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BACKGROUND: Although most non-small-cell lung cancer (NSCLC) patients with the echinoderm microtubule-associated protein-like
4 (EML4) – anaplastic lymphoma kinase (ALK) fusion gene – benefit from ALK tyrosine kinase inhibitors (ALK-TKIs), the efficacy of
these drugs varies greatly among individuals.
METHODS: The antitumour action of ALK-TKIs in EML4–ALK-positive NSCLC cell lines was evaluated from their effects on cell
proliferation, signal transduction, and apoptosis.
RESULTS: The ALK-TKI TAE684 inhibited cell proliferation and induced apoptosis, in association with inhibition of STAT3 and ERK
phosphorylation, in EML4–ALK-positive H3122 cells. TAE684 inhibited STAT3 phosphorylation, but not ERK phosphorylation, and it
showed little effect on cell proliferation or apoptosis, in EML4–ALK-positive H2228 cells. The combination of TAE684 and a MEK
inhibitor-induced marked apoptosis accompanied by inhibition of STAT3 and ERK pathways in H2228 cells. Such dual interruption
of STAT3 and ERK pathways induced downregulation of the antiapoptotic protein survivin and upregulation of the proapoptotic
protein BIM.
CONCLUSION: Our results indicate that interruption of both STAT3-survivin and ERK–BIM pathways is required for induction
of apoptosis in NSCLC harbouring EML4–ALK, providing a rationale for combination therapy with ALK and MEK inhibitors in
EML4–ALK-positive NSCLC patients for whom ALK inhibitors alone are ineffective.
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Lung cancer is the leading cause of cancer deaths worldwide. Given
the successful development of tyrosine kinase inhibitors (TKIs)
that target the epidermal growth factor receptor (EGFR) for the
treatment of individuals with lung cancer positive for EGFR mutations
(Paez et al, 2004), the identification of other kinases implicated in lung
cancer would be expected to facilitate the development of new molec-
ularly targeted therapies. A new potential driver mutation was recently
identified in 5 to 10% of cases of non-small-cell lung cancer (NSCLC):
fusion of the echinoderm microtubule-associated protein-like 4 gene
(EML4) with the anaplastic lymphoma kinase gene (ALK), which
results in the production of a fusion protein (EML4–ALK) (Soda et al,
2007; Shaw et al, 2009; Sasaki et al, 2010). Early-phase clinical trials
have revealed that TKIs that target ALK show marked efficacy in
patients with lung cancer positive for EML4–ALK (Kwak et al, 2010).
However, not all patients benefit from such treatment, with the clinical
response to these agents thus differing even among patients who
harbour this same molecular abnormality. We have now investigated
possible reasons for such variability in the response to ALK-TKIs
with the use of human NSCLC cell lines positive for EML4–ALK.

MATERIALS AND METHODS

Cell culture and reagents

The human NSCLC cell line H2228 was obtained from American
Type Culture Collection (Manassas, VA, USA). Human NSCLC
H3122 cells were obtained as previously described (Koivunen et al,
2008). All cells were maintained under a humidified atmosphere
of 5% CO2 at 37 1C in RPMI 1640 medium (Sigma, St Louis,
MO, USA) supplemented with 10% foetal bovine serum. TAE684,
crizotinib, and AZD6244 were obtained from ShangHai Biochem-
partner (Shanghai, China).

Growth inhibition assay in vitro

Cell viability was assessed with the MTT assay as previously
described (Tanizaki et al, 2011).

Annexin V binding assay

Binding of annexin V to cells was measured with the use of an
Annexin-V-FLUOS Staining Kit (Roche, Basel, Switzerland), as
described previously (Tanizaki et al, 2011).
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Immunoblot analysis

Immunoblot analysis was performed as previously described
(Tanizaki et al, 2011). Rabbit polyclonal antibodies to human
phosphorylated ALK (pY1608), to ALK, to phosphorylated signal
transducer and activator of transcription 3 (STAT3), to STAT3,
to phosphorylated AKT, to AKT, to poly(ADP-ribose) polymerase
(PARP), and to BIM were obtained from Cell Signaling Technology
(Danvers, MA, USA); those to extracellular signal-regulated kinase
(ERK) and to phosphorylated ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); and those to b-actin were
from Sigma.

Gene silencing

Transfection with small interfering RNAs (siRNAs) was performed
as previously described (Takezawa et al, 2011; Tanizaki et al, 2011).

In vivo studies

Cubic fragments of tumour tissue (B2 by 2 by 2 mm) were
implanted subcutaneously into the axilla of 5- to 6-week-old male
athymic nude mice. Treatment was initiated when tumours in each
group achieved an average volume of 100 – 200 mm3. Treatment
groups consisted of control, TAE684 alone, AZD6244 alone, and
the combination of TAE684 and AZD6244. Each treatment
group contained six mice. Each agent was administered by oral
gavage daily for 26 days; control animals received a 0.5% (w/v)
aqueous solution of hydroxypropylmethylcellulose as vehicle.
Tumour volume was determined from caliper measurements of
tumour length (L) and width (W) according to the formula
LW2/2. Both tumour size and body weight were measured twice
per week. Tumours were isolated at the completion of experi-
ments, lysed, and subjected to immunoblot analysis as described
above.
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Figure 1 Effects of ALK inhibitors on cell proliferation in lung cancer cell lines positive for EML4–ALK. H3122 or H2228 cells were cultured for 72 h in
complete culture medium-containing various concentrations of TAE684 (A) or crizotinib (B), after which cell viability was assessed. Data are expressed as
percent survival and are means±s.e. of triplicates from an experiment that was repeated a total of three times with similar results.
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Figure 2 Effects of ALK inhibition on signal transduction in lung cancer cells positive for EML4–ALK. (A) H3122 or H2228 cells were incubated with the
indicated concentrations of TAE684 for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to phosphorylated
(p) or total forms of ALK, STAT3, ERK, or AKT as well as with those to BIM, to survivin, to PARP, or to b-actin (loading control). The positions of the bands
for EML4–ALK, BIMEL, and intact and cleaved forms of PARP are shown for the corresponding antibodies. (B) Cells were transfected with non-specific
(Con) or ALK siRNAs for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis as in (A).
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Statistical analysis

Quantitative data are presented as means±s.e. and were analysed
with the unpaired two-tailed Student’s t-test. A P-value of o0.05
was considered statistically significant.

RESULTS

Effects of ALK-TKIs on cell proliferation and intracellular
signalling in NSCLC cell lines positive for EML4 –ALK

We first examined the effects of the ALK-TKIs TAE684 and
crizotinib on the growth of the NSCLC cell lines H3122 and H2228,
both of which harbour EML4–ALK. TAE684 and crizotinib each
markedly inhibited the proliferation of H3122 cells at low con-
centrations, whereas they affected the growth of H2228 cells only at
high concentrations (Figure 1). We next evaluated the effects of
TAE684 on signalling pathways in the EML4–ALK-positive NSCLC
cells. Immunoblot analysis showed that phosphorylation of
EML4–ALK was inhibited by TAE684 in both H3122 and H2228
cells (Figure 2A). TAE684 also markedly inhibited the phosphor-
ylation of STAT3 and ERK as well as induced downregulation
of the antiapoptotic protein survivin and upregulation of the

proapoptotic protein BIM in a concentration-dependent manner in
H3122 cells (Figure 2A), consistent with our previous observations
(Takezawa et al, 2011). In addition, the generation of the cleaved
form of PARP in TAE684-treated H3122 cells was indicative of the
induction of apoptosis (Figure 2A). In contrast, whereas TAE684
inhibited STAT3 phosphorylation and induced downregulation of
survivin in H2228 cells, it did not inhibit ERK phosphorylation or
upregulate BIM at either concentration tested (Figure 2A).
Furthermore, TAE684 did not induce PARP cleavage in H2228
cells (Figure 2A), indicating that it did not trigger apoptosis. To
exclude the possibility that these results were due to non-specific
effects of TAE684, we depleted both H3122 and H2228 cells of
EML4–ALK by RNA interference (RNAi) with ALK siRNA. Depletion
of EML4–ALK resulted in marked inhibition of both STAT3 and
ERK phosphorylation as well as in downregulation of survivin and
upregulation of BIM in H3122 cells (Figure 2B). In contrast, such
depletion inhibited STAT3 phosphorylation and induced down-
regulation of survivin in H2228 cells, but it failed to inhibit ERK
phosphorylation or to upregulate BIM (Figure 2B). Neither TAE684
nor EML4–ALK depletion had a marked effect on AKT phosphor-
ylation in H3122 or H2228 cells (Figure 2), consistent with our
previous results (Takezawa et al, 2011). These data thus suggested
that ALK inhibitors have a pronounced antitumour effect in H3122
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Figure 3 Effects of the combination of the MEK inhibitor AZD6244 with TAE684 on signal transduction and apoptosis in lung cancer cells positive for
EML4–ALK. (A) H2228 cells were incubated in the absence or presence of TAE684 (30 nM), AZD6244 (1mM), or both agents for 48 h, after which cell
lysates were prepared and subjected to immunoblot analysis with antibodies to the indicated proteins. (B) H3122 or H2228 cells were incubated in the
absence or presence of the indicated concentrations of TAE684, AZD6244, or both agents for 60 h, after which the proportion of apoptotic cells was
determined by staining with annexin V and propidium iodide followed by flow cytometry. Data are means±s.e. from three independent experiments.
*Po0.05 for the indicated comparisons; NS, not significant. (C) Nude mice with tumour xenografts established by subcutaneous implantation of H2228 cells
were treated for 26 days by daily oral gavage with vehicle (control), TAE684 (0.5 mg kg�1), AZD6244 (25 mg kg�1), or the combination of both drugs.
Tumour volume was determined at the indicated times after the onset of treatment. Data are means±s.e. for six mice per group. *Po0.05 for the
combination of TAE684 and AZD6244 vs either drug alone. (D) Lysates prepared from tumour xenografts at the completion of the experiment in (C) were
subjected to immunoblot analysis with antibodies to the indicated proteins.
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cells, whereas they show little such effect in H2228 cells, in spite of
the fact that they inhibit the STAT3-survivin signalling pathway in
these latter cells.

Dual inhibition of STAT3 and ERK signalling pathways is
required for induction of apoptosis in H2228 cells

Our results suggested that sustained activation of ERK signalling in
the presence of TAE684 prevented the induction of apoptosis by
this drug in H2228 cells. We therefore next examined the effects of
the combination of TAE684 and AZD6244, a specific inhibitor of
the ERK kinase MEK, on intracellular signalling and apoptosis in
H2228 cells. Immunoblot analysis revealed that AZD6244 markedly
inhibited ERK phosphorylation in H2228 cells, and this effect was
accompanied by upregulation of BIM (Figure 3A). Combined
treatment with TAE684 and AZD6244 resulted in marked inhibition
of the phosphorylation of both STAT3 and ERK as well as in both
downregulation of survivin and upregulation of BIM in H2228 cells
(Figure 3A). An annexin V binding assay revealed that the com-
bination of TAE684 at 10 or 30 nM and AZD6244 induced a marked
increase in the frequency of apoptosis in H2228 cells, whereas
either agent alone had little such effect (Figure 3B). On the other
hand, TAE684 alone induced marked apoptosis in H3122 cells,
consistent with our previous results (Takezawa et al, 2011), and the
extent of apoptosis induced by the combination of TAE684 and
AZD6244 was not significantly greater than that induced by
TAE684 alone (Figure 3B). Combination therapy with TAE684 and
AZD6244 inhibited the growth of tumours formed by H2228 cells
in nude mice to a significantly greater extent than that apparent
with either drug alone (Figure 3C). We confirmed that phosphorylation

of both EML4–ALK and ERK was inhibited in tumour xenografts
treated with the combination of TAE684 and AZD6244, but not in
those treated with TAE684 alone (Figure 3D), consistent with the
results of our in vitro experiments. All treatments were well tolerated
by the mice, with no signs of toxicity or weight loss during therapy
(data not shown). These data thus suggested that additional inhibition
of ERK signalling is required for the induction of apoptosis by
TAE684 in H2228 cells.

Simultaneous interruption of STAT3-survivin and
ERK– BIM signalling pathways results in the induction
of apoptosis in H2228 cells

To investigate whether inhibition of the STAT3-survivin pathway
by TAE684 contributes to the induction of apoptosis by the com-
bination of TAE684 and AZD6244 in H2228 cells, we depleted the
cells of STAT3 by RNAi. Depletion of STAT3 resulted in the down-
regulation of survivin expression, and the combination of such
depletion and AZD6244 treatment resulted in both downregulation
of survivin and upregulation of BIM (Figure 4A). The combination
of STAT3 depletion and AZD6244 treatment also resulted in a
markedly greater increase in the number of apoptotic cells compared
with either approach alone (Figure 4A). Similarly, the combination
of survivin depletion by RNAi and AZD6244 treatment resulted in
a markedly enhanced apoptotic response in H2228 cells (Figure 4B).
Collectively, these data suggested that simultaneous interruption of
STAT3-survivin and ERK – BIM signalling pathways is required
for the induction of apoptosis in EML4–ALK-positive lung cancer
cells.
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Figure 4 Effects of the combinations of the MEK inhibitor, AZD6244, with either STAT3 depletion or survivin depletion on signal transduction and
apoptosis in lung cancer cells positive for EML4–ALK. (A) H2228 cells were transfected with non-specific (�) or STAT3 siRNAs and incubated with or
without AZD6244 (1mM) for 48 h, after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins (left).
Alternatively, the cells were transfected and treated with AZD6244 for 60 h, after which the proportion of apoptotic cells was determined by staining with
annexin V and propidium iodide followed by flow cytometry (right). (B) H2228 cells were transfected with non-specific (– ) or survivin siRNAs and
incubated with or without AZD6244 (1mM) for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to the
indicated proteins (left). Alternatively, the cells were transfected and treated with AZD6244 for 60 h, after which the proportion of apoptotic cells was
determined by staining with annexin V and propidium iodide followed by flow cytometry (right). All quantitative data are means±s.e. from three
independent experiments. *Po0.05 for the indicated comparisons.
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DISCUSSION

Several TKIs that target ALK, a component of the transforming
fusion protein EML4 – ALK in NSCLC, have been developed
(Christensen et al, 2007; Galkin et al, 2007; Soda et al, 2007).
Although most patients with NSCLC positive for EML4–ALK derive
benefit from treatment with ALK-TKIs, the clinical efficacy of these
drugs varies greatly among such individuals and the molecular
mechanism underlying this variability has been unclear. We have
now shown that the ALK-TKIs TAE684 and crizotinib exert marked
antiproliferative and proapoptotic effects in H3122 cells. In contrast,
H2228 cells were resistant to the effects of these agents, consistent
with previous observations that TAE684 or EML4–ALK depletion
by RNAi failed to induce cell death in H2228 cells (Rikova et al,
2007; Koivunen et al, 2008).

We recently showed that the expression of BIM and that of
survivin are independently regulated by ERK and STAT3 signalling
pathways, respectively, and that they are implicated in ALK-TKI-induced
apoptosis in NSCLC cells positive for EML4–ALK (Takezawa et al,
2011). Our present results show that TAE684 inhibits STAT3 pho-
sphorylation and downregulates survivin in H2228 cells, but that it
fails to inhibit ERK phosphorylation and to upregulate BIM in
these cells. We found that the MEK inhibitor AZD6244 inhibits
ERK phosphorylation and induces BIM expression within the
clinically relevant concentration range in H2228 cells, and that the
inhibition of both STAT3 and ERK pathways by the combination
of TAE684 and AZD6244 was associated with a marked increase
in the number of apoptotic cells. We further found that the

combination of AZD6244 with depletion of either STAT3 or
survivin also exhibited a pronounced proapoptotic effect in
H2228 cells, supporting the notion that simultaneous interrup-
tion of STAT3 and ERK signalling pathways mediates ALK-TKI-
induced apoptosis.

To investigate the mechanism responsible for the sustained
activation of ERK signalling in the presence of TAE684 in H2228
cells, we sequenced full-length cDNAs derived from KRAS, HRAS,
NRAS, BRAF, CRAF, MEK1, or MEK2; no mutations were detected
in any of these genes (data not shown). We also investigated
whether aberrant activation of a cell surface receptor might be
responsible for this sustained ERK activation with the use of a
phosphorylated receptor tyrosine kinase array, but again no such
activated receptor tyrosine kinases were detected in H2228 cells
(data not shown). Although the mechanism underlying the
sustained activation of the ERK signalling pathway in the presence
of an ALK inhibitor in H2228 cells remains unknown, our data
suggest that the activity of this pathway is responsible, at least in
part, for the poor response of these cells to ALK-TKIs.

In conclusion, our results suggest that interruption of both
STAT3-survivin and ERK–BIM signalling is required for the
induction of apoptosis in lung cancer cells harbouring EML4–
ALK. Additional inhibition of the ERK pathway in the presence of
TAE684 thus resulted in a pronounced antitumour effect in EML4–
ALK-positive NSCLC cells that are resistant to the ALK-TKI alone.
Our results thus provide a rationale for evaluation of combination
therapy with ALK and MEK inhibitors in EML4–ALK-positive
NSCLC patients for whom ALK inhibitors alone show little effect.
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