










second siRNA targeted to a different region of STAT3
mRNA yielded similar results (data not shown). These
observations thus suggested that EML4-ALK promotes cell
proliferation through both MEK-ERK and STAT3 signal-
ing pathways but not through the PI3K-AKT signaling
pathway.

Effects of ALK inhibition on cell growth and
intracellular signaling in EML4-ALK–positive lung
cancer cells
To investigate the effects of inhibition of the kinase

activity of ALK on cell growth and intracellular signaling
in cells expressing EML4-ALK, we used TAE684, a selective
and highly potent ALK inhibitor (26). The human lung
cancer cell line H3122 expresses endogenous EML4-ALK
variant 1 and its growth was found to be highly sensitive
to TAE684 (Fig. 3A). Treatment with TAE684 also induced
a large increase in the number of apoptotic H3122 cells,
as revealed with an annexin V–binding assay (Fig. 3B).
Consistent with these results, both 3T3/EAV1 and 3T3/
EAV3 cells exhibited a sensitivity to TAE684 that was
about 100 times as great as that of 3T3-Mock cells
(Fig. 3A), and the level of apoptosis induced by this drug
was markedly greater in both 3T3/EAV1 and 3T3/EAV3
cells than in 3T3-Mock cells (Fig. 3B). Immunoblot ana-
lysis revealed that TAE684 inhibited the phosphorylation
of EML4-ALK in 3T3/EAV1, 3T3/EAV3, and H3122 cells at
a concentration (30 nmol/L) at which it substantially
inhibited the growth of these cells (Fig. 3C). We further
found that TAE684 inhibited the activation of ERK and
STAT3, without affecting that of AKT, in all 3 of these cell
lines (Fig. 3C). These data thus suggested that the ALK
inhibitor induced growth suppression and apoptosis in
EML4-ALK–positive lung cancer cells, and that these
effects were accompanied by inhibition of ERK and STAT3
signaling pathways but not by that of the PI3K-AKT
signaling pathway.

Effects of ALK inhibition on the expression of
apoptosis-related proteins in EML4-ALK–positive lung
cancer cells

Given that TAE684 induced apoptosis in cells expressing
EML4-ALK, we examined the effects of this drug on the
expression of apoptosis-related proteins in such cells.
TAE684 induced cleavage of PARP, a characteristic of
apoptosis, in H3122 cells as well as in 3T3/EAV1 and
3T3/EAV3 cells (Fig. 4A). TAE684 also increased the abun-
dance of BIM, a proapoptotic member of the Bcl-2 family of
proteins, in cells expressing EML4-ALK, whereas the
amounts of the Bcl-2 family members Mcl-1 and Bcl-xL
remained unaffected (Fig. 4A). In contrast, TAE684
induced downregulation of the expression of survivin,
a member of the IAP family, in cells expressing EML4-
ALK, whereas the expression of XIAP, another IAP family
member, remained unaffected (Fig. 4A). To investigate
the possible roles of the ERK and STAT3 signaling path-
ways in the induction of BIM and downregulation of
survivin by TAE684, we examined the effects of EML4-
ALK, ERK, or STAT3 depletion by RNAi in 3T3/EAV1, 3T3/
EAV3, and H3122 cells. Similar to the effects of TAE684
(Fig. 3C), depletion of EML4-ALK with an ALK siRNA
resulted in inhibition of both ERK and STAT3 phosphor-
ylation in all 3 cell lines (Fig. 4B). The amount of BIM was
increased as a result of EML4-ALK or ERK depletion but
was not affected by STAT3 depletion (Fig. 4B). In contrast,
the expression of survivin was inhibited by depletion of
EML4-AKT or STAT3 but not by that of ERK (Fig. 4B).
Similar results were obtained with a second set of ALK,
ERK, and STAT3 siRNAs targeted to different regions of
the corresponding mRNAs (data not shown). These data
thus suggested that ALK inhibition results in upregulation
of BIM expression through inhibition of the ERK signal-
ing pathway as well as in downregulation of survivin
expression through inhibition of the STAT3 signaling
pathway.

Figure 4. Effects of TAE684 on the
expression of apoptosis-related
proteins in cells expressing EML4-
ALK. A, the indicated cell lines
were incubated for 48 hours in
serum-free medium with or
without 30 nmol/L TAE684, after
which cell lysates were subjected
to immunoblot analysis with
antibodies to the indicated
proteins. B, 3T3/EAV1, 3T3/EAV3,
or H3122 cells were transfected
with nonspecific (control), ALK,
ERK, or STAT3 siRNAs for 48
hours, after which cell lysates
were subjected to immunoblot
analysis with antibodies to the
indicated proteins.
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Role of ERK-BIM and STAT3-survivin signaling
pathways in TAE684-induced apoptosis in cells
expressing EML4-ALK

To investigate further whether induction of BIM is
related to TAE684-induced apoptosis, we transfected
3T3/EAV3 or H3122 cells with an siRNA specific for
BIM mRNA. Such transfection largely blocked BIM induc-
tion by TAE684 (Fig. 5A). Staining with annexin V
revealed that RNAi-mediated attenuation of BIM induc-
tion resulted in significant inhibition of TAE684-induced
apoptosis in both cell lines (Fig. 5A), implicating upre-
gulation of BIM expression in the induction of apoptosis
by TAE684 in EML4-ALK–positive cells. We obtained
similar results with a second siRNA targeted to a different
sequence within BIMmRNA (data not shown). Given that
TAE684 inhibited STAT3-survivin signaling in cells
expressing EML4-ALK, we next investigated the contribu-
tion of such signaling to TAE684-induced apoptosis by
transfecting 3T3/EAV3 or H3122 cells with an expression

vector encoding a FLAG epitope–tagged constitutively
active (CA) form of human STAT3. Expression of CA-
STAT3 increased the abundance of survivin (Fig. 5B),
consistent with the notion that survivin expression is
upregulated by activation of STAT3 signaling. Further-
more, expression of CA-STAT3 inhibited the downregula-
tion of survivin induced by TAE684, without affecting
BIM induction (Fig. 5B), and it significantly inhibited
TAE684-induced apoptosis (Fig. 5B). These data sug-
gested that inhibition of the STAT3 signaling pathway
contributes to TAE684-induced apoptosis in EML4-ALK–
positive cells. To confirm that TAE684-induced apoptosis
mediated by STAT3 inhibition was attributable to down-
regulation of survivin expression, we transfected 3T3/
EAV3 or H3122 cells with an expression vector for human
survivin. Survivin overexpression resulted in substantial
inhibition of the TAE684-induced downregulation of
survivin in both 3T3/EAV3 and H3122 cells (Fig. 5C),
and this effect was associated with significant inhibition

Figure 5. Effects of BIM depletion aswell as forced expression of CA-STAT3 and survivin on apoptosis induced by TAE684 in 3T3/EAV3 or H3122 cells. A, cells
were transfected with nonspecific (control) or BIM siRNAs for 24 hours and then incubated in completemediumwith 30 nmol/L TAE684 or DMSO vehicle for 48
hours, after which cells either were lysed and subjected to immunoblot analysis with antibodies to the indicated proteins or were evaluated for apoptosis by
staining with annexin V and PI followed by flow cytometry. B, cells were transfected with an expression vector for FLAG-tagged CA-STAT3 or with the
corresponding empty vector for 24 hours and were then incubated with or without 30 nmol/L TAE684 for 48 hours and analyzed as in A. C, cells were
transfected with an expression vector for survivin or with the corresponding empty vector for 24 hours and were then incubated with or without 30 nmol/L
TAE684 for 48 hours and analyzed as in A. All quantitative data are means � SD from at least 3 independent experiments. *, P < 0.05 for the indicated
comparisons.
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of TAE684-induced apoptosis (Fig. 5C). These results thus
suggested that inhibition of STAT3-survivin signaling by
TAE684 contributes substantially to the induction of
apoptosis by this drug. Collectively, our results thus
suggested that inhibition of both the ERK-BIM and
STAT3-survivin signaling pathways contributes to the
induction of apoptosis associated with ALK inhibition
in EML4-ALK–positive lung cancer cells.

Discussion

EML4-ALKwas only recently identified as a transforming
fusion gene in NSCLC (4). Although EML4-ALK was shown
to possess marked oncogenic activity both in vitro and in
vivo (4, 15), the signaling pathways underlying malignant
transformation by the fusion protein have remained
unclear. We have now shown that phosphorylation of both
ERK and STAT3 was similarly and markedly increased in
NIH 3T3 cells by forced expression of either variant 1 or
variant 3 of EML4-ALK, whereas phosphorylation of AKT
remained unaffected. Similar effects were observed in dif-
ferent clones of these cells stably transfected with a vector
for either variant of EML4-ALK (data not shown). We
further showed that the growth of both 3T3/EAV1 and
3T3/EAV3 cells was significantly attenuated by inhibition
of ERK or STAT3 signaling but not by that of PI3K signaling.
NPM-ALK has also been shown to activate ERK and STAT3
signaling pathways (6, 27–33), both of which are thought
to be essential downstream mediators of the oncogenic
action of NPM-ALK. In the present study, we found that
ALK siRNA markedly abrogated the phosphorylation of
AKT in the NPM-ALK–positive lymphoma cell line Kar-
pas299, consistent with previous results implicating activa-
tion of PI3K-AKT signaling in malignant transformation by
NPM-ALK (22–25). In contrast, we found that ALK siRNA
did not suppress AKT phosphorylation in the EML4-ALK–
positive lung cancer cell line H3122. Together, our
results thus suggest that both ERK and STAT3 signaling
pathways, rather than the PI3K signaling pathway,
are the principal downstream pathways activated by
EML4-ALK in lung cancer cells. Oncogenic ALK fusion
proteins therefore may activate downstream pathways in
amanner dependent on the fusion partner (Supplementary
Fig. S1).
Preclinical studies have shown that treatment of NSCLC

cell lines expressing EML4-ALK with ALK inhibitors sup-
presses cell proliferation and induces apoptosis (9, 34),
although the underlying mechanisms of these effects were
not well characterized. We have now shown that TAE684, a
specific inhibitor of the kinase activity of ALK, significantly
inhibited the phosphorylation of ERK and STAT3, but not
that of AKT, in EML4-ALK–positive lung cancer cells, sup-
porting the notion that ERK and STAT3 signaling pathways
function downstream of EML4-ALK. BIM is a key proapop-
totic member of the Bcl-2 family of proteins and initiates
apoptosis signaling by binding to and antagonizing the
function of prosurvival members of the Bcl-2 family (35).
We found that TAE684 induced upregulation of BIM in

EML4-ALK–positive lung cancer cells. With the use of
RNAi-mediated depletion of ERK, we also found that
BIM expression is regulated by the ERK signaling pathway.
We further showed that knockdown of BIM by RNAi
resulted in significant inhibition of TAE684-induced apop-
tosis in EML4-ALK–positive cells, suggesting that BIM
inductionmediated by inhibition of the ERK pathway plays
a pivotal role in ALK inhibitor–induced apoptosis in EML4-
ALK–positive lung cancer cells. These findings are consis-
tent with the previous observation that inhibition of the
ERK pathway contributes to EGFR-TKI–induced BIM upre-
gulation, which is essential for the induction of apoptosis
by these agents, in EGFR mutation–positive NSCLC cells
(36–38).

Survivin is a member of the IAP family and protects
against apoptosis by either directly or indirectly inhibiting
the activation of effector caspases (39). We have now
shown that TAE684 inhibited the expression of survivin
in EML4-ALK–positive lung cancer cells. Furthermore,
depletion of STAT3 resulted in downregulation of survivin
expression, whereas expression of a constitutively active
form of STAT3 resulted in upregulation of survivin expres-
sion. These data indicate that expression of survivin is
regulated primarily through the STAT3 signaling pathway,
consistent with the results of a previous study (40). We
further found that expression of CA-STAT3 blocked the
TAE684-induced downregulation of survivin, indicating
that ALK inhibition results in survivin downregulation
through inhibition of the STAT3 signaling pathway. Forced
expression of either CA-STAT3 or survivin attenuated
TAE684-induced apoptosis in 3T3/EAV3 or H3122 cells,
suggesting that inhibition of STAT3-survivin signaling con-
tributes to ALK inhibitor–induced apoptosis in EML4-ALK–
positive lung cancer cells. Our present data thus suggest
that ALK inhibitor–induced apoptosis is mediated both by
upregulation of BIM through inhibition of the ERK path-
way and by downregulation of survivin through inhibition
of the STAT3 pathway in EML4-ALK–positive lung cancer
cells.

In conclusion, our results have identified both ERK and
STAT3 signaling pathways as key mediators of the trans-
forming activity of EML4-ALK in lung cancer cells positive
for this fusion protein. We further demonstrated that
inhibition of both ERK-BIM and STAT3-survivin signaling
pathways is responsible for ALK inhibitor–induced apop-
tosis in these cells. Our results thus provide a basis for the
further development of ALK-targeted therapy in EML4-
ALK–positive lung cancer patients.
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