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Non-small cell lung cancers with activating mutations in the epider-
mal growth factor receptor (EGFR) are highly responsive to EGFR
tyrosine kinase inhibitors (TKIs), such as gefitinib and erlotinib. Such
cancers are “addicted” to EGFR, and treatment with a TKI invariably
leads to down-regulation of the PI3K-AKT-mTOR and MEK-ERK sig-
naling pathways, resulting in apoptosis. Using a dual PI3K-mTOR
inhibitor, NVP-BEZ235, we evaluated whether PI3K-mTOR inhibition
alone induced apoptosis in these cancers. In contrast to HER2-ampli-
fied breast cancers, we found that PI3K-mTOR inhibition did not
promote substantial apoptosis in the EGFR mutant lung cancers.
However, blocking both PI3K-mTOR and MEK simultaneously led to
apoptosis to similar levels as the EGFR TKls, suggesting that down-
regulation of these pathways may account for much of the apoptosis
promoted by EGFR inhibition. In EGFR mutant lung cancers, down-
regulation of both intracellular pathways converged on the BH3
family of proteins regulating apoptosis. PI3K inhibition led to down-
regulation of Mcl-1, and MEK inhibition led to up-regulation of BIM.
In fact, down-regulation of Mcl-1 by siRNA was sufficient to sensitize
these cancers to single-agent MEK inhibitors. Surprisingly, an AKT
inhibitor did not decrease Mcl-1 levels, and when combined with MEK
inhibitors, failed to induce apoptosis. Importantly, we observed that
the combination of PI3K-mTOR and MEK inhibitors effectively shrunk
tumors in a transgenic and xenograft model of EGFR T790M-L858R
cancers. These data indicate simultaneous inhibition of PI3K-mTOR
and MEK signaling is an effective strategy for treating EGFR mutant
lung cancers, including those with acquired resistance to EGFR TKis.
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ver the past few years, it has become clear that non-small cell

lung cancers (NSCLCs) with activating mutations in epider-
mal growth factor receptor (EGFR) are particularly sensitive to
EGFR tyrosine kinase inhibitors (TKIs), and this has emerged as
another example of a successful targeted therapy paradigm [re-
viewed in (1)]. Similarly, breast cancers with amplification of HER2
are often sensitive to HER2 TKIs (lapatinib) and antibodies
(trastuzumab) (2, 3).

Mounting evidence indicates that both the PI3K-AKT-mTOR
and the MEK-ERK pathways are strictly regulated by either EGFR
or HER?2 in cancers that respond to inhibitors of these RTKs (4).
For a cancer to respond to an EGFR TKI, treatment must lead to
down-regulation of these intracellular signaling pathways. When
most cancers, such as KRAS-mutated cancers, are treated with
EGFR TKIs, these intracellular pathways are unaffected, and these
cancers are thus de novo resistant (5). In contrast, lung cancers with
EGFR mutations have PI3K-AKT-mTOR and MEK-ERK under
the sole regulation of EGFR, and when treated with an EGFR TKI,
these pathways turn off and the cells undergo substantial apoptosis.
However, it remains unknown whether down-regulation of the
PI3K-AKT-mTOR, MEK-ERK, or both pathways together is suf-
ficient to recapitulate the apoptotic effects induced by the TKI.
Indeed, recent data suggests that HER2-amplified cancers are
particularly sensitive to single-agent PI3K-mTOR inhibitors and
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AKT inhibitors (6-8), raising the possibility that EGFR-driven
cancers will be similarly sensitive to PI3K pathway inhibitors.
Although EGFR mutant lung cancers often have initial dramatic
responses to EGFR TKIs, these cancers invariably become resis-
tant, and usually in less than 12 months (1, 4). About 50% of these
cancers escape EGFR TKI treatment through a secondary threo-
nine to methionine substitution at codon 790 (T790M), located in
the kinase domain of EGFR, which renders gefitinib and erlotinib
ineffective EGFR inhibitors (9-13). These resistance mutations can
be overcome by a new generation of irreversible EGFR inhibitors
that covalently bind EGFR (14). Approximately another 20-25%
escape EGFR TKI treatment through amplification of another
RTK, MET (11). When amplified, MET causes resistance by
maintaining PI3K-AKT and MEK-ERK signaling despite contin-
ued EGFR inhibition (11). MET inhibitors re-sensitize these can-
cers to EGFR TKIs. Moreover, preliminary evidence suggests that
multiple resistance mechanisms occur simultaneously in the same
patient (10, 11). Thus, it is unclear whether attempts to overcome
individual resistance mechanisms will provide substantial clinical
benefit to patients with acquired resistance to EGFR TKIs, and
whether there may be an advantage to directly targeting down-
stream signaling to overcome multiple resistance mechanisms.
Drugs that directly target the PI3K-AKT-mTOR pathway and
the MEK-ERK pathway are entering the clinic. Amongst these are
the dual PI3K-mTOR inhibitor, NVP-BEZ235, and the MEK-ERK
inhibitor, AZD6244, both of which are currently in clinical trials
(15, 16). We recently determined that these drugs used in combi-
nation were highly effective in mutant KRAS-induced adenocarci-
nomas in vivo (17). To determine the impact of inhibiting PI3K and
MEK signaling in EGFR mutant lung cancers, we compared the
effects of NVP-BEZ235, AZD6244, and their combination in
models of EGFR addicted cancers, and models of acquired resis-
tance to EGFR TKIs in vitro and in vivo. We find that, unlike
HER?2-amplified breast cancers, EGFR-addicted lung cancers do
not undergo substantial apoptosis to single-agent PI3K-mTOR
inhibitors, but require concomitant inhibition of both PI3K-mTOR
and MEK. In EGFR-addicted cancers, we observe that inhibition
of PI3K down-regulates Mcl-1, and inhibition of MEK up-regulates
BIM to induce apoptosis. These studies suggest that single-agent
PI3K pathway inhibitors will not be effective for EGFR-driven lung
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cancers, but that combined PI3K-mTOR and MEK inhibition may
be an effective strategy to overcome multiple means of acquired
resistance to EGFR TKIs.

Results

HER2-Amplified Breast Cancer Cell Lines Are Sensitive to Single-Agent
PI3K-mTOR Inhibition, but EGFR Mutant Lung Cancer Cell Lines Require
Combined PI3K-mTOR and MEK Inhibition. We determined the efficacy
of the dual PI3K-mTOR inhibitor (NVP-BEZ235), the MEK
inhibitor (AZD6244) and their combination to treat EGFR mutant
lung cancers and HERZ2-amplified breast cancers. To identify the
optimal concentrations of each drug to use in these experiments, we
assessed a range of doses for effective target inhibition in all of the
cell lines evaluated in this study (Fig. S1). We used the lowest drug
concentration that maximally inhibited signaling, as indicated by
AKT, S6, and ERK phosphorylation. These doses (NVP-BEZ235
0.2 uM and AZD6244 0.2-2 uM) were similar to concentrations
used in previous studies by others (7, 16-19).

We next compared the efficacy of single-agent NVP-BEZ235,
single-agent AZD6244, and their combination (BEZ/AZD), in
EGFR mutant (HCC827) and HER2-amplified (BT474) cells. Cells
were treated for 72 h and the change in number of viable cells was
determined (Fig. 14). In BT474 cells, single-agent NVP-BEZ235
(0.2 uM) treatment effectively reduced viable cells in agreement
with previous reports (7), and this treatment was as potent as
BEZ/AZD (0.2 uM NVP-BEZ235/2 uM AZD6244) combination
treatment. In contrast, single-agent NVP-BEZ235 (0.2 uM) had
little effect on cell viability in HCC827 cells, but the combination
BEZ/AZD (02 uM NVP-BEZ235/1 uM AZD6244) reduced
viability substantially (approximately 5-fold over NVP-BEZ235 (0.2
uM) treatment alone; P < 0.001) (Fig. 1A). In fact, combined
BEZ/AZD treatment at the doses that adequately suppress PI3K
and MEK signaling (0.2 uM NVP-BEZ235/1 uM AZDG6244)
decreased cell viability with a similar potency as the EGFR
inhibitor, gefitinib (P = ns) (Fig. S24).

These survival assays were performed over 72 h, but do not
necessarily reflect the efficacies of different treatments over longer
periods of time. Thus, we performed long-term survival assays over
16 days to further compare the potencies of NVP-BEZ235,
AZD6244, the BEZ/AZD combination, and TKIs in EGFR mutant
lung cancers and HER2-amplified breast cancers. As shown in Fig.
1B, the concentrations of NVP-BEZ235 and AZD6244 used sup-
pressed PI3K-AKT and ERK signaling equally to the correspond-
ing TKI. Of note, obvious feedbacks were observed as MEK
inhibition led to marked increases in AKT phosphorylation both on
Thr-308 and Ser-473 in all four cell lines. In both EGFR mutant
cancer cells (PC9 and HCC827), BEZ/AZD treatment for 16 days
decreased cell viability to levels similar to those observed by
gefitinib treatment (Fig. 1C). NVP-BEZ235 treatment also de-
creased cell numbers, but substantially less effectively than the TKI
or BEZ/AZD combo (P < 0.001). In contrast, in both HER2-
amplified cells (SKBR3 and BT474), single-agent NVP-BEZ235
was sufficient to sustain growth inhibition to levels approaching
those following lapatinib treatment. Of note, in both EGFR mutant
and HER2-amplified cells, both the DMSO and AZD6244 treated
cells grew to confluence before the completion of the experiment.

Combination BEZ/AZD Treatment Leads to Cell Death in EGFR-Mutated
Cancers. Drug treatments can reduce cell viability by inhibiting
growth and/or inducing cell death. Furthermore, it is unclear
whether growth inhibition observed in vitro with PI3K pathway
inhibitors will accurately predict their activity in vivo. We hypoth-
esized that the greater potency of NVP-BEZ235 in HER2-amplified
cancers may reflect a greater capacity to promote cell death, and
that the greater potency of the BEZ/AZD combination in the
EGFR mutant cancer cell lines may also indicate increased cell
death. Thus, we quantified cell death by propidium iodide (PI)
staining to determine the percent of cells with subGo/G; DNA
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Fig. 1. PI3K-mTOR inhibition effectively reduces cell viability in HER2-

amplified breast cancers, but combined PI3K-mTOR and MEK inhibition is
necessary to effectively reduce cell viability in EGFR mutant lung cancer cells.
(A) HER2-amplified BT474 cells (top) and EGFR mutant HCC827 cells (lower)
and were treated with increasing doses of the PI3K-mTOR inhibitor NVP-
BEZ235, the MEK inhibitor AZD6244, or the combination of both (BEZ/AZD),
and total cell viability was determined after 72 h by staining cells with the
nucleic acid stain, Syto60. Data are presented as the percent of viable cells
versus DMSO (-) treated cells. + S.D. Student's t-test were performed compar-
ing BEZ with BEZ/AZD at indicated concentrations; * indicates a P value
<0.001, #indicates P> 0.05 (notsignificant). (B) Cells were treated with either
DMSO (-) or the indicated drug(s) for 6 h (TKls 1 uM, NVP-BEZ235 0.2 uM for
all cell lines, AZD6244 0.2 uM for SKBR3 cells, 1 M for HCC827 and PC9 cells,
and 2 uM for BT474 cells). Protein lysates were immunoblotted and probed
with the indicated antibodies. (C) Cells were treated with the indicated drug(s)
asin (B) for 16 days, and cell viability was determined by Syto60 assay. The fold
difference of viable cells is presented relative to the viable cells treated with
tyrosine kinase inhibitor [TKI, gefitinib (gef) for HCC827 and PC9 cells, and
lapatinib (lap) for SKBR3 and BT474 cells]. BEZ versus BEZ/AZD (HCC827, P <
0.001; PC9, P < 0.001), and BEZ versus TKI (HCC827, P < 0.001; PC9, P < 0.001).

content (20). We compared two HER2-amplified breast cancer cell
lines (BT474 and SKBR3) to three different EGFR mutant lung
cancer cells lines. We used the EGFR mutant HCC827 cancer cell
line, and two models of acquired resistance to EGFR TKIs, H1975
(L858R/T790M), and the MET-amplified HCCS827 gefitinib resis-
tant (GR) cells (11). As above, we used the minimum concentra-
tions of NVP-BEZ235 and AZD6244 that effectively inhibited
PI3K and MEK signaling in each cell line (Fig. 1B and Fig. S2B).
We observed that single-agent NVP-BEZ235 induced markedly
more cell death in the HER2-amplified breast cancers than the
EGFR mutant lung cancers (Fig. 24). In the EGFR mutant cancers,
PI3K-mTOR inhibition led to an accumulation of cells in Gy after
30 h (Fig. S3), likely accounting for the decreased cell numbers in
the long-term assays (Fig. 1C). In addition, we observed that
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Fig. 2. EGFR mutant cells downregulate Mcl-1 in response to PI3K-mTOR inhibition. (A) EGFR mutant cells (HCC827, H1975, and HCC827 GR6) and

HER2-amplified cells (SKBR3 and BT474) were treated with either DMSO control or the indicated drug(s) (TKls 1 wM, NVP-BEZ235 0.2 uM, AZD6244 0.2 uM for
SKBR3 cells, 1 uM for HCC827 and HCC827 GR6 cells, and 2 uM for H1975 and BT474 cells) and 72 h later cells were subjected to flow cytometry to determine
subGy/G1 population and the distribution of cycling cells, as described in Materials and Methods. Data are presented as mean * S.D. of triplicate experiments.
(TKI is CL-387,785 (CL) for H1975 cells and gefitinib/PHA-665752 (gef/PHA) for HCC827 GR6 cells). Statistical analyses comparing BEZ versus BEZ/AZD were P <
0.001 for HCC827, H1975, HCC827 GR6, and were not significant (P > 0.01) for BT474 an SKBR3. (B) Cells were treated with either DMSO (-) or drug for 30 h. Cell
lysates were prepared and subjected to immunoblotting with the indicated antibodies. The SKBR3 cells were treated for 72 h with the indicated drugs because
no substantial PARP cleavage was observed after 30 h with any of the drug treatments.

combining the MEK inhibitor with the PI3K-mTOR inhibitor
induced marked cell death in the EGFR mutant cancer cells lines,
and in fact approached the amount of cell death induced by the
effective TKI (Fig. 2A4).

Combined PI3K and MEK Inhibition Leads to Apoptosis in EGFR Mutated
Cancers. The appearance of subGy/G; DNA following drug treat-
ment reflects cell death, that is, apoptosis, necrosis, and/or auto-
phagy. Gefitinib has been reported to induce cell death via apo-
ptosis in EGFR mutant cells (21-23). Similarly, we observed that
BEZ/AZD combination treatment induced apoptosis in EGFR
mutant cancers as demonstrated by the detection of the p85
(cleaved) form of poly (ADP-ribose) (PARP) (24) (Fig. 2B) and
increased caspase 3 activity (Fig. S44). To identify the mechanism
underlying how combined PI3K and MEK inhibition led to apo-
ptosis in the EGFR mutant lung cancers, we assessed expression
levels of Bcl-2 family members, which act in concert in response to
apoptotic/survival signaling to modulate mitochondrial integrity
(25). In EGFR mutant cancers, we observed both an increase in
BIM expression and a reduction in Mcl-1 expression following TKI
or BEZ/AZD combination treatment (i.e., apoptosis-inducing reg-
imens). MEK inhibition induced BIM expression, and PI3K-mTOR
inhibition reduced Mcl-1 expression (Fig. 2B). Quantitative RT-
PCR analyses revealed that the changes in BIM and Mcl-1 protein
expression were not due to changes in RNA abundance (Fig. S4B).
This is consistent with previous reports that their expression is often
regulated by posttranslational modifications (26, 27). In contrast,
Mcl-1 levels were not reduced in response to PI3K-mTOR inhibi-
tion in the sensitive HER2-amplified breast cancers (Fig. 2B).
We also observed PI3K-dependent down-regulation of Mcl-1 in
the A431 cells (EGFR wild-type and gefitinib-sensitive (28)).
Indeed, there was marked apoptosis only when both MEK and
PI3K were inhibited (Fig. S5 4 and B). SUM102 breast cancer cells
that are sensitive to EGFR inhibition (29) also demonstrate Mcl-1
down-regulation in response to PI3K inhibition (Fig. S64). In these
cells, gefitinib only had modest effects on AKT phosphorylation
and Mcl-1 expression. This may explain why gefitinib induced only
a Gy accumulation in these cells, but combined PI3K/MEK pro-
moted marked apoptosis (Fig. S6 B and C). Of note, when we
examined a HER2-amplified lung cancer cell line, Calu-3, neither
lapatinib nor NVP-BEZ235 down-regulated Mcl-1 (Fig. S6F).
Thus, this data together suggests that PI3K regulates Mcl-1 expres-
sion in cancers that are reliant on EGFR, whether EGFR is wild
type or mutant, and regardless of the tissue of origin. However,
HER2-amplified cancers do not regulate Mcl-1 via PI3K. To this
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point, although expression of EGFR L858R in BT474 and BT20
cells (a breast cancer cell line without HER2 amplification) induced
resistance to single-agent NVP-BEZ235 (Fig. S6 D and E), these
cells continued to have PI3K-independent regulation of Mcl-1.
Inhibition of MEK re-sensitized these cells to NVP-BEZ235 (Fig.
S6E). Thus, it seems that PI3K regulation of Mcl-1 occurs during
the development of an EGFR-driven cancer.

Several groups recently reported that BIM up-regulation is a
critical component of apoptosis in EGFR mutant cancers, and
down-regulation of BIM via siRNA protects cells from apoptosis
(21, 22, 30, 31). Similarly, we observed that abrogation of BIM
induction protected the EGFR mutant cancers from BEZ/AZD-
induced apoptosis (Fig. S7 A and B). We observed that both
gefitinib and BEZ/AZD led to Bax activation, likely in response to
down-regulation of Mcl-1 and up-regulation of BIM (Fig. S7C).

Reducing Mcl-1 Expression Sensitizes EGFR Mutant NSCLCs Cells to MEK
Inhibitors. We investigated whether maintenance of Mcl-1 protein
expression was a major survival output of the PI3K-AKT-mTOR
pathway in EGFR mutant NSCLCs. Remarkably, down-regulation
of Mcl-1 via siRNA sensitized the NSCLCs to single-agent MEK
inhibition (Fig. 3 A and B and Fig. S8A4). The level of Mcl-1
expression in the siRNA experiments (=75% knockdown) approx-
imated the down-regulation induced by PI3K-mTOR inhibition
(Fig. S8B). Moreover, the amount of apoptosis promoted by MEK
inhibitors in the Mcl-1 knockdown cells recapitulated the level of
cell death induced by combined BEZ/AZD treatment. This sug-
gests that loss of Mcl-1 expression accounts for much of the effect
of NVP-BEZ235 in promoting cell death in the combination
treatment. These data implicate Mcl-1 and BIM expression as
integral survival outputs controlled by the PI3K pathway and
MEK-ERK pathway in EGFR mutant lung cancers.

To better define how NVP-BEZ235 regulates Mcl-1, we com-
pared NVP-BEZ235 to ZSTK474 [a PI3K inhibitor that does not
directly inhibit mTOR (32)] and AKT1/2, an allosteric AKT
inhibitor (8). The ZSTK474 compound down-regulated Mcl-1, and
induced cell death when combined with a MEK inhibitor (Fig. 3 C
and D). To our surprise, the AKT inhibitor did not downregulate
Mcl-1 despite marked suppression of AKT and mTORCI1 activity
(Fig. 3C). Accordingly, the AKT inhibitor did not induce substantial
cell death when combined with a MEK inhibitor in the HCC827
cells (Fig. 3D). Thus, this data suggests that PI3K regulation of
Mcl-1 is not primarily an AKT-dependent process.
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Fig. 3.

Loss of Mcl-1 expression sensitizes EGFR mutant cells to single-agent MEK inhibition. (A) EGFR mutant HCC827 cells were transfected with scrambled

(sc) or Mcl-1 siRNA followed by treatment with either DMSO (-) or the indicated drugs for 30 h. Protein lysates were assessed with the indicated antibodies. (B)
Cells were transfected and drug treated as in (A). Forty-eight hours following drug treatment, cells were assessed for subGo/G1 DNA content. (C) HCC827 cells
were treated for 16 h with either DMSO (-) or the PI3K/mTOR dual inhibitor BEZ235 (.2 uM), the PI3K inhibitor, ZSTK474 (1 uM), or the AKT inhibitor, AKT 1/2
(1 uM), and cell lysates were prepared and subjected to immunoblotting with the indicated antibodies. (D) HCC827 cells were treated for 72 h with either DMSO
(-) or indicated drugs, and cells were assessed for subGy/G1 DNA content. Mean + S.D. of triplicate experiments is shown. BEZ/AZD versus AKT/AZD, P < 0.001;

BEZ/AZD versus ZST/AZD, P > 0.01, not significant.

BEZ/AZD Combination Therapy Is Effective in EGFR Mutant Xenografts
and T790M/L858R (TL) Mice. To determine the activity of the BEZ/
AZD combination treatment in vivo, we treated two EGFR mutant
lung cancer models with the PI3K-mTOR and MEK inhibitors. We
first assessed HCC827 xenografts, which have previously been
shown to be sensitive to EGFR TKI inhibitors (33). While we did
not see substantial responses to either single-agent alone (Fig. 44),
BEZ/AZD combination therapy effectively blocked tumor growth
for 50 days (Fig. 44) (BEZ versus BEZ/AZD, P = 0.014). In vivo,
both AKT (Thr-308 and Ser-473) and S6 phosphorylation were
reduced by NVP-BEZ235, and ERK phosphorylation was reduced
by AZD6244 (Fig. 4B). The combined treatment effectively in-
creased BIM expression and reduced Mcl-1 expression in agree-
ment with the in vitro studies (Fig. 4C). There was no apparent
toxicity from the combined treatment. Necropsy examination re-
vealed no evidence of kidney, liver, heart, or lung pathology, and
there were no apparent effects on body weight or blood counts. In
addition, we treated the gefitinib-resistant H1975 (EGFR L858R/
T790M) xenograft tumors and observed marked tumor regression
only with BEZ/AZD combination treatment (Fig. 4D) (average
tumor is reduced to 36% of pretreatment size, BEZ versus BEZ/
AZD, P = 0.002). We next scrutinized genetically engineered mice
with inducible expression of an EGFR T790M-L858R transgene
upon doxycycline administration (34). This model faithfully reca-
pitulates the T790M mediated mechanism of resistance, the type of
acquired resistance to EGFR TKIs that is observed in approxi-
mately 50% of patients (9-13, 35). We observed that BEZ/AZD
combination therapy, but not either single-agent alone, reduced
tumor volume in TL mice (Fig. 4E). This was accompanied by
reductions in AKT, S6, and ERK activation (Fig. 4F), and induction
of apoptosis as determined by TUNEL staining (Fig. S9 A and B).
The dramatic tumor shrinkage induced by BEZ/AZD was even
greater than that observed with irreversible EGFR inhibitor,
BIBW2992 (36). Of note, we did not identify any effects on tumor
vessel numbers following these short-term experiments in the
transgenic mouse model, but we did observe that both NVP-
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BEZ235 and BEZ/AZD diminished the number of vessel endo-
thelial cells after 50 days of treatment in the HCC827 xenograft
model consistent with other studies (Fig. S9D) (37, 38). It is possible
that the anti-angiogenic activity of NVP-BEZ235 contributes to the
therapeutic efficacy of the BEZ/AZD combination.

Discussion

In this study, we assessed the relative contributions of the PI3K-
AKT-mTOR and MEK-ERK signaling pathways in maintaining
the survival of EGFR mutant NSCLCs and HERZ2-amplified breast
cancers. Unlike HER2-amplified breast cancers, EGFR mutant lung
cancers did not undergo substantial apoptosis with single-agent
PI3K inhibitors. Using several in vitro and in vivo models, we
observed that EGFR mutant lung cancers require concomitant
PI3K and MEK inhibition to promote apoptosis and shrink cancers.
In addition, the combination of NVP-BEZ235 and AZD6244 also
effectively induced apoptosis in multiple models of acquired resis-
tance (H1975 cells, HCC827 GR6 cells, and EGFR T790M-L858R
transgenic mice) in vitro and in vivo. These data suggest that this
combination could be advantageous to patients with TKI-sensitive
EGFR mutant NSCLCs as well as those with acquired resistance to
EGFR TKI therapy. Since more than one acquired resistance
mechanism may simultaneously exist in an individual (11), targeting
downstream signaling might provide a useful way to overcome
multiple resistance mechanisms.

To understand the mechanism of inhibitor-induced apoptosis in
both EGFR mutant and HER2-amplified cancer cells, we analyzed
the levels of Bcl-2 family proteins before and after drug treatments.
In both cancer types, inhibition of the MEK-ERK pathway resulted
in induction of pro-apoptotic BIM protein. Recently, four inde-
pendent groups observed that BIM was up-regulated in EGFR
mutant NSCLCs undergoing apoptosis in response to EGFR TKIs
(21, 22, 30, 31). In this study, we found that the levels of the
anti-apoptotic Mcl-1 protein were greatly reduced following inhi-
bition of the PI3K-AKT-mTOR pathway in EGFR mutant
NSCLCs. In HER2-amplified cancers, there was no decrease in
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Fig. 4. The combination of BEZ/AZD is an effective treatment strategy
against in EGFR mutant cancers in vivo. (A) HCC827 xenografts were treated
with the indicated drug regimens (as described in S/ Methods), and tumor
volumes (* S.E.M.) were plotted over time. (B and C) HCC827 xenografts were
treated with the indicated drug regimens. Tumors were harvested 1.5 h after
treatment on Day 3. Tumor lysates were analyzed by immunoblotting with the
indicated antibodies. (D) H1975 xenografts were treated with the indicated
drug regimens [as described in Materials and Methods and identical to
treatments in (A)], and average tumor volumes (+ S.E.M.) were plotted over
time. (E) (Left) Representative Magnetic Resonance Images (MRI) of T790M/
L858R (TL) mice fed doxycycline to induce tumor formation (Pre-Rx) and
treated with the indicated drug regimens for 3 weeks. Note: Red arrows point
to tumor. (Right) Tumor volumes of TL mice treated with NVP-BEZ235 (BEZ),
AZD6244 (AZD), or AZD/BEZ. The y axis at 1"’ is the normalized tumor volume
at “Day 0" of the respected drug treatments. Tumor volumes of AZD/BEZ
versus BEZ alone, P < 0.001, AZD/BEZ versus AZD, P < 0.001). (F) Tumor lysates
were prepared from TL mice treated with either vehicle treatment (-) or the
indicated drug treatment as in (B). Imnmunoblotting was performed with the
indicated antibodies.

Mcl-1 following PI3K-mTOR inhibitors or any of the drug treat-
ments, further suggesting that EGFR mutant cancers and HER2-
amplified cancers use different mechanisms to escape tonic death
signaling.

In this study, we also assessed whether the particular oncogene
addiction (mutant EGFR vs. wild-type EGFR vs. HER2) or the
tissue type (lung vs. breast) determines whether PI3K regulates
Mcl-1, and if cell death requires combined PI3K and MEK inhi-
bition. Cancer cell lines from organs other than lung that require
wild-type EGFR for growth (A431 epidermoid cancer and
SUM102 breast cancer) also had Mcl-1 under the regulation of
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PI3K, and concomitant PI3K and MEK inhibition was necessary to
induce their death (Fig. S6 A-C). This indicates that PI3K-
dependent regulation of Mcl-1 expression may be a common
feature of most EGFR-driven cancers regardless of tissue of origin,
whether EGFR is wild type or mutant. Conversely, a lung cancer
cell line with HER2 amplification, Calu-3, did not have Mcl-1
regulation under the control of PI3K (Fig. S6F). In addition,
expression of EGFR L858R in BT474 and BT20 breast cancer cell
lines conferred resistance to cell death induced by single-agent
BEZ235. However, they were sensitive to concomitant targeted
inhibition of the PI3K and MEK pathways (Fig. S6 D and E). In
total, these results suggest that intrinsic differences between HER2-
and EGFR-addicted cancers, rather than their tissues of origin,
determine if the PI3K pathway regulates Mcl-1 and the therapeutic
potential of these different treatment strategies.

Intriguingly, we observed that reduction of Mcl-1 levels with
siRNA sensitized the EGFR mutant NSCLCs to single-agent
AZD6244. In fact, this recapitulated the apoptotic response in-
voked by BEZ/AZD combination in both HCC827 and H1975 cells.
This result suggests that down-regulation of Mcl-1 is a critical output
of PI3K-mTOR inhibition that cooperates with MEK inhibition to
promote apoptosis. Thus, we hypothesize that in EGFR mutant
NSCLGCs, high levels of Mcl-1 may directly sequester Bax and/or
Bak to prevent their oligomerization or may bind preexisting BIM,
thereby preventing BIM-mediated activation, or “priming,” of
Bax/Bak. Indeed, interactions between Mcl-1 with BIM have been
reported in the gefitinib-sensitive A431 cells (39). Furthermore, it
may be the case that only when BIM levels become excessive,
contingent upon both Mcl-1 degradation and BIM up-regulation,
that BIM primes Bax/Bak, and commits cells to apoptosis as we
observed. This is consistent with the model put forth by Certo et al.
(40), and could provide a therapeutic insight into precisely how
active PI3K-AKT-mTOR and MEK-ERK signaling keep EGFR
mutant cells alive. However, not every single EGFR mutant cancer
may share this regulation of BIM and Mcl-1. For example, we did
not observe Mcl-1 down-regulation in PC9 cells in response to
PI3BK-mTOR or EGFR inhibition consistent with previously re-
ported results (30).

Mcl-1 is a pro-survival member of the Bcl-2 family with a short
protein half-life (=3 h). Mcl-1 contains two N-terminal PEST
sequences, which appear to contribute to its instability (26). There
are many proposed mechanisms that may account for the effect of
NVP-BEZ235 on Mcl-1 expression. Phosphorylation of Mcl-1 at
Ser-159 (located in one of the PEST domains) by glycogen synthase
kinase 3B (GSK3pB) promotes Mcl-1 degradation. The mTORC1
pathway, which functions downstream of AKT, can also stabilize
Mcl-1, and treatment with the mTOR inhibitor, rapamycin, leads to
reduced Mcl-1 levels in several cancer lymphoma and leukemia
models (41-43). However, in our studies on EGFR mutant lung
cancer cell lines, we found that loss of Mcl-1 cannot be recapitulated
by loss of AKT or mTORC1 activity (Fig. 3 B and C). Thus, these
experiments predict that a combination of PI3K with MEK inhib-
itors will be substantially more effective than a combination of AKT
and MEK inhibitors for patients with EGFR mutant lung cancers.
In light of the recent findings from Garraway and colleagues that
describe critical AKT-independent functions in the growth and
survival of PIK3CA mutated cancers (44), the observations in this
study further support the notion that there may be substantial
therapeutic differences between PI3K and AKT inhibitors.

The observations in this study are quite relevant to the treatment
of EGFR mutant NSCLCs. Our data suggest that down-regulation
of the MEK-ERK and PI3K-AKT-mTOR pathways accounts for
much of the apoptotic activity induced by EGFR TKIs. Impor-
tantly, our results suggest that patients with EGFR mutant NSCLCs
may not be sensitive to single-agent PI3K pathway inhibitors.
However, they may be quite sensitive to combined PI3K and MEK
inhibition, even if they have acquired resistance to EGFR TKIs.

PNAS | November 17,2009 | vol. 106 | no.46 | 19507

MEDICAL SCIENCES


http://www.pnas.org/cgi/data/0905056106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0905056106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0905056106/DCSupplemental/Supplemental_PDF#nameddest=SF6
http://www.pnas.org/cgi/data/0905056106/DCSupplemental/Supplemental_PDF#nameddest=STXT

Lo L

P

1\

=y

Thus, this combination holds promise as an effective component of
therapy to overcome acquired resistance to EGFR TKIs.

Materials and Methods

Please see SI Methods for the description of the cell lines and reagents, survival
assays, immunohistochemical, quantitative RT-PCR, Bax activity assay, mouse
treatment studies, statistical analyses, and immunoblotting techniques.

Flow Cytometry. Cells were prepared for cell cycle analysis essentially as previously
described (45). Briefly, following treatments, cells were collected, washed twice
in PBS, and resuspended in 70% EtOH. After 24 h, cells were analyzed on an LSR
flow cytometer (Becton-Dickinson). Routinely, >15,000 acquired events were
gated, and cells were quantified for subGy/G1 population, or analyzed for cell
cycle populations by Modfit LT V3.0 (Verity Software House).

Short Interfering (si)RNA Experiments. Scrambled, Bim, or Mcl-1 siRNA were mixed
in 0.75 mL Optimem and 10 min later mixed with 0.75 mL Optimem containing 75
ul Hiperfect reagent. Fifteen minutes later the solution was added drop-wise to
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concentration of 50 nM. Following a 24-h transfection period, cells were
trypsinized and re-seeded evenly in 6-well plates. The following day cells were
treated with either DMSO (-) or the indicated drugs and cells were prepared
either 30 h later (immunoblot) or 48 h later (flow cytometry).
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