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EGFR inhibition evokes innate drug resistance in lung
cancer cells by preventing Akt activity and thus
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Nonsmall cell lung cancer (NSCLC) is the leading cause of cancer
death worldwide. About 14% of NSCLCs harbor mutations in epi-
dermal growth factor receptor (EGFR). Despite remarkable pro-
gress in treatment with tyrosine kinase inhibitors (TKIs), only 5%
of patients achieve tumor reduction >90%. The limited primary
responses are attributed partly to drug resistance inherent in the
tumor cells before therapy begins. Recent reports showed that
activation of receptor tyrosine kinases (RTKs) is an important de-
terminant of this innate drug resistance. In contrast, we demon-
strate that EGFR inhibition promotes innate drug resistance
despite blockade of RTK activity in NSCLC cells. EGFR TKls decrease
both the mitogen-activated protein kinase (MAPK) and Akt protein
kinase pathways for a short time, after which the Ras/MAPK path-
way becomes reactivated. Akt inhibition selectively blocks the
transcriptional activation of Ets-1, which inhibits its target gene,
dual specificity phosphatase 6 (DUSP6), a negative regulator spe-
cific for ERK1/2. As a result, ERK1/2 is activated. Furthermore, ele-
vated c-Src stimulates Ras GTP-loading and activates Raf and MEK
kinases. These observations suggest that not only ERK1/2 but also
Akt activity is essential to maintain Ets-1 in an active state. There-
fore, despite high levels of ERK1/2, Ets-1 target genes including
DUSP6 and cyclins D1, D3, and E2 remain suppressed by Akt in-
hibition. Reduction of DUSP6 in combination with elevated c-Src
renews activation of the Ras/MAPK pathway, which enhances cell
survival by accelerating Bim protein turnover. Thus, EGFR TKls
evoke innate drug resistance by preventing Akt activity and inac-
tivating Ets-1 function in NSCLC cells.

nonsmall cell lung cancer | EGFR inhibition | tyrosine kinase inhibitors |
ERK1/2 paradoxical activation | innate drug resistance

ung cancer is the leading cause of cancer death worldwide

(1, 2). Of the two major histologic types, small cell and
nonsmall cell (NSCLC), the latter is by far the more prevalent
(~85%). About 14% of NSCLCs harbor mutations in epidermal
growth factor receptor (EGFR), a receptor tyrosine kinase (RTK).
Despite remarkable progress in treating EGFR-mutated NSCLCs
with EGFR tyrosine kinase inhibitors (TKISs), only 5% of patients
achieve tumor reduction >90% (3). The remaining patients re-
spond, but only partially, even though they too have EGFR mu-
tations. We speculate that this limited primary response may be
attributable to resistance inherent in the tumor cells even before
treatment begins and not to resistance acquired over its course (4).

Recent studies demonstrated that RTK ligands secreted
through paracrine, autocrine, and endocrine mechanisms in the
tumor microenvironment are important determinants of thera-
peutic responses to anticancer kinase inhibitors (5-7). Indeed,
hepatocyte growth factor (HGF), fibroblast growth factor (FGF),
and neuregulin (NRG1) confer innate drug resistance to the
highest number of cancer cell lines by activating RTKs and thus
stimulating a prosurvival pathway, either the Ras/mitogen-activated
protein kinase (MAPK)- or PI3K/Akt-signaling or both (5). Cer-
tainly, HGF-mediated activation of RTK Met is most suspected as
the cause of innate resistance to anticancer agents (5-7). However,
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it is not clear to what extent activation of Met contributes to the
innate drug resistance after EGFR inhibition in NSCLC cells.

In this study, we investigated the molecular machinery by which
the Ras/MAPK pathway is activated after EGFR inhibition de-
spite blockade of RTK activity in NSCLC cells.

Results

EGFR TKls Paradoxically Activate ERK1/2 in EGFR-Mutated NSCLC
Cells. To investigate the biological response of NSCLC cells to
EGFR inhibition, we used the cell lines HCC827, HCC2935, and
H-1650, which express mutant forms of EGFR and wild-type
HRAS, KRAS, NRAS, BRAF, PIK3CA, and PTEN. EGFR mu-
tations include E746-A750del (HCC827 cells), E746-T751del
and S7521 (HCC2935 cells), and E746-A750del (H-1650 cells).
These EGFR mutants were activated and phosphorylated in
untreated cells (Figs. S1-S3, lane 1). To test whether we could
recapitulate in cultured cells the clinical observations of the in-
nate resistance to EGFR TKI, we treated HCC827 NSCLC cells
with or without 1 pM gefitinib (Fig. 14). A week later, 5% of the
cells remained viable (Fig. 14, Middle). Thereafter, the resistant
cells commenced cell division and formed colonies in the pres-
ence of gefitinib (Fig. 14, Right). These findings suggested that
EGFR inhibition in the cultured cells mimics clinical observa-
tions of the innate resistance.

We next examined the biological behavior of the NSCLC cells
immediately after EGFR inhibition. We found that the TKIs
gefitinib (Iressa), erlotinib (Tarceva), and lapatinib (Tykerb)
markedly reduced EGFR phosphorylation at Tyr1068 (Fig. 1 B
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Gefitinib paradoxically activates ERK1/2 in EGFR-mutated NSCLC cells. (A) Colony-forming assay on HCC827 cells with (Middle and Right) or without

(Left) 1 uM gefitinib for 7 d (Left and Middle) or 28 d (Right). Cells were stained with 0.5% crystal violet containing 20% ethanol. (B and C) Western blot
analysis. Exponentially growing HCC827 cells were treated with various concentrations of gefitinib and harvested at 1 h (B) and 12 h (C) after treatment.
(D) Western blot analysis. HCC827 cells were treated with gefitinib for 12 h; 10 pM PD325901 was added, and the cells were cultured for 1 h before harvesting.
(E) Active Ras pull-down assay. Total Ras expression was separately determined by Western blot analysis. (F) Western blot analysis. Exponentially growing
HCC827 cells were infected with lentivirus expressing Myc-S17N K-Ras or an empty vector; 48 h after infection, cells were cultured with or without gefitinib for
12 h. (G) Phospho-ERK1/2-associated GST-Elk1 in vitro kinase assay (Top). Western blots of total cell lysates (Bottom). (H) Subcellular fractionation analysis.
Arrowheads indicate full-length PARP (single arrowhead) and cleaved PARP (double arrowhead).

and C and Figs. S1-S3) and Akt at Thr308 and Ser473 (Fig. 1B
and Fig. S4). After 1 h of treatment, ERK1/2 phosphorylation was
inhibited (Fig. 1B and Figs. S24 and S3 4 and C), but surprisingly
was reactivated after 6-24 h of gefitinib treatment (Fig. 1C and
Figs. S1 B-D, S2 B and D, and S3 B and D). Similar results
were seen in NSCLC cells bearing wild-type EGFR (H-1838 and
H-2170; Fig. S5 A-D), although more gefitinib (>0.8 uM) was
required. ERK1/2 activation was nearly absent in the TKI-resistant
cell line with T790M EGFR (H-1975; Fig. S5 E and F).
Gefitinib-induced ERK1/2 activation at 12 h was accompanied
by MEK1/2 phosphorylation (Fig. 1C); 10 pM of a MEK inhibitor
(PD325901) completely suppressed this activation (Fig. 1D). Thus,
upstream MAPK signaling may be essential for ERK1/2 activation
after EGFR inhibition. Indeed, in a pull-down assay with a GST-

E3856 | www.pnas.org/cgi/doi/10.1073/pnas.1510733112

fusion protein containing the Ras-binding domain (RBD) of c-Raf,
Ras remained activated after EGFR inhibition, as shown by SDS/
PAGE and Western blot with a pan-Ras antibody (Fig. 1E).

To establish the importance of Ras activation in initiating the
MAPK cascade after EGFR inhibition, we used a lentiviral
gene expression system to make an S17N (asparagine sub-
stitution for serine 17) dominant-negative form of K-Ras. The
dominant-negative effect reflects the mutant’s ability to se-
quester SOSs (upstream activators) and its inability to activate
Rafs (downstream effectors) (8). Ectopic and endogenous ex-
pressions were distinguished by reduced mobility of the Myc
epitope-tagged S17N K-Ras protein, which was also detected
with an anti-Myc antibody (Fig. 1F). Ectopically expressed
S17N K-Ras inhibited TKI-induced ERKI1/2 activation, as
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shown by Western blot, suggesting that the ERK1/2 activation is
dependent on Ras activity.

The activated ERK1/2 was evidently functional, as phosphor-
ylation of GST-Elkl was increased (Fig. 1G). Phosphorylated
forms of ERK1/2 were predominantly localized in the nucleus
rather than the cytoplasm (Fig. 1H).

RTKs Are Not Responsible for Ras/MAPK Activation Induced by EGFR
Inhibitors. Multiple RTKs are coactivated in NSCLCs and other
types of solid tumors (9). To investigate whether sustained acti-
vation of Ras after EGFR inhibition is caused by phosphorylation
and activation of RTKs other than EGFR, we used a phospho-
RTK antibody array to assess the phosphorylation status of 28
major RTKs. In the absence of gefitinib, five RTKs were coac-

tivated: EGFR, HER3, FGFR1, IGFIR, and Met (Fig. S6;
numbers 1-5; Top). In cells treated with two concentrations of
gefitinib for 12 h, phosphorylation of these five RTKs was re-
duced. No other RTKs were activated after EGFR inhibition.
Western blot analysis confirmed these observations (Fig. 24
and Fig. S7): gefitinib inhibited the activities of EGFR, HER3,
FGFR1, IGFIR, and Met in a dose-dependent manner. These
findings show that the EGFR mutation drives the activities of
these RTKs in NSCLC cells and that EGFR inhibition collapses
an extensive network of downstream signaling, consistent with a
previous report (10). To confirm that targeted EGFR inhibition
blocks the protein kinase activities of other coactivated RTKs in
EGFR-mutated NSCLC cells, we also assessed the phosphory-
lation status of Shc, Gabl, and Gab2, which are phosphorylated
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blot analysis. Cells were treated with gefitinib at the indicated concentrations for 12 h. (C) Immunoprecipitation and immunoblotting. Protein was pre-
cipitated with mouse antibodies specific to control IgG or EGFR, followed by immunoblotting. (D) Subcellular fractionation analysis. (E) Western blot analysis

and active Ras pull-down assay. HCC827 cells were treated with gefitinib for 12
HCC827 cells were treated with various concentrations of gefitinib for 12 h. (F) Q

h and further cultured with saracatinib for 1 h before harvesting. (F and G)
uantitative PCR. Fold changes in gene expression were calculated as the ratio

of expression in each sample treated with different concentrations of gefitinib to the level without it. (G) Western blot analysis. (H) Western blot analysis and
active Ras pull-down assay. Exponentially growing HCC827 cells were infected with a lentivirus expressing Myc-tagged DUSP6 or empty vector lentivirus (mock
infection); 48 h after infection, cells were cultured in the presence or absence of gefitinib for 12 h and harvested.
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by activated RTKs (11-13), and found gefitinib inhibition. Thus,
the protein kinase activities of all RTKs were blocked (Fig. 24
and Fig. S7). Moreover, SHP2 was essentially inactivated at
gefitinib doses >0.2 pM (Fig. 24 and Fig. S7). As SHP2 activa-
tion and association with Gabl1 are critical for sustained ERK1/2
activation downstream of RTKs (14), RTKs are not responsible
for sustained Ras activation after EGFR inhibition.

Activation of c-Src Is Sustained After EGFR Inhibition in NSCLC Cells.
EGFR mutations may contribute to aggressive human malig-
nancies involving non-RTK c-Src (15). Indeed, overexpression of
c-Src and EGFR in fibroblast cells causes synergistic increases in
DNA synthesis, colony growth in soft agar, and tumor formation
in nude mice (16). This synergy is dependent on c-Src—mediated
phosphorylation of EGFR at Tyr845.

c-Src is activated in NSCLCs and promotes the survival of
EGFR-mutated cells (17). TKI-sensitive mutations in EGFR’s
catalytic domain reportedly confer the capacity to bind to c-Src
(18). This binding is thought to activate c-Src by altering its con-
formation and subsequent phosphorylation status, potentially
explaining the activation of c-Src in EGFR-mutated NSCLC cells
(19). We evaluated EGFR phosphorylation at Tyr845 and Tyr1068
in HCCS827 cells. We also tested the phosphorylation status of
endogenous c-Src; in particular, we looked for phosphorylation
residues that were active (Tyr419 in the activation loop of the ki-
nase domain) or inactive (Tyr530 in the carboxyl terminus) (20).
Finally, we examined mutated-EGFR—c-Src associations.

Gefitinib inhibited EGFR phosphorylation at Tyr845 and
Tyr1068 (Fig. 2B). Tyr1068 autophosphorylation is necessary for
Grb2-EGFR binding (21). Higher concentrations were required
for inhibition at Tyr845 (>1.6 pM) than at Tyr1068 (>0.02 pM).
Evidently, c-Src is active after EGFR inhibition. Consistent with
this possibility, c-Src was stably phosphorylated at Tyr419 and not
phosphorylated at Tyr530 after EGFR inhibition (Fig. 2B). After
immunoprecipitation with EGFR antibodies (Fig. 2C), mutated
EGFR associated directly with c-Src in the absence of gefitinib
(lane 8), and EGFR inhibition did not alter this association (lanes
9-14). Because EGFR and c-Src were consistently localized in the
plasma membrane, regardless of EGFR phosphorylation status
(Fig. 2D), sustained c-Src activation likely reflects its association
with mutated EGFR in the plasma membrane.

c-Src Activates the EGFR/MAPK Pathway After EGFR Inhibition in
NSCLC Cells. To link c-Src activity to sustained activation of the
Ras/MAPK pathway after EGFR inhibition, we treated HCC827
cells with gefitinib for 12 h and cultured them in the presence or
absence of the specific Src inhibitor saracatinib (10 pM) for 1 h
before harvesting. Protein expression was analyzed by Western
blot, and Ras-GTP levels were measured with a Ras pull-down
assay (Fig. 2E). Saracatinib markedly reduced phosphorylation
of c-Src at Thy419 (lanes 8-14), indicating that it inhibited c-Src
kinase activity. It also decreased phosphorylation of EGFR and
Shc in the absence of gefitinib (lane 8), resulting in inhibition of
Ras-c-Raf-MEK1/2-ERK1/2 cell signaling. This finding suggests
that c-Src promotes activation of EGFR and its downstream
MAPK pathway in EGFR-mutated NSCLC cells, as reported
(22). In the presence of gefitinib, loss of c-Src activity inhibited
Ras, c-Raf, and MEKI1/2 activities (lanes 9-14). However,
ERK1/2 phosphorylation was reduced only modestly, suggesting
that activation of the Ras/MAPK pathway after EGFR inhibition
must be regulated at different levels.

EGFR Inhibition Severely Depletes DUSP6 Expression, Activating ERK1/2
by Interacting with Elevated c-Src in EGFR-Mutated NSCLC Cells.
MAPK signaling was once considered a linear and relatively
simple receptor-to-nucleus pathway (23). However, we now
know that negative feedback loops in the MAPK pathway form a
complex network. Because protein phosphatases directly atten-

E3858 | www.pnas.org/cgi/doi/10.1073/pnas.1510733112

uate activated signal transduction pathways by dephosphorylat-
ing key kinase effectors, we analyzed expression profiles of the
major 83 protein phosphatases from a gene expression data set
of HCC827 cells treated with erlotinib for 12 h (GEO accession
number GSE38310). EGFR TKI reduced levels of dual speci-
ficity phosphatase 6 (DUSP6), a negative regulator specific for
ERK1/2 (23). We confirmed this finding with our own samples
harvested after 12 h of treatment with gefitinib: mRNA levels of
DUSP6 were reduced on quantitative PCR (Fig. 2F) and DUSP6
protein expression was markedly inhibited on Western blot (Fig.
2G). Moreover, DUSP6 levels remained inhibited despite a
significant reduction of c-Src/Ras/Raf/MEK signaling (Fig. 2F).

To link EGFR inhibition directly to ERK1/2 activation by
DUSP6 depletion, we determined whether ectopically expressed
DUSP6 constitutively locks ERK1/2 in an inactive state after
EGFR inhibition in HCCS827 cells. Exponentially growing HCC827
cells were infected with a lentivirus expressing Myc-tagged DUSP6
or empty vector. After 48 h, cells were cultured in the presence or
absence of various concentrations of gefitinib for 12 h and har-
vested; extracts were analyzed by Western blot. Ectopically expressed
protein was distinguished from endogenous protein by its reduced
mobility in the gel and was also detected by an antibody against the
Myc epitope tag. Ectopically expressed DUSP6 completely inhibited
gefitinib-induced ERK1/2 activation (Fig. 2H, lanes 9-14). However,
Ras remained activated and MEK1/2 was phosphorylated after in-
hibition of both EGFR and ERK1/2 (Fig. 2H, lanes 9-14), high-
lighting an important role for c-Src in activating the Ras/Raf/MEK
signaling pathway (Fig. 2E).

These findings indicate that c-Src activates the EGFR/MAPK
pathway in NSCLC cells and cooperates with loss of DUSP6 to
activate ERK1/2 after EGFR inhibition.

Gefitinib Activates ERK1/2 but Inhibits mRNA Expression of Cyclins D1,
D3, and E2. Cyclin D1 is a major transcriptional target of ERK1/2,
and the MAPK signaling pathway is important for the G1-S
cell cycle transition (24). We investigated expression of cyclin D1
and other G1 cell-cycle regulation molecules in cells in which
ERK1/2 remained active after EGFR inhibition. We expected
that levels of cyclin D1 and some G1 cyclins would increase in
response to ERKI1/2 activation. Surprisingly, after 12 h of
treatment with gefitinib, cyclins D1, D3, E2, and p21 Cipl were
inhibited, but cyclin E1, CDK 2, 4, and 6, and p27 Kip1 were not,
as shown by Western blot (Fig. 34 and Fig. S8).

To assess mRNA expression of cyclins D1, D3, E2, and p21
Cipl after gefitinib exposure, we performed quantitative PCR
(Fig. 3B). Gefitinib reduced mRNA levels of cyclins D1, D3, and
E2, but not of p21 Cipl. Evidently, the reduced levels of p21
Cipl protein likely reflect loss of cyclin~-CDKs-p21 Cipl com-
plexes. Thus, although ERK1/2 was activated by EGFR in-
hibitors, its effect on cell proliferation was nullified by inhibition
of its transcriptional target gene cyclins D1, D3, and E2.

EGFR Inhibition Specifically Decreases Ets-1 Protein, Which Negatively
Regulates Expression of Cyclins D1, D3, E2, and DUSP6. The —962
cyclin D1 promoter fragment has binding sites for the tran-
scription factors AP-1 (c-Jun/c-Fos), Ets, TCF, and CREB (Fig.
3C) (25). Ras/MAPK-mediated activation of the cyclin D1 pro-
moter requires Ets and CREB. As cyclin D1 transcription was
inhibited despite ERK1/2 activation, we hypothesized that the
cause was loss of Ets or CREB expression.

To test this hypothesis, we cultured HCC827 cells in the
presence or absence of gefitinib for 12 h and analyzed cell
extracts by Western blot with antibodies against c-Jun, Ets-1,
Ets-2, TCF4, and CREB (Fig. 3D). We chose Ets-1 and Ets-2
because transactivation of their target genes is controlled by
ERK1/2 (26, 27). In addition, HCC827 cells exclusively express
TCF4 (Fig. S9). Gefitinib did not affect c-Jun, Ets-2, TCF4, or
CREB (Fig. 3D), but quantitative PCR showed reduced Ets-1
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Fig. 3. Inhibition of Akt protein kinase after exposure to gefitinib is the primary cause of reduced expression of Ets-1, cyclins D1, D3, and E2, and DUSP6.

(A) Western blot analysis of cyclin D1 and other G1 cell-cycle regulation molecules. (B) Quantitative PCR. Fold changes in gene expression were calculated as
the ratio of expression in each sample treated with gefitinib to levels without it. (C) Schematic of —962 cyclin D1 promoter. (D) Western blot analysis of
potential cyclin D1 regulation molecules. (E) Quantitative PCR of Ets-1. (F) Western blot. Ets-1 expression in HCC827 cells was depleted for 48 h with siRNA.
Control: nontargeting siRNA. Mock: mock transfection. Arrowheads indicate Ets-1 and p42 and p44 DUSP6 proteins. (G) Western blot analysis. HCC827 cells
were cultured in the presence or absence of different concentrations of gefitinib with or without PD325901 for 12 h. (H) Western blot analysis. Exponentially
growing HCC827 cells were infected with a lentivirus expressing Myc-Myr-Akt1 or an empty vector; 48 h later, cells were cultured in the presence or absence of
gefitinib for 12 h and harvested. The arrowhead shows cyclin D3-specific bands.

mRNA (Fig. 3E). This gefitinib-induced decreased Ets-1 ex-
pression could explain why cyclin D1 transcription was inhibited
despite elevated ERK1/2 activity after EGFR inhibition.

To assess the role of Ets-1 in the expression of cyclins D1, D3,
and E2, we used RNA interference (RNAi) to knock down Ets-1
expression. First, we measured Ets-1 protein in HCCS827 cells
transfected with control small interfering (si)RNA or Ets-1 siRNA
oligonucleotides. Cells were harvested 48 h after transfection and
analyzed by Western blot. Ets-1 siRNA, but not control siRNA,
reduced Ets-1 levels (Fig. 3F). Next, we assessed the effects of
Ets-1 depletion on DUSP6, cyclin D1, and other G1 cell-cycle
regulators. We included DUSP6 because it is a downstream tran-
scriptional target gene of Ets-1 (28, 29). As expected, expression
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of DUSP6, the cyclins, and p21 Cipl was markedly decreased.
Reduction of DUSP6 resulted in a significant increase of ERK1/2
phosphorylation without changing its total expression. As in gefi-
tinib-treated cells, expression of cyclin E1 was not changed. These
findings confirm that Ets-1 is essential for expression of DUSP6
and cyclins D1, D3, and E2 in HCCS827 cells. They also verify that
DUSP®6 has a critical role in negative regulation of ERK1/2 kinase
activity in the NSCLC cells.

Inhibition of Akt Protein Kinase After Exposure to Gefitinib Is the
Primary Cause of Reduced Expression of Ets-1, Cyclins D1, D3, E2, and
DUSP6. To establish the relative importance of ERK1/2 activation
and Akt reduction in Ets-1-mediated expression of cyclins D1,
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D3, E2, and DUSP6 after EGFR inhibition, we blocked ERK1/2
activity with a MEK inhibitor or enhanced Akt activity by in-
troducing a constitutively active Aktl in HCC827 cells.

HCC827 cells were treated with gefitinib and 10 pM PD325901
for 12 h and harvested for Western blot analysis (Fig. 3G).
PD325901, a MEK inhibitor, inhibited both baseline and gefitinib-
induced activation of ERK1/2 activity (lanes 8-14). In the absence
of gefitinib, PD325901 attenuated expression of Ets-1, DUSP6,
the cyclins, and p21 Cipl, despite phosphorylation and activation
of Akt (lane 8). Addition of gefitinib inhibited phosphorylation of
Akt and ERK1/2, but did not rescue expression of Ets-1, the
cyclins, or DUSP6 (lanes 9-14). These observations suggest that
ERK1/2 regulated expression of Ets-1, the cyclins, and DUSP6
proteins in these cells; however, gefitinib-induced ERK1/2 acti-
vation was not associated with reduced expression of Ets-1, the
cyclins, and DUSP6.

When directed to membranes, Aktl becomes constitutively
active by the addition of a c-Src myristoylation (Myr) sequence
(30). To examine this process, we generated an N-terminal Myr
form of Aktl in a lentiviral gene expression system. Ectopic and
endogenous expression (Fig. 3H, lanes 8-14) were distinguished
as described above. Ectopically expressed Myr-Aktl was phos-
phorylated and activated regardless of EGFR inhibition, as shown
by phospho-Akt blotting (lanes 9-14). Unexpectedly, Myr-Akt1
rescued expression of Ets-1, the three cyclins, p21 Cipl, and
DUSP6. Although DUSP6 was increased less than the other
proteins, gefitinib-induced ERK1/2 activation was inhibited.
Thus, inhibition of Akt protein kinase after exposure to gefitinib
is the primary cause of the reduction in the levels of Ets-1,
DUSP6, and cyclins D1, D3, and E2.

Sustained Activation of ERK1/2 Enhances Cell Survival by Accelerating
Bim Protein Turnover. EGFR inhibition induces a BH3-only pro-
tein Bim, which is essential for apoptosis and caspase induction
in EGFR-mutated NSCLC cells (31). EGFR TKIs generate all
three splice variants of Bim: short (S), long (L), and extralong
(EL), of which Bim EL is the most abundant. ERK1/2 phos-
phorylates Bim EL at Ser69, targeting it for degradation via the
proteasome—ubiquitin pathway (32). Moreover, ERK1/2 activa-
tion can inhibit the binding of Bim to Bcl-2 family proteins such
as Bcl-xL and Mcl-1 (33). Thus, ERK1/2 promotes cell survival
by antagonizing Bim protein. To test this possibility in EGFR-
inhibited cells, we treated HCC827 cells with different concen-
trations of gefitinib for 5 d. Cells were then further cultured with
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or without the addition of the MEK inhibitor PD325901 for 24 h
before harvesting (Fig. 44). Elevated ERK1/2 caused sustained
phosphorylation of Bim EL at Ser69, resulting in rapid turnover
of phosphorylated Bim EL (lanes 2-7). The other two splice
variants of Bim S and L were barely detectable in these extracts.
The MEK inhibitor reduced phosphorylation of ERK1/2 and
prevented the ERK1/2-mediated phosphorylation of Bim pro-
tein, thereby suppressing degradation of nonphosphorylated
Bim, restoring its expression, and facilitating caspase-3 activation
(lanes 8-14).

Discussion

HGF-Met signaling was previously identified as an important
determinant of the innate drug resistance to EGFR TKIs in
NSCLC cells (5). However, given that causes of acquired re-
sistance to EGFR TKIs are multiple and complex (2), NSCLC
cells may have more than one mechanism for innate resistance.
In this paper, we investigated the molecular machinery by which
the Ras/MAPK pathway is activated after EGFR inhibition,
despite blockade of RTK activity in NSCLC cells (Fig. 4B).
EGFR inhibitors decrease both the MAPK and Akt pathways for
a short time, after which Ras and the MAPK pathway become
reactivated. Akt inhibition selectively blocks the transcriptional
activation of Ets-1, which inhibits its target gene, DUSP6. As a
result, ERK1/2 is activated. Furthermore, elevated c-Src stimu-
lates Ras GTP loading and activates Raf/MEK kinases. The
outcome of persistent inactivation of Ets-1 is quiescence and
survival of the NSCLC cells: quiescence is triggered by reduction
of the Ets-1 target genes cyclins D1, D3, and E2, whereas ele-
vated ERK1/2 accelerates Bim protein turnover, resulting in
increased cell survival. Our findings may elucidate a new aspect
of the innate resistance to EGFR TKIs in the absence of growth
factors, without activation of RTKs.

To our knowledge, this is the first report of opposing effects of
Akt on the MAPK pathway: transactivation of Ets-1 and in-
hibition of c-Raf. Akt-c-Raf crosstalk was previously reported to
inhibit c-Raf kinase activity (34). However, we found that Akt
activates Ets-1, an important downstream effector of ERK1/2.
Conversely, EGFR inhibition prevents Akt activity, resulting in
activation of c-Raf and two kinases downstream in the cascade,
MEKI1/2 and ERK1/2, but inhibits Ets-1 function. Thus, after
EGFR inhibition, the Rass/MAPK pathway is simultaneously
activated in three different ways: Ras activation by elevated c-Src,

B
[esret— ELCj:R mut —EGFR TKI
sos1/24
«
st tDNRas _ [Akt])
c-Raf 1‘\/
MEK1/2%
ERK1/21 © ETN ®)
Bim [busps]| cyclinD1y
cyclin D3},
CASP3 | cyclin E24,
Survival? Quiescence

Fig. 4. Sustained activation of ERK1/2 enhances cell survival by accelerating Bim protein turnover. (A) Western blot analysis. HCC827 cells were cultured in
the presence or absence of different concentrations of gefitinib for 5 d; medium was then changed and cells were further cultured with or without 10 pM
PD325901 for 24 h before harvesting. Asterisk stands for nonspecific bands. (B) Schematic of the molecular mechanism of EGFR inhibition and innate drug

resistance in EGFR-mutated NSCLC cells.
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c-Raf stimulation by Akt inhibition, and ERK1/2 induction by
DUSP6 depletion (Fig. 4B). Nonetheless, cyclin D1, a major
transcriptional target of ERK1/2, is significantly inhibited after
EGFR inhibition.

Our findings demonstrate that synthesis of Ets-1 and trans-
activation of its target genes requires ERK1/2 and Akt kinase
activities (Fig. 4B). For this reason, although ERK1 and ERK2
were more active after EGFR inhibition, they could not trans-
activate Ets-1 target genes without Akt protein kinase. This in-
sight reveals a previously unidentified point of convergence of
MAPK and Akt signaling and may provide a strategy to treat
cancers in which MAPK and Akt activities are abnormal. For
example, B-Raf-mutated tumors are sensitive to MEK and
B-Raf inhibitors, which attenuate cyclin D1 expression and cause
G1 arrest (35, 36). Inhibition of both MEK and Akt or both
B-Raf and Akt may result in more complete and lasting inhibition
of Ets-1 target genes, including cyclin D1. Likewise, an essential
role of Akt to maintain Ets-1 in an active state might shift the
therapeutic approach to targeting the MAPK pathway. Despite
the frequency of aberrant Ras/MAPK signaling in human cancer,
the critical role of MEK1/2 in the pathway, and the availability
of highly specific and potent MEK inhibitors, targeted chemo-
therapy for human malignancies has been disappointing, except
for B-Raf-mutated melanoma (37). Because Ets-1 is the major
effector regulating MAPK downstream target genes, our find-
ings suggest an alternative approach to inhibiting the MAPK
pathway—attenuating Akt activity. We believe that these in-
sights will cause a shift in the therapeutic approach to targeting
the MAPK pathway.

In NSCLC cells treated with EGFR inhibitors, persistent in-
activation of Ets-1 induces the innate drug resistance. Defining
the molecular mechanism for this process may provide insights
into the role of Akt in regulation of Ets-1 and its target genes and
might have important implications for targeted therapy for
EGFR-driven cancers and the innate drug resistance to EGFR
TKIs. We found a correlation between Ets-1 expression and its
activity, as assessed by levels of its target genes, DUSP6 and
cyclins D1, D3, and E2, with or without gefitinib. Moreover,
EGFR inhibition reduced Ets-1 mRNA levels, the same mech-
anism as in the target genes. Thus, Ets-1 may autoregulate its
transcript in NSCLC cells. In fact, consensus Ets-binding sites in
the Ets-1 promoter regulatory region are necessary for its acti-
vation in cultured cells (38, 39). Therefore, once ERK1/2 and
Akt activate Ets-1, positive feedback will exponentially increase
its expression. Indeed, Ets-1 mRNA is increased in a K-Ras—
transformed prostate epithelial cell line (40). Likewise, elevated
Akt activity raises Ets-1 expression in prostate cancer (41).

Posttranslational modification of Ets family members is an-
other mechanism for transactivation of Ets target genes (42).
ERK1/2 phosphorylates Ets-1 at Thr38 and Ets-2 at Thr72,
which increases their transactivational activity (26, 27). A recent
study of macrophages in motheaten-viable mice showed that
Thr72 of Ets-2 is phosphorylated and activated by Akt-mediated
Jun-N-terminal kinase (43). Akt also induces transcriptional
activity of an Ets family member, PU.1, by phosphorylating a
residue in its transactivation domain (44). Therefore, transcrip-
tion of Ets-1 might be enhanced by phosphorylation by Akt.
However, Scansite motif analysis (45) showed that Ets-1’s po-
tential Akt phosphorylation sites Thr73 and Ser282 are less
stringent (within 2.672 and 2.233 percentiles, respectively) than
its actual ERK1/2 phosphorylation residue Thr38 (within 0.744
percentile). Alternatively, Akt might phosphorylate two closely
related transcriptional coactivating proteins to transactivate Ets-
1 target genes, CREB binding protein (CREBBP) and p300, with
which Ets-1 interacts (46). Moreover, Akt phosphorylates p300
at Ser1834, which is essential for its transcription from the pro-
moter of intercellular adhesion molecule-1 (47), whose tran-
scription is also activated by Ets-1 and Ets-2 (48, 49). Thus, Akt
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may activate the Ets-1 transcriptional machinery by phosphory-
lating its coactivator p300/CREBBP. Our protein motif analysis
further supported this possibility. CREBBP has highly stringent
potential Akt phosphorylation sites at Ser381, Ser1733, and
Thr1833 (within 0.828, 0.538, and 0.235 percentile, respectively).
All of these sites are in CREBBP’s CH1 and CH2/CH3 domains,
which interact with Ets-1 (46). Nonetheless, more studies are
warranted to define the mechanism of Akt-mediated trans-
activation of Ets-1 in NSCLC.

In this report, we demonstrate a new aspect of the innate drug
resistance to EGFR TKIs without activation of RTKs. We in-
vestigated the mechanism by which the Ras/MAPK pathway is
activated after EGFR inhibition despite blockade of RTK ac-
tivity in NSCLC cells. We found that not only ERK1/2 but also
Akt activity is essential to maintain Ets-1 in an active state.
Therefore, despite high levels of ERK1/2, Ets-1 target genes
including DUSP6 and cyclins D1, D3, and E2 remain suppressed
in the absence of Akt activity after EGFR inhibition. Reduction
of DUSP6 combines with ¢-Src to renew activation of the Ras/
MAPK pathway, resulting in increased cell survival by acceler-
ating Bim protein turnover. Because we found that addition of a
MEK inhibitor enhances programmed cell death by rewiring
apoptotic signaling, we may reduce the probability of emergent
resistance to EGFR TKIs by the combined treatment of the TKI
and MEK inhibitor, although further studies are required to
address this question.

Materials and Methods

Chemicals, Cell Culture, DNA Plasmids, Small Interfering RNA, and Transfection.
The following were suspended in dimethyl sulfoxide: gefitinib, erlotinib,
lapatinib, the MEK inhibitor PD325901, and the Src inhibitor saracatinib (all
from LC laboratories). The following cell lines were from the American Type
Culture Collection: HCC827, HCC2935, H-1650, H-1838, H-2170, H-1975, 293T,
A-431, Hela, HCT15, HCT116, HT29, and SW620. Cells were cultured in RPMI
medium 1640 (Life Technologies) supplemented with 10% (vol/vol) FBS (Life
Technologies) and were maintained in a 5% CO, incubator at 37 °C.

The Myc-tagged S17N and G12V human K-Ras pcDNA3.1 expression vec-
tors have been described (50). Human DUSP6 (Image Clone, Fisher Scientific),
Myc-S17N human K-Ras, or Myr-mouse Akt1 (Upstate Biotechnology, Milli-
pore) cDNA was subcloned into the pLenti-C-Myc-DDK lentiviral vector
(OriGene). Ets-1 and control siRNA oligonucleotides were selected as rec-
ommended (5103068632, FlexiTube siRNA, Qiagen; AllStars Negative Control,
Qiagen). TransIT-LT1 (Mirus Bio) and Oligofectamine (Life Technologies)
were used for transient DNA and siRNA transfections.

Lentiviral Gene Expression System. Plasmid DNA containing DUSP6, S17N
K-Ras, Myr-Akt1, or empty pLenti-C-Myc-DDK (control) was transfected into
293T cells together with lentiviral packaging plasmids pMDLg/pPRE, pRSV-
Rev, and pMD2.G (provided by Didier Trono, Addgene, Cambridge, MA).
After 16 h of incubation, the culture medium was replaced with fresh me-
dium. The next day, cell culture supernatants containing viral particles
expressing DUSP6, S17N K-Ras, Myr-Akt1, or empty lentiviral vector were
collected and used with hexadimethrine bromide (polybrene, Sigma-Aldrich)
to infect exponentially growing HCC827 cells. At 24 h after infection, cells
were cultured in the presence or absence of gefitinib for 12 h and harvested.

Protein Preparation, Western Blot Analysis, and Phospho-RTK Antibody Array.
Total cellular protein was isolated with cell lysis buffer (Cell Signaling
Technology). Nuclear-and-cytoplasmic or membrane-and-cytoplasmic protein
fractions of cultured cells were obtained with NE-PER Nuclear and Cyto-
plasmic Extraction Reagents (Pierce Protein Biology) or a Mem-PER Plus
Membrane Protein Extraction Kit (Pierce Protein Biology). Equal amounts of
protein were prepared by adding Reducing Red Loading Buffer (Cell Sig-
naling Technology) and were resolved by SDS/PAGE (Novex Tris-Glycine Gels;
Life Technologies).

Western blots were developed by enhanced chemiluminescence (ECL and
SuperSignal West Pico, Pierce Protein Biology; Luminata Crescendo, Millipore;
and ECL Prime, GE Healthcare Life Science), and detected by autoradiography
film (Classic BX Autoradiography Film, MIDSCI). The following primary and
secondary antibodies were used: phospho-Tyr1068 and Tyr845 EGFR (3777,
6963, Cell Signaling Technology), EGFR (1005, Santa Cruz Biotechnology;
4267, Cell Signaling Technology), phospho-ERK1/2 (9101, Cell Signaling
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Technology; E-4, Santa Cruz Biotechnology), ERK1/2 (9102, Cell Signaling
Technology; K-23, Santa Cruz Biotechnology), p-actin HRP-conjugated (Sigma-
Aldrich), phospho-Thr308 and Ser473 Akt (2965, 4060, Cell Signaling Tech-
nology), Akt (4691, Cell Signaling Technology), phospho-Ser299 A-Raf (4431,
Cell Signaling Technology), A-Raf (4432, Cell Signaling Technology), phospho-
Ser445 B-Raf (2696, Cell Signaling Technology), B-Raf (9434, Cell Signaling
Technology), phospho-Ser259, Ser289/296/301, and Ser338 c-Raf (9421, 9431,
9427, Cell Signaling Technology), c-Raf (9422, Cell Signaling Technology;
610151, BD Transduction Laboratories), phospho-MEK1/2 (9121, Cell Signaling
Technology), MEK1/2 (9126, Cell Signaling Technology), pan-(H, K, and N) Ras
(Ras10, Pierce Protein Biology), PARP (9532, Cell Signaling Technology),
B-tublin (2128, Cell Signaling Technology), phospho-Ser69 Bim (4585, Cell
Signaling Technology), Bim (2933, Cell Signaling Technology), cleaved CASP3
(9664, Cell Signaling Technology), Myc-tag HRP conjugated (A-14, Santa Cruz
Biotechnology), DUSP6 (3058, Cell Signaling Technology), phospho-Thy877 and
Tyr1221/1222 HER2 (2241 and 2243, Cell Signaling Technology), HER2 (2165,
Cell Signaling Technology), phospho-Thy1289 HER3 (4791, Cell Signaling
Technology), HER3 (4754, Cell Signaling Technology), phospho-Tyr653/654
FGFR1 (3471, Cell Signaling Technology), FGFR1 (9740, Cell Signaling Tech-
nology), phospho-Tyr980, Tyr1131, Tyr1135, and Tyr1135/1136 IGF1Rp (4568,
3024, 3021, and 3918; Cell Signaling Technology), IGF1RB (3018, Cell Signaling
Technology), phospho-Tyr1003, Tyr1234/1235, and Tyr1349 Met (3135, 3077,
and 3133; Cell Signaling Technology), Met (3127, Cell Signaling Technology),
phospho-Thy239/240 Shc (5434, Cell Signaling Technology), Shc (610875, BD
Transduction Laboratories), phospho-Tyr307 and Tyr627 Gab1 (3234 and 3233,
Cell Signaling Technology), Gab1 (3232, Cell Signaling Technology), phospho-
Ser159 and Tyr452 Gab2 (3884 and 3882, Cell Signaling Technology), Gab2
(3239, Cell Signaling Technology), phospho-Tyr580 SHP2 (5431, Cell Signaling
Technology), SHP2 (3397, Cell Signaling Technology), phospho Tyr419 and
Tyr530 c¢-Src (6943 and 2105, Cell Signaling Technology), nonphospho-Tyr419
and Tyr530 c-Src (2102 and 2107, Cell Signaling Technology), c-Src (2123, Cell
Signaling Technology), cyclin D1 (A-12, Santa Cruz Biotechnology), cyclin D3
(610279, BD Transduction Laboratories; C-16, Santa Cruz Biotechnology), cyclin
E1 (HE12, Calbiochem), cyclin E2 (4132, Cell Signaling Technology), p21 Cip1
(610233, BD Transduction Laboratories), p27 Kip1 (610241, BD Transduction
Laboratories), c-Jun (9165, Cell Signaling Technology), Ets-1 (C-20, Santa Cruz
Biotechnology; 6258, Cell Signaling Technology), Ets-2 (C-20, Santa Cruz Bio-
technology), TCF1 (2203, Cell Signaling Technology), LEF1 (2230, Cell Signaling
Technology), TCF3 (2883, Cell Signaling Technology), TCF4 (2569, Cell Signaling
Technology), CREB (4820, Cell Signaling Technology), anti-mouse I1gG HRP
(RPN4201, GE Healthcare Life Science), and anti-rabbit 1gG HRP (7074, Cell
Signaling Technology).

A PathScan RTK Signaling Antibody Array Kit (7982, Cell Signaling
Technology) was used according to the manufacturer’s instructions to

1. Pao W, Chmielecki J (2010) Rational, biologically based treatment of EGFR-mutant
non-small-cell lung cancer. Nat Rev Cancer 10(11):760-774.

. Chong CR, Janne PA (2013) The quest to overcome resistance to EGFR-targeted
therapies in cancer. Nat Med 19(11):1389-1400.

. Rosell R, et al.; Spanish Lung Cancer Group in collaboration with Groupe Francais de
Pneumo-Cancérologie and Associazione Italiana Oncologia Toracica (2012) Erlotinib
versus standard chemotherapy as first-line treatment for European patients with
advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre,
open-label, randomised phase 3 trial. Lancet Oncol 13(3):239-246.

4. Lippert TH, Ruoff HJ, Volm M (2011) Current status of methods to assess cancer drug
resistance. Int J Med Sci 8(3):245-253.

. Wilson TR, et al. (2012) Widespread potential for growth-factor-driven resistance to
anticancer kinase inhibitors. Nature 487(7408):505-509.

. Straussman R, et al. (2012) Tumour micro-environment elicits innate resistance to RAF
inhibitors through HGF secretion. Nature 487(7408):500-504.

. Kentsis A, et al. (2012) Autocrine activation of the MET receptor tyrosine kinase in
acute myeloid leukemia. Nat Med 18(7):1118-1122.

. Nassar N, Singh K, Garcia-Diaz M (2010) Structure of the dominant negative S17N
mutant of Ras. Biochemistry 49(9):1970-1974.

. Stommel JM, et al. (2007) Coactivation of receptor tyrosine kinases affects the re-
sponse of tumor cells to targeted therapies. Science 318(5848):287-290.

10. Guo A, et al. (2008) Signaling networks assembled by oncogenic EGFR and c-Met. Proc

Natl Acad Sci USA 105(2):692-697.

11. van der Geer P, Wiley S, Gish GD, Pawson T (1996) The Shc adaptor protein is highly
phosphorylated at conserved, twin tyrosine residues (Y239/240) that mediate protein-
protein interactions. Curr Biol 6(11):1435-1444.

12. Weidner KM, et al. (1996) Interaction between Gab1 and the c-Met receptor tyrosine
kinase is responsible for epithelial morphogenesis. Nature 384(6605):173-176.

13. Holgado-Madruga M, Emlet DR, Moscatello DK, Godwin AK, Wong AJ (1996) A Grb2-
associated docking protein in EGF- and insulin-receptor signalling. Nature 379(6565):
560-564.

14. Maroun CR, Naujokas MA, Holgado-Madruga M, Wong AJ, Park M (2000) The tyro-
sine phosphatase SHP-2 is required for sustained activation of extracellular signal-

N

w

w1

o

~

oo

©

E3862 | www.pnas.org/cgi/doi/10.1073/pnas.1510733112

assess the phosphorylation status of 28 major RTKs. Briefly, cell lysate was
incubated on a slide, to which was added a biotinylated detection anti-
body mixture, streptavidin-conjugated horseradish peroxidase, and, fi-
nally, enhanced chemiluminescence reagents. Slide images were captured
with autoradiography film.

Immunoprecipitation and Immunoblotting, Measurement of Ras-GTP Levels,
and Phospho-ERK1/2-Associated GST-Elk1 in Vitro Kinase Assay. Proteins
were precipitated with agarose-conjugated antibodies to mouse normal IgG
(sc-2343, Santa Cruz Biotechnology), and EGFR (528, Santa Cruz Biotechnology).
Immunoprecipitates were subjected to SDS/PAGE and stained with antibodies
against EGFR (1005, Santa Cruz Biotechnology), or ¢-Src (2123, Cell Signaling
Technology). Ras-GTP levels were measured with the Active Ras Pull-Down
and Detection Kit (Pierce; Cell Signaling Technology). The pulled-down
Ras-GTP was detected by Western blot analysis with a pan-Ras antibody
(H-Ras, K-Ras, and N-Ras).

A phospho-ERK 1/2-associated GST-Elk1 in vitro kinase assay was performed
according to the manufacturer’s instructions with a nonradioactive p44/42
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Analysis Core Facility.
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