefore appears that AKT 

inhibition principally targets cell cycling and proliferation rather than survival.

Combined AKT and MEK inhibition is effective in HGF-mediated resistance models

While MK-2206 appears to restore the cytostatic capabilities of erlotinib when treated with 

HGF, it is not sufficient to restore cytotoxicity. Persistent activation of the MEK/ERK 

signaling network maintained by the HGF/MET pathway represents one possible avenue by 

which cell viability may be maintained in the presence of EGFR inhibition. As shown in Fig. 

3, single-agent treatment with the MEK inhibitor PD0325901 showed modest anti-

proliferative activity in all cell lines tested. The dose chosen for PD0325901 (0.5 μM) was 

sufficient to completely abrogate ERK1/2 phosphorylation for all cell lines (data not shown). 

Notably, the addition of HGF could negatively modulate the growth inhibitory effects of 
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PD0325901 treatment in the PC-9, H1666, and H358 cell lines (PC-9: 21–3 %; H1666: 41–

18 %; H358: 33–15 %), although HGF had little effect on PD0325901 activity in the 

erlotinib-sensitive HCC827 and erlotinib-resistant H1975 cell lines. This contrasts with the 

response observed with MK-2206, where HGF-induced modulation of MK-2206 treatment 

was confined to the KRAS-mutant H358 cell line. In combination, PD0325901 and erlotinib 

showed a synergistic effect (similar to the combination treatment of erlotinib and MK-2206) 

on proliferation. In HGF-stimulated cells, combined PD0325901 and erlotinib treatment 

marginally outperformed erlotinib, in all tested cell lines, and PD0325901, in PC9 only (Fig. 

3).

Examining combined AKT and MEK inhibition, we observed apparent synergism between 

MK-2206 and PD0325901 as concurrent treatment showed increased anti-proliferative 

activity in all cell lines when compared to single-agent treatments of MK-2206 and 

PD0325901 (HCC827: 56 vs. 30 and 24 %; PC-9: 33 vs. 21 and 21 %; H1666: 59 vs. 24 and 

41 %; H358: 50 vs. 20 and 33 %; H1975: 65 vs. 38 and 19 %). Combined EGFR/AKT/MEK 

inhibition further reduced cell proliferation in all cell lines except the erlotinib-resistant 

H1975, more so than the double combinations of MK-2206 plus erlotinib or PD0325901 

plus erlotinib. Given the efficacy of the double and triple combinations, it appears that 

erlotinib as a single-agent was not able to completely abrogate downstream signaling 

through these two pathways at the does given. Although HGF stimulation reduced the 

efficacy of the triple combination, combined AKT and MEK inhibition with erlotinib was 

still superior to erlotinib alone under the influence of HGF (HCC827: 53 vs. −4 %; PC-9: 41 

vs. 6 %; H1666: 45 vs. −3 %; H358: 37 vs. −3 %; H1975: 73 vs. −5 %). This was observed 

even in the presence of the MET inhibitor PHA-665752 (HCC827: 91 vs. 67 %; PC-9: 82 

vs. 26 %; H1666: 71 vs. 16 %; H358: 51 vs. −3 %; H1975: 72 vs. 1 %).

Inhibition with MK-2206 and PD0325901 is required to abrogate activity of AKT and ERK in 
EGFR wild-type and erlotinib-resistant cells

Additional analysis was conducted to determine the molecular changes leading to growth 

inhibition in the treatment combinations. For the EGFR-mutant cell lines HCC827 and 

PC-9, both pAKT and pERK were largely dependent upon EGFR signaling as treatment 

with erlotinib was sufficient to abrogate greater than 90 % of the activity of AKT and ERK 

(Fig. 4a), whereas erlotinib was less effective in the EGFR wild-type cell lines. While both 

single-agent MK-2206 and PD0325901 treatments successfully inhibited their targets in all 

cell lines, we also found that MEK inhibition had an inhibitory effect on pAKT in the 

EGFR-WT cells. Conversely, MEK inhibition appeared to induce pAKT in the EGFR-

mutant PC-9 and H1975 lines. MEK and AKT inhibition also resulted in modulation of 

EGFR phosphorylation, with distinctive patterns in each cell line. While erlotinib, at the 

doses used, could effectively diminish EGFR phosphorylation, in most cases this did not 

translate into complete down-regulation of pAKT and/or pERK. In the EGFR-WT cell lines, 

maximal ablation of both of these signaling intermediaries was only achieved in the triple 

combination (Fig. 4a, lane 8).

MET pathway activation leading to erlotinib resistance has primarily been associated with 

the maintenance of signaling downstream of EGFR. As shown in Fig. 4b (lane 1), HGF 
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stimulation protects pAKT and pERK expression from erlotinib treatment. This effect is 

largely reversed in the presence of the MET inhibitor PHA-665752. The H1975 cell line 

showed limited effects from either erlotinib treatment or HGF stimulation, likely arising 

from the presence of the T790M mutation and the continued signaling of pEGFR to 

downstream pathways. In this event, only the combined treatment with both MK-2206 and 

PD0325901 was sufficient to abrogate AKT and ERK signaling. Notably, in the EGFR-

mutant HCC827 which shows high baseline expression of pMET, erlotinib-ablated pMET 

and substantially reduced total MET protein levels suggesting that, under normal conditions, 

MET is primarily regulated by EGFR in these cells (Online Resource 7). MET signaling 

only becomes uncoupled from the activity of erlotinib upon stimulation with HGF. Both 

AKT and MEK appear to play a role in MET regulation as simultaneous treatment with 

MK-2206 and PD0325901 partially reduce MET phosphorylation compared with an 

untreated sample irrespective of erlotinib.

Combined AKT and MEK pathway inhibition induces apoptosis in HGF-treated erlotinib-
resistant cell line models

Using PARP cleavage and cleaved caspase-3 (CC3) as surrogates for apoptosis, we 

examined the differential accumulation of each cleavage product to determine the likelihood 

that growth inhibition was resulting from a cytotoxic response to treatment. As expected in 

the EGFR-mutant erlotinib-sensitive cell lines HCC827 and PC-9, exposure to erlotinib 

showed demonstrable accumulation of both cleaved PARP and caspase-3 after 24 h, whereas 

the EGFR-WT cells showed only a modest increase in apoptosis (Fig. 5). In further contrast, 

the EGFR-WT H1666 and H358 showed accumulation of cleavage products following 

single-agent treatment with the MEK inhibitor not observed in the EGFR-mutant HCC827 

and PC-9 lines (Fig. 5, lane 3). None of the cell lines tested showed any induction of 

apoptosis following treatment with single-agent MK-2206 (Fig. 5, lane 4), although 

MK-2206 enhanced erlotinib-induced apoptosis. Notably, the erlotinib-resistant EGFR-

T790M-positive H1975 was not affected by receptor modulation, showing an induction of 

PARP cleavage and CC3 only when treated with combined AKT and MEK inhibition.

Following exposure to HGF, erlotinib as a single-agent was no longer sufficient to induce 

apoptosis to the same extent as in the absence of HGF (compare Fig. 5, lane 16–lane 2). 

However, in the EGFR-mutant HCC827 and PC-9 cells, inhibition of MEK signaling in 

combination with erlotinib was able to override this effect, restoring apoptosis even in the 

presence of HGF (Fig. 5, lane 18). With that said, upstream pathway inhibition of EGFR 

signaling was required for the preponderance of cell death observed as dual inhibition of 

AKT and MEK in the absence of erlotinib, and was not sufficient to induce a similar amount 

of apoptosis (Fig. 5, lane 7). This would suggest that additional factors, apart from AKT and 

MEK, are necessary for survival downstream of EGFR.

The EGFR-WT and H1975 cells were more susceptible to the combination of AKT and 

MEK inhibition (Fig. 5, lane 7), even in the presence of HGF (lane 14). Examining the 

overall effect of treatment on the HCC827 and PC-9 cells, apoptosis appears primarily 

associated with EGFR phosphorylation status, although ERK is involved in survival relating 

to HGF-mediated erlotinib resistance.
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Discussion

There is an unmet clinical need to develop new therapies for NSCLC patients who have 

benefited from an EGFR TKI, but subsequently progressed. We therefore sought to 

determine whether AKT inhibition, using the allosteric AKT inhibitor MK-2206, could 

enhance activity of the EGFR TKI erlotinib and/or restore erlotinib sensitivity in the context 

of acquired resistance mediated by the MET receptor pathway. EGFR TKI resistance 

resulting from activation of MET, via MET amplification or elevated HGF expression, has 

been well documented (Engelman and Janne 2008; Gadgeel and Wozniak 2013). Directly 

targeting downstream signal transduction factors such as AKT in lieu of or in combination 

with EGFR TKIs could therefore prove a viable strategy for cancer therapeutics if the 

following conditions are met: (1) cells are sufficiently dependent upon identifiable 

downstream signaling intermediaries, such as the PI3K-AKT, or MEK-ERK pathways, (2) 

agents sufficiently active against signaling pathway targets are available, and (3) such 

combination treatments can be tolerated by the patient. In this work, we focused on 

erlotinib-sensitive and erlotinib-resistant models specifically mediated through MET 

receptor activation.

Prior studies have shown anticancer activity of MK-2206 across multiple tumor types as 

well as synergy with established chemotherapeutic agents in NSCLC (Agarwal et al. 2014; 

Almhanna et al. 2013; Hirai et al. 2010; Konopleva et al. 2014; Rashmi et al. 2014). 

Additional work has indicated synergy and enhanced cytotoxicity when MK-2206 is 

combined with EGFR inhibitors including erlotinib, gefitinib, and cetuximab in the context 

of a limited number of NSCLC, breast, and glioma cell lines (Cheng et al. 2012; Hirai et al. 

2010; Iida et al. 2013). This is consistent with our observations among a larger cohort of 

NSCLC cell lines showing synergistic growth inhibition with concurrent erlotinib and 

MK-2206. Immunoblotting demonstrated that doses of erlotinib that effectively abrogated 

EGFR phosphorylation could reduce, but not completely ablate, AKT phosphorylation. 

Consistent with this, others have shown that inhibition by EGFR TKIs may modulate the 

frequency of downstream signaling molecules and thereby reduce overall steady-state levels, 

but within the specific context of a single cell, residual activity may still be present (Albeck 

et al. 2013). One likely mechanism of synergy therefore is the ability of MK-2206 to 

effectively eliminate residual AKT signaling in an erlotinib-independent manner.

To simulate acquired resistance to erlotinib, we exposed erlotinib-responsive lines to HGF, 

the ligand for the MET receptor. HGF expression has been shown to mediate resistance to 

both reversible and irreversible EGFR TKIs as well the monoclonal antibody cetuximab in 

NSCLC cells (Nanjo et al. 2013; Yamada et al. 2010, 2012; Yano et al. 2008). Under 

baseline conditions, many of the NSCLC cell lines in our study express MET, but lack 

receptor phosphorylation. Upon the addition of exogenous HGF, activated MET signaling 

substantially diminished the efficacy of erlotinib, dramatically curtailing both cytotoxicity in 

EGFR-mutant cell lines and cytostatic effects in EGFR-WT lines. Using this model system, 

we then explored whether the AKT inhibitor MK-2206 could restore activity of erlotinib 

under HGF-stimulated conditions. In prior studies, PI3K inhibitors have been shown to 

overcome resistance to EGFR TKIs induced by HGF, highlighting a role for sustained AKT 

inhibition in reversing erlotinib sensitivity to HGF (Donev et al. 2011; Sano et al. 2013). In 
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HGF-stimulated cells, the combination of erlotinib plus MK-2206 outperformed erlotinib 

alone, although the degree of growth inhibition achieved was comparable to that of single-

agent MK-2206. However, MK-2206 co-treatment could override HGF-mediated cell cycle 

progression, restoring the cytostatic activity of erlotinib. These data suggest that HGF-

dependent erlotinib resistance is, with respect to cell cycle progression, derived from 

continued activation of the AKT pathway. However, we did not observe a concomitant 

increase in apoptosis markers, implying that AKT inhibition is insufficient to overcome 

HGF-mediated resistance in cells that would otherwise undergo apoptosis following 

treatment with erlotinib.

In light of these findings, we sought to determine the role of MEK-ERK signaling in this 

system. The importance of ERK signaling in HGF-MET signaling has been highlighted 

previously in hepatocellular carcinoma and lung cancer (Ma et al. 2007; Menakongka and 

Suthiphongchai 2010; Nagai et al. 2011). We investigated whether targeted inhibition of 

both MEK and AKT could mitigate the pro-survival effects of HGF in erlotinib-sensitive 

cells (Buonato and Lazzara 2014; Ercan et al. 2012). In contrast to MK-2206, the MEK 

inhibitor PD0325901 was better able to restore erlotinib-induced cytotoxicity under HGF-

mediated resistance.

In EGFR-mutant, erlotinib-responsive cell lines, erlotinib substantially reduced both MEK 

and AKT phosphorylation. Treatment with combined MEK and AKT inhibition could not 

fully recapitulate the activity of single-agent erlotinib, suggesting that additional signaling 

intermediaries beyond AKT and MEK are engaged by mutant-activated EGFR. However, 

extensive growth inhibition and apoptosis were observed following treatment with MK-2206 

plus PD0325901 in the H1975 line (EGFR L858R/T790M). This line was little impacted by 

erlotinib or through modulation of MET receptor activity (i.e. by HGF or deactivation by the 

Met inhibitor PHA-665752), but was responsive to combined AKT/MEK ablation. 

Furthermore, the EGFR-WT lines H1666 and H358, which underwent cell cycle arrest 

following erlotinib or MK-2206 treatment, exhibited extensive apoptosis when treated with 

the MEK inhibitor, further enhanced when in combination with the AKT inhibitor.

Overall, these results are consistent with previous findings that observed differential effects 

between PI3K and AKT inhibition on apoptosis in EGFR TKI sensitive cell lines (Faber et 

al. 2009). Where PI3K inhibition led to a down-regulation of the pro-survival BCL-2 family 

member MCL-1 which led to apoptosis, AKT inhibition failed to decrease MCL-1 levels 

and only negligibly affected cell survival. While MK-2206 and erlotinib could 

synergistically inhibit cell cycle progression, it is clear that, in the cell lines examined here, 

survival dependency is not singly reliant on AKT signaling. It has been previously noted that 

while the PI3K/AKT pathway is important in EGFR-dependent tumors and cell lines, 

activation of the PI3K pathway does not specifically imply dependency upon AKT signaling 

(Vasudevan et al. 2009). At the same time, inhibition of the MEK pathway downstream of 

the EGFR signaling cascade has been shown to induce expression of the pro-apoptotic BH3-

only BCL2 family member BIM leading to cell death (Gong et al. 2007). As observed in our 

study, it does appear that MK-2206 cooperates with the MEK inhibitor PD0325901 to 

increase both growth inhibition and cell death. Supporting this observation, co-treatment 

with MK-2206 and the MEK inhibitor, AZD6244, in a limited number of lung cancer cell 
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lines, was found to enhance the accumulation of BIM resulting in an increase in cell death 

compared with the MEK inhibitor alone (Meng et al. 2010).

In summary, we demonstrate that the combination of erlotinib plus the AKT inhibitor 

MK-2206 results in synergistic growth suppression in NSCLC cell lines. In cells rendered 

resistant to erlotinib by treatment with the MET receptor ligand HGF, MK-2206 could 

restore cytostatic effects but not completely restore cytotoxic effects of erlotinib. Instead, 

erlotinib-mediated cytotoxicity in NSCLC lines appeared to be preferentially dependent on 

MEK signaling. A phase II National Cancer Institute-sponsored clinical trial of erlotinib plus 

MK-2206 in advanced NSCLC patients who had progressed on erlotinib after previous 

benefit has been initiated (PHII-108, NCI 8698).
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Fig. 1. 
a Growth curves of single-agent MK-2206 in NSCLC cell lines. Cells were treated for 72 h 

prior to MTT. Legend is in order of sensitivity as indicated by IC50. Mutation status 

indicates the presence of an EGFR or KRAS mutation, with the specific substitution in 

parentheses; wt indicates no known abnormalities in either EGFR or KRAS. b Immunoblot 

of phospho-AKT (S473) following 3 h of treatment with MK-2206 at the indicated dose
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Fig. 2. 
a Growth response of NSCLC cell lines following 72 h of treatment with erlotinib (E) at 

0.05 μM (HCC827/PC-9) or 0.5 μM, MK-2206 (M) at 0.5 μM, HGF at 50 ng/mL, and/or 

PHA-665752 (PHA) at 0.5 μM using the CellTiter-Fluor Cell Viability Assay. Data are 

graphed as % growth relative to untreated cells. White columns have no added HGF or PHA; 

black columns are supplemented with HGF; hatched columns are supplemented with both 

HGF and PHA. b Immunoblot of the HCC827 cell line following 24 h of treatment with 

erlotinib, HGF, and/or PHA-665752 at similar dose levels
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Fig. 3. 
Growth response of NSCLC cell lines models of HGF-dependent erlotinib resistance 

following treatment with erlotinib (E)* (0.5 μM), MK-2206 (M) (0.5 μM), PD0325901 (PD) 

(0.5 μM), PHA665752 (PHA) (0.5 μM), and HGF (50 ng/mL) as single-agents or in 

combination using the CellTiter-Fluor Cell Viability Assay. All cells were treated for 72 h 

prior to analysis. Data are graphed as % growth relative to untreated cells. White columns 

have no added HGF or PHA; black columns are supplemented with HGF; hatched columns 

are supplemented with both HGF and PHA. *HCC827 and PC-9 cells were treated with 

lower doses of erlotinib (0.05 μM)
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Fig. 4. 
Immunoblotting analysis of phospho-EGFR, AKT, and ERK following 24 h of treatment in 

NSCLC cell lines. a Cells were treated with erlotinib* (0.5 μM), MK-2206 (0.5 μM), and 

PD0325901 (0.5 μM) as single-agents and in combination. b Cells were treated with 

erlotinib, MK-2206, PD0325901 with or without HGF (50 ng/mL) and PHA665752 (0.5 

μM). *HCC827 and PC-9 cells were treated with lower doses of erlotinib (0.05 μM)

Holland et al. Page 18

J Cancer Res Clin Oncol. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Immunoblotting analysis of PARP cleavage and cleavage caspase-3 (CC3) following 24 h of 

treatment with erlotinib* (0.5 μM), MK-2206 (0.5 μM), PD0325901 (0.5 μM) as single-

agents and in combination with NSCLC cell lines with or without HGF (50 ng/mL) and 

PHA665752 (0.5 μM). *HCC827 and PC-9 cells were treated with lower doses of erlotinib 

(0.05 μM)
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Table 1

Combination index (CI) at the ED50 and ED75 of erlotinib plus MK-2206 for NSCLC cell lines

Cell line Mutation (EGFR or KRAS) CI at ED50 CI at ED75

H1355 KRAS 0.761 4.242

H1650 EGFR 2.458 36.260

H358 KRAS 0.077 0.039

H460 KRAS 0.432 1.354

HCC827 EGFR 0.347 0.186

H1975 EGFR 0.346 0.565

H1666 0.161 0.018

A427 KRAS 0.490 0.835

Calu-1 KRAS 0.296 0.163

A549 KRAS 0.425 0.504

Listed in order of sensitivity to MK-2206 from least to greatest sensitivity. CI<1 indicates synergistic interactions between the two agents. CI 
curves for each cell line can be found in Online Resource 2
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