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preventative effect of premedication on oxaliplatin-related
hypersensitivity are scant.

In our study, all patients recetved mFOLFOX6. Kim
et al. retrospectively investigated 247 patients given oxa-
liplatin-containing regimens and reported that the inci-
dences of hypersensitivity reactions did not depend on the
oxaliplatin-containing regimen employed [6]. The modified
premedication regimen used in the present study might thus
be useful for the management of hypersensitivity reactions
to other oxaliplatin-containing regimens.

The patient characteristics were well balanced between
the cohorts. The median number of cycles increased from 9
to 12 when modified premedication was used instead of
routine premedication. This three-cycle increase in the
median number of cycles administered to patients who
received modified premedication is particularly important,
because prolonged therapy might contribute to improved
survival. In cohort 2, patients could receive mFOLFOX6
plus bevacizumab, newly approved in Japan. The addition
of bevacizumab to oxaliplatin-based, first-line chemother-
apy has been shown to significantly improve progression-
free survival in patients with metastatic colorectal cancer
[14, 15]. We therefore examined if increasing the number
of treatment cycles was associated with the inclusion of
bevacizumab. The median number of cycles tn patients
who additionally received bevacizumab was similar to that
in patients treated with mFOLFOX6 without bevacizumabh.
We found no association between bevacizumab and the
number of cycles administered to cohort 2. Bevacizumab
thus apparently did not contribute to a longer duration of
treatment. Kim et al. [6] reported that anti-vascular epi-
thelial growth factor (anti-VEGF) monoclonal antibody
bevacizumab was not associated with hypersensitivity
reactions when given with combination chemotherapy
regimens. Consistent with their results, we found no dif-
ference in the frequency of hypersensitivity reactions
according to the presence or absence of bevacizumab.

The major reasons for discontinuing treatment with
mFOLFOX6 were neurotoxicity and hypersensitivity
reactions. Neurotoxicity was the most remarkable as
well as the most common dose-limiting factor. Treatment
withdrawal was based on the highest grade adverse effects
occurring during the previous cycle. Sensory neuropathy
was treatment limiting in patients who received FOLFOX4
(85 mg/m? oxaliplatin) because it generally occurred after
8—10 cycles [16]. Tournigand et al. [17] reported that ox-
aliplatin was associated with grade 3 ncuropathy in 20% of
patients who received FOLFOX6 (100 mg/m? oxaliplatin)
and in 34% of patients after 12 cycles. In our study,
neurotoxicity was the reason for discontinuing treatment in
20% of the patients in cohort |, as compared with 53% of
those in cohort 2. "These reports supported our results that a
decreased frequency of hypersensitivity reactions was
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associated with an increased rate of treatment discontinu-
ation caused by neurotoxicity.

If treatment is discontinued because of neurotoxicity,
oxaliplatin-based therapy may be able to be resumed after
this adverse effect resolves. This strategy enables treatment
for longer periods. When oxaliplatin is used in an adjuvant
setting, in which the median number of courses of treat-
ment ranges from 10 to 12, it is important to note that the
use of modified premedication reduced the frequency of
hypersensitivity reactions from 20% to 7.0%, allowing
treatment to be completed as planned. Completion of
adjuvant treatment by our stratcgy may reduce the relapse
rate, thereby contributing to improved survival.

The exact mechanism responsible for platinum-related
hypersensitivity reactions is unknown, but several mecha-
nisms may be involved. Hypersensitivity reactions have
been linked to the release of histamine and other vasoactive
substances and ascribed to type 1 hypersensitivity [gE-
mediated reactions [9, 18]. Hypersensitivity reactions
usually develop after multiple infusions of oxaliplatin (7 on
average) [19], clearly showing that repeated exposure to
the drug is prerequisite to the induction of an allergic
immune response.

The optimal strategy for resuming treatment after dis-
continuation caused by an cpisode of hypersensitivity
remains controversial. Because resumption of treatment
can be fatal, several preventive procedures have been
proposed, Patient desensitization is of interest because of
its consistent efficacy but has been studied in only a small
number of subjects [19]. Moreover, desensitization is
cumbersome to implement. The prick test, using a con-
centration of | mg/ml oxaliplatin, appears not to be very
sensitive. Skin tests are useful for detecting IgE-mediated
reactions, but their sensitivity is not high enough. When
hypersensitivity reactions to oxaliplatin do occur, symp-
toms generally subside on discontinuation of treatment and
administration of steroids and antihistamines. Mild sensi-
tivity reactions to oxaliplatin can be controlled by treat-
ment with antihistamincs, steroids, or both. I[nterestingly,
all the patients in cohort | of our study received premed-
ication with dexamethasone 8 mg and granisetron 3 mg as
a part of a “standard antiemetic” regimen before the
infusion of oxaliplatin. In cohort 2, we confirmed that
modified premedication with an increased dose of dexa-
methasone plus an antihistamine effectively decreased
hypersensitivity reactions. Premedication was not associ-
ated with any side effects. In particular, adverse events
potentially associated with a high dose of dexamethasone,
such as exacerbation of diabetes, osteoporosis, and com-
pression fractures, did not occur.

In conclusion, our study showed that modified pre-
medication with an increased dose of dexamethasone plus
an antihistamine from the sixth cycle of mFOLFOX6
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greatly reduced the frequency of hypersensitivity reactions,
an important dose-limiting toxic effect of oxaliplatin. A
reduced incidence of hypersensitivity reactions to oxalipl-
atin enhances the effectiveness of mFOLFOX®6 by allowing
treatment to be prolonged. Our results were statistically
significant, although the study was performed in a single
institution. We therefore recommend our modified pre-
medication regimen to reduce hypersensitivity reactions in
clinical practice. Phase IIl prospective studies are highly
warranted to confirm the cffectiveness of modified
premedication.
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2 Role of ERK-BIM and STAT3-Survivin Signaling Pathways in ALK
3 Inhibitor-Induced Apoptosis in EML4-ALK-Positive Lung Cancer
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Abstract
5 Purpose: EML4-ALK (echinoderm microtubule-associated protein-like 4 anaplastic lymphoma kinase)
6 was recently identified as a transforming fusion gene in non-small cell lung cancer. The purpose of the
7 present study was to characterize the mechanism of malignant transformation by EMI4-ALK
8 Experimental Design: We established NIH 3T3 cells that stably express variant 1 or 3 of EML4-ALK and
9 examined the signaling molecules that function downstream of EML4-ALK.
10 Results: Forced expression of EML4-ALK induced marked activation of extracellular signal-regulated
11 kinase (ERK) and STAT3, but not that of AKT. Inhibition of ERK or STAT3 signaling resulted in substantial
12 attenuation of the proliferation of cells expressing either variant of EML4-ALK, suggesting that these
13 signaling pathways function downstream of EML4-ALK in lung cancer cells. The specific ALK inhibitor
14 TAE684 induced apoptosis that was accompanied both by upregulation of BIM, a proapoptotic member of
15 the Bcl-2 family, and by downregulation of survivin, a member of the inhibitor of apoptosis protein ([AP)
16 family, in EML4-ALK-expressing NIH 313 cells as well as in H3122 human lung cancer cells harboring
17 endogenous EML4-ALK. Depletion of BIM and overexpression of survivin each inhibited TAEG84-induced
18 apoptosis, suggesting that both upregulation of BIM and downregulation of survivin contribute to TAE684-
19 induced apoptosis in EML4-ALK-positive lung cancer cells. Furthermore, BIM and survivin expression was
20 found to be independently regulated by ERK and STAT3 signaling pathways, respectively.
21 Conclusions: ALK inhibitor-induced apoptosis is mediated both by BIM upregulation resulting from
22 inhibition of ERK signaling as well as by survivin downregulation resulting from inhibition of STAT3
23 signaling in EML4-ALK-positive lung cancer cells. Clin Cancer Res; 17(8); 1-9. ©2011 AACR.
24 Introduction therapy in genetically defined subsets of cancer patients 37
may prove to be an effective strategy for the treatment of 38
25 Lung cancer is the leading cause of cancer deaths many cancers including NSCLC, Given that lung cancer is 39
26 worldwide, Given that the efficacy of conventional che- a common type of cancer, the identification of even small 40
27 motherapeutic agents with regard to improving clinical subsets of lung cancer patients harboring specific genetic 41
28 outcome in lung cancer patients is limited, target-based abnormalities will translate into the provision of large 42
29 therapies are being pursued as potential treatment alter- cohorts for targeted therapy. 43
30 natives. Somatic mutations in the tyrosine kinase domain A recent study identified a potential driver mutation in 44
31 of the epidermal growth factor receptor (EGFR) have been NSCI1L: fusion of the echinoderm microtubule-associated 45
32 associated with tumor responsiveness to EGFR tyrosine protein-like 4 gene (EML4) with the anaplastic lymphoma 46
33 kinase inhibitors (TKI) in a subset of individuals with kinase gene (ALK), which results in the production of a 47
31 non-small cell lung cancer (NSCLC; refs, 1-3). Such fusion protein (EML4-ALK) consisting of the NH ,-terminal 18
35 findings suggest that the use of molecularly targeted portion of EML4 and the COOH-terminal region of ALK 19
(4). ALK was originally discovered as the result of char- 50
acterization of chromosomal translocations that lead to the 5t
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Center for Thoracic Oncology and Department of Medical Oncolagy, portion of nucleophosmin (NPM) in patients with ana- 54
i ST AT SIS, (SRS, MSRSAECTHBaS plastic large cell lymphoma (5, 6). Various break and 55
Note: Supplementary data for this articla; ace availabla at Glinical Gancer fusion points within the EML4 locus in NSCLC cells give 56
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Translational Relevance

EML4-ALK (echinoderm microtubule-associated pro-
tein-like 4 anaplastic lymphoma kinase) was recently
identified as a transforming fusion gene in non-small
cell lung cancer (NSCLC), and several selective inhibi-
tors of the kinase activity of ALK, such as crizotinib, are
currently undergoing clinical trials for the treatment of
EMLA4-ALK-positive NSCLC. Identification of the signal-
ing pathways responsible for malignant transformation

' by EMLA-ALK will likely enhance further development

of ALK-targeted therapy for NSCLC patients. We have
now shown that both ERK (extracellular signal-regu-
lated kinase) and STAT3 pathways are the principal
mediators of EML4-ALK signaling, and we further iden-
tified the mediators of apoptosis induced by ALK inhi-
bition. Our preclinical data provide both insight into
'the pathogenesis of EML4-ALK-paositive lung cancer and
a potential basis for the development of biomarkers for
the efficacy of ALK-targeted therapy in patients with this
condition.

EML4 portion, which confers marked transforming activity
both in vitro and in vivo (4, 15).

ALK inhibitors have been found to suppress the growth
of and to induce apoptosis in EML4-ALK-positive lung
cancer cells, suggesting that ALK inhibition is a potental
strategy for the treatment of NSCLC patients with this
molecular abnormality (9, 16). Indeed, a selective inhibitor
of the kinase activity of ALK, crizotinib, is currently under-
going clinical trials and has shown high efficacy in NSCLC
patients with EML4-ALK (17). However, the downstream
signaling pathways that regulate the proliferation or survi-
val of EML4-ALK-positive lung cancer cells have remained
to be well established, and the key mediators of ALK
inhibitor-induced apoptosis have not been fully deter-
mined. In the present study, we constructed expression
vectors for EML4-ALK variants 1 and 3 and then established
cells stably expressing these proteins. With the use of these
cells, we examined the signaling molecules that function
downstream of EMI4-ALK, We further investigated the
molecular mechanisms underlying ALK inhibitor-induced
apoptosis in EML4-ALK-positive lung cancer cells,

Materials and Methods

Cell culture and reagents

NIH 3T3 cells as well as the human cancer cell lines
12228 and Karpas299 were obtained from American
Type Culture Collection. H3122 cells were obtained as
previously described (9). NIH 3T3 cells were cultured in
Dulbecco’s modified Eagle's medium (Sigma) supple-
mented with 10% UBS and 1% penicillin streptomycin.
12228, Karpas299, and H3122 cells were cultured in
RPMI 1640 medium (Sigma) supplemented with 10%
FBS and 1% penicillin-streptomycin. All cells were main-
tained under a humidified atmosphere of 5% CO, at

37°C. U0126 and LY294002 were obtained from Cell
Signaling Technology and TAEG684 was from ShangHai
Biochempartner.

Cell transfection

A ¢DNA for EML4-ALK variant 1 was cloned into
pDNR-Dual (Becton Dickinson) as previously described
(9). A full-length ¢cDNA fragment encoding EML4-ALK
variant 3b was obtained from H2228 cells by reverse
transcription and the PCR with the primers EAV-F
(5'-AAGCTTCGCAAGATGGACGGTTTCGCCGGCAGTC-
3’) and [FAV-R (5-GCGGCCGCTCAGGGCCCAGGE-
TGGTTCATGCT-3"). Amplification products were verified
by sequencing after their cloning into the pCR-Blunt II-

TOPO vector {Invitrogen). The EML4-ALK variant 1 or 3b

cDNA was excised from pCR-Blunt [I'TOPO and trans-
ferred to either pcDNA3.1-Hygro(+) (Invitrogen) or
pMZs (Cell Biolabs). A pBabe-puro vector encoding
CA-STAT3 with a COOH-terminal FLAG tag was kindly
provided by I. Bromberg (18). A pQCXIH-survivin vector
was constructed as previously described (19). All expres-
sion vectors were introduced into NIH 3T3 cells as pre-
viously described (20, 21).

Immunoblot analysis

Cells were washed twice with ice-cold PBS and then lysed
in a solution containing 20 mmol/L Tris-HCI (pH 7.5), 150
mmol/L NaCl, 1 mmol/L. EDTA, 1% Triton X-100, 2.5
mmol/L sodium pyrophosphate, 1 mmol/L phenylmethyl-
sulfonyl fluoride, and leupeptin (1 pg/mL). The protein
concentration of cell lysates was determined with the Brad-
ford reagent (Bio-Rad), and equal amounts of protein were
subjected to SDS-PAGE on a 7.5% or 12% gel. The separated
proteins were transferred to a nitrocellulose membrane,
which was then exposed to 5% nonfat dried milk in PBS
for 1 hour at room temperature before incubation overnight
at 4°C with primary antibodies. Rabbit polyclonal antibo-
dies to human phosphorylated ALK (pY1608), to ALK,
to phosphorylated extracellular signal-regulated kinase
(ERK), to ERK, to phosphorylated STAT3, to STAT3, to
phosphorylated AKT, to AKT, to PARP, to BIM, to Mcl-1,
to Bel-xL, to X-linked inhibitor of apoptosis (XIAP), and 1o
FLAG were obtained from Cell Signaling Technology; those
to survivin were from Novos; and those to B-actin were from
Sigma. All antibodies were used at a 1:1,000 dilution, with
the exception of those to B-actin (1:200). The membrane
was then washed with PBS containing 0.05% Tween 20
before incubation for 1 hour at room temperature with
horseradish peroxidase-conjugated goat antibodies to rab-
bit IgG (Sigma), Immune complexes were finally detected
with chemiluminescence reagents (GE Healthcare).

Cell growth inhibition assay

Cells were plated in 96-well, flat-bottomed plates and
cultured for 24 hours before exposure to various concen-
trations of drugs for 72 hours. TetraColor One (5 mmol/L
tetrazolium monosodium salt and 0.2 mmol/L 1-methoxy-
5-methyl phenazinium methylsulfate; Seilcagaku) was then
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added to each well, and the cells were incubated for 3 hours
at 37"C before measurement of absorbance at 490 nm with
a Multiskan Spectrum instrument (Thermo Labsystems).

RNA interference

Cells were plated at 50% to 60% confluence in 6-well
plates or 25-cm* flasks and then incubated for 24 hours
before transient transfection for the indicated times with
siRNAs mixed with the Lipofectamine reagent (Invitrogen).
The siRNAs specific for STAT3 mRNA (STAT3-1, 5'-
UCAUUGACCUUGUGAAAAA-3'; STAT3-2, 5'-GCAAAAA-
GUUUCCUACAAA-3'), ALK mRNA (ALK-1, 5'-ACACC-
CAAAUUAAUACCAA-3'; ALK-2, 5-UCAGCAAAUUCAA-
CCACCA-3'), ERK mRNA (ERK-1, 5-CAAGAGGAUUGAA-
GUAGAA-3'; ERK-2, 5'-UCAGCCCCUUUGAGCACCA-3'),
or BIM mRNA (BIM-1, 5'-GGAGGGUAUUUUUGAAUAA-
3'; BIM-2, 5'-AGGAGGGUAUUUUUGAAUA-3') as well as
a nonspecific siRNA (5'-GUUGAGAGAUAUUAGAGUU-
3"} were obtained from Nippon EGT. The cells were then
subjected to immunoblot analysis or the annexin V-bind-
ing assay. All data presented were obtained with STAT3-1,
ALK-1, ERK-1, or BIM-1 siRNAs, but similar results were
obtained with STAT3-2, ALK-2, ERK-2, and BIM-2 siRNAs,

Annexin V-binding assay
Binding of annexin V to cells was measured with the use
of an Annexin-V-FLUOS Staining kit (Roche). Cells were
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harvested by exposure to trypsin-EDTA, washed with
PBS, and centrifuged at 200 x g for 5 minutes. The cell
pellets were resuspended in 100 UL of Annexin-V-FLUOS
labeling solution, incubated for 10 to 15 minutes at 15°Cto
25°C, and then analyzed for fluorescence with a flow
cytometer (FACSCalibur) and Cell Quest software (Becton
Dickinson)

Statistical analysis

Quantitative data are presented as means = SD and were
analyzed by Student’s 2-tailed ¢ test. A value of P < 0.05 was
considered statistically significant.

Resuits

Oncogenic EMIA-ALK tyrosine kinase activates ERK
and STAT3 signaling pathways

To study the function of oncogenic EML4-ALK, we estab-
lished nontransformed mouse fibroblast (NIH 3T3) cells
that either stably express EML4-ALK variant 1 or 3 (3T3/
FAV1 and 3T3/EAV3 cells, respectively) or stably harbor the
corresponding empty vector (3T3-Mock cells). Immunoblot
analysis revealed that EML4-ALK variant 1 or 3 was detected
with antibodies to ALK at positions corresponding to mole-
cular sizes of about 120 and 90 kDa, respectively, in the
transfected cells (Fig. 1A). The kinase activity of the EML4-
ALK variants was activated as revealed by immunoblot

3T3-Mock

3TVEAVT ITIEAVI
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Figure 1. Effects of stable forced expression of EML4-ALK variant 1 or 3 on signaling pathways. A, the indicated stably transfected NiH 3T3 cell lines were
lysed and subjected to immunoblot analysis with antibodies to the indicated proteins. B, the indicated cell lines were plated in semisolid medium
supplemented with 10% FBS and incubated for 3 to 4 weeks, alter which the cells were stained with 0.005% crystal violet and the number of colonies per field
of view (FOV) was counted. Data are means + SD from 3 independent experiments. C, cells {5 < 10% of the indicated lines were injected subcutaneously into
the axilla of 5-week-old female athymic nude mice, At 18 days after the injection, the large tumors that formed at the injection site for 3T3/EAV1 or 3T3/EAV3
cells were photographed, Data are representative of results obtained with 5 mice per cell line. D, the indicated cell lines were transfected with nonspecific (Con)
or ALK siRNAs for 48 hours, after which cell lysates were subjected to immunoblot analysis with antibodies to the indicated proteins.
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analysis with antibodies specific for the Tyr' ***-phosphory-

lated form of ALK. Consistent with previous observations
(4, 15), the 3T3/EAV cells exhibited transforming activity
both in vitro (Fig. 1B) and in vivo (Fig. 1C). We also found
that phosphorylation of both the mitogen-activated protein
kinase (MAPK) ERK and STAT3 was markedly increased in
the cells expressing either variant of CML4-ALK compared
with that in 3T3-Mock cells, whereas the phosphorylation
level of the kinase AKT was not affected by expression of
EML4-ALK (Fig. 1A). To exclude the possibility that these
results were due to nonspecific effects of transfection, we
depleted both 3T3/EAV1 and 3T3/EAV3 cells of EML4-ALK
by RNA interference (RNAi) with ALK siRNA. The phos-
phorylation of both ERK and STAT3, but not that of AKT,

was markedly suppressed by depletion of EML4-ALK
(Fig. 1D). Moreover, similar depletion of endogenous
EML4-ALK variant 1 in the lung cancer cell line 113122
resulted in marked inhibition of the phosphorylation of
ERK and STAT3 withoutan effect on that of AKT' (Fig. 1D} . In
contrast, the phosphorylation of ERK, STAT3, and AKT was
inhibited by ALK siRNA in the NPM-ALK-positive lym-
phoma cell line Karpas299 (Fig. 1D), in which activation
of the phosphoinositide 3-kinase (PI3K)-AKT signaling
pathway has been shown to contribute to malignant trans-
formation (22-25). Together, these data suggested
that either variant 1 or 3 of EML4-ALK activates ERK and
STAT3 signaling pathways but not the PI3K-AKT signaling
pathway.
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Figure 2. Effects of inhibition of
ERK, PI3K, or STAT3 signaling on
the growth of cells expressing
EML4-ALK, A, the indicated cell
lines were incubated in coimplete
medium for the indicated times,
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EML4-ALK promotes cell proliferation through ERK
and STAT3 signaling pathways

We next examined the effect of EML4-ALK on cell
proliferation. Both 3T3/EAV1 and 3T3/EAV3 cells prolif-
erated significantly faster than did 3T3-Mock cells
(Fig. 2A). To determine the role of intracellular signaling
pathways in this action of EML4-ALK, we first examined
the effects of chemnical inhibitors. We found that U0126,
an inhibitor of the ERK kinase MEK, had little effect on
the growth of 3T3-Mock cells but that it significantly
inhibited the proliferation of both 3T3/EAV1 and 3T3/
EAV3 cells at a concentration (10 pmol/L) that resulted in
marked inhibition of ERK phosphorylation (Fig. 2B).
These data thus suggested that the MEK-ERK signaling

pathway contributes to the regulation of cell proliferation
by EML4-ALK. We also found that the specific PI3K
inhibitor 1.Y294002 had no significant effect on the
growth of 3T3-Mock cells or on that of 3T3/EAV1 and
3T3/EAV3 cells at a concentration (10 pmol/L) at which
the phosphorylation of AKT was largely abolished
(Fig. 2C). To examine the effect of STAT3 inhibition on
cell proliferation in cells expressing EML4-ALK, we trans-
fected the cells with an siRNA specific for STAT3 mRNA.
Transfection of 3T3-Mock, 3T3/EAV1, or 3T3/EAV3 cells
with STAT3 siRNA resulted in marked depletion of STAT3
(Fig. 2D). Whereas such depletion of STAT3 did not affect
the proliferation of 3T3-Mock cells, it significantly inhib-
ited that of 3T3/EAV1 and 3T3/EAV3 cells (Fig. 2D) A

A ol

3T3-Mock

£ 1 \ ' ITVEAVH
Figure 3. Effects of TAE684 on cell E \{ - :?1';‘“
growth, apoptosis, and H " A\
intracellular signaling in cells ) \
expressing EML4-ALK. A, the 24 !\ ]
indicated cell lines were cuitured o e -
for 72 hours in complete medium iy
containing various concentrations 0t " w L4 L
of TAE684, after which cell viability TAES84 (umol/L)
was assessed. Data are B TAE684
expressed as percent survival and Pl DMSO (30 nmol/L) 80-
are means + SD of triplicates from BaA% 9.36% &3 Control
an experiment that was repeated a i &8 TAE684 (30 nmol/L)|

total of 3 times with similar results.
B, cells were incubaled for 48

3T3-Mock a

60-

hours in serum-free medium with 6.60%

30 nmol/L TAE684 or 0.01% 3T3/EAV
dimethyl sulfoxide (DMSO, vehicle Q
cantral), after which the proportion I 342% |

of apoptotic cells was determined
by staining with fluorescein
isothiocyanate (FITC)-conjugated
annexin V and propidium iodide
(P1) followed by flow cytometry

T3/EAV3
3T &

Apoptotic cells (%)
8

72,
7 ] 0
3T3-Mock 3T3/EAV1 3T3I/EAV3 H3122

Representative flow cytometric

profiles, with the percentages of
FITC-positive, Pl-negative
(apoptotic) celis indicaled, are c

H3122 | ?

3T3/EAV1 3T3/EAV3  H3122

»FITC

shown in the left. Quantitative data
in the right are means + SD of

triplicates from an experiment that p-ALK
was repeated a total of 3 times

TAE684 (30 nmoliL) :

incubated for 24 hours in serum-

free medium with or without 30 p-ERK

nmol/L TAE684, after which cell
lysates were subjected to

ERK

with similar results. C, cells were ALK | sl ~[
— —

immunoblot analysis with

p-STAT3
antibodies to the indicated

proteins. STAT3 | v

D-AKT — esmy

+ - o+ - ¥
- (- | [~
Tl GBS - .
— e
== ==
L= -
— — | — —
oy o — —
AKT | o | | o ey | | o e

www.aacrjournals org

Clin Cancer Res; 17(8) April 15, 2011

254
256
256
257
258
259
260
261
262
263
264
265
266
267



270
271
272
273
274
273

276
277
278
279
280
281
282
283
284
285
286
237
2388
289
290
291
292
293
291

295
296
297
298
299
300
301

302
303
304

305

Takezawa et al.

A B

JTUEAVY STUEAVS 3122

Figure 4. Effects of TAE684 on the
expression of apoptosis-related

XIAR | ——-—— oS~

STYEAV1 _ ITIEAV3 _ H3122 proteins in cells expressing EML4-
TABOSY(S0nmoi): — & — & _— ¥ 3 p B P ALK. A, the indicated cell lines
PARP [- - —n— ] SiRNA: g 3 E £ OE %z B £ 3 g g were incubated for 48 hours in
; -— — » O T w S a )
N serum-free medium with or
BIM A s -.“ p— ALK et |l e E_. B : -] without 30 nmoVWL TAEB84, after
PERK [ . — || s - (m=— which cell lysates were subjected
Mcl-1 | D G @9 .{[. - _— to immunoblot analysis with
ERK (e e M 3| =) anlibodies to the indicated
Bel-xL c----“- - - = proteins, B, 3T3/EAV1, 3T3/FAV3,
PETATS (0w - @ .- E:‘::] or H3122 cells were transfected
Survivin [—— — — || — STATI |0 o = - > oo @ -~ with nonspecific (control), ALK,
e — ERK, or STAT3 siRNAs for 48

hours, after which cell lysales

Survivin [ - =

were subjected to immunoblot

analysis with antibodies to the

Actlnp---"--i Actin |e=s e eme o

indicated proteins,

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 EMI.4-ALK, we used TAEG84, 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 TAEG84 (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/EAVL 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 313/EAV1 and 3T3/EAV3
cells than in 3T3-Mock cells (Fig. 3B). Imununoblot 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 TAEG84 inhibited the activation of ERK and
STAT3, without affecting that of AKI, 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 EMI4-ALK-positive lung
cancer cells

Given that TAL684 induced apoptosis in cells expressing
EML4-ALK, we examined the effects of this drug on the
expression of apoptosis-related proteins in such cells.
TALG84 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 Bel-2 family members Mcl-1 and Bel-xL
remained unaffected (Fig. 4A). In contrast, TAEG84
induced downregulation of the expression of survivin,
a member of the IAP family, in cells expressing EML4-
ALK, whereas the expression of XIAP, another [AP 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/EAVI, 313/
EAV3, and H3122 cells. Similar to the effects of TAEG84
(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-AK1 or STAT3 but not by that of ERK (Fig, 48).
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 suvivin
expression through inhibition of the STAT3 signaling
pathway,
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Role of ERK-BIM and STAT3-survivin signaling vector encoding a FLAG epitope-tagged constitutively
pathways in TAE684-induced apoptosis in cells active (CA) form of human STAT3. Expression of CA-
expressing EML4-ALK STAT3 increased the abundance of survivin (Fig. 5B),
To investigate further whether induction of BIM is consistent with the notion that survivin expression is
related to TAEG84-induced apoptosis, we transfected upregulated by activation of STAT3 signaling. Further-
3T3/EAV3 or H3122 cells with an siRNA specific for more, expression of CA-STAT3 inhibited the downregula-
BIM mRNA. Such transfection largely blocked BIM induc- tion of survivin induced by TAEG84, without affecting
tion by TALG84 (Fig. 5A). Staining with annexin V BIM induction (Fig. 5B), and it significantly inhibited
revealed that RNAi-mediated attenuation of BIM induc- TAEG84-induced apoptosis (Fig, 5B). These data sug-
tion resulted in significant inhibition of TAE684-induced gested that inhibition of the STAT3 signaling pathway
apoptosis in both cell lines (Fig. 5A), implicating upre- contributes to TAE684-induced apoptosis in EML4-ALK-
gulation of BIM expression in the induction of apoptosis positive cells. To confirm that TAE684-induced apoptosis
by TAEG84 in EML4-ALK-positive cells. We obtained mediated by STAT3 inhibition was attributable to down-
similar results with a second siRNA targeted to a different regulation of survivin expression, we transfected 373/
sequence within BIM mRNA (data not shown). Given that EAV3 or H3122 cells with an expression vector for human
TAEG84 inhibited STAT3-survivin signaling in cells survivin. Survivin overexpression resulted in substantial
expressing EML4-ALK, we next investigated the contribu- inhibition of the TAE684-induced downregulation of
tion of such signaling to TAEG684-induced apoptosis by survivin in both 3T3/EAV3 and 113122 cells (Fig. 5C),
transfecting 3T3/EAV3 or H3122 cells with an expression and this effect was associated with significant inhibition
A B e - .
_mmw % _em g
siRNA: Contol  BIM 3 sANA; Conlrol  BIM
TAEG84 (30nmolLk — + — 4 2 TAESS4 (30 PMOILE —~— 4 — 4
% BM | - §
Actin |om> =D G e :
SIRNA: Control BIM HONA: ____—-___Conlml i
-———;mm!———-—-—— H3122
B - cuss H3122
ITa/EAV ) Vector:  Mock  CA-STAT3 - cours
e ok oy % mesammony — 5 — + & R
TAESSS (0 nmol/t): — 4 — + i - rrp ]
FLAG _— ) %
= Survivin
Survivin [ == — dilbangh i : 3
o fos e . = 8Im - .-
Actin Vector: Mock CA-STAT3 Actin Pr— Vector: Mock CA-STAT3
AT3/EAV3 H3122
c . - e 7 + =:A.?:=mwlu
IT3/EAV3 H3L22 r
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Figure 5. Fffects of BIM depleticn as well as forced expression of CA-STAT3 and survivin on apoptosis induced by TAES84 in 3T3/EAV3 or H3122 cells. A, cells
were transfected with nenspecific {control) or BIM siRNAs for 24 hours and then incubated in complete medium with 30 nmol/L TAE684 or DMSO vehicle for 48
hours, after which cells either were lysed and subjected to immunacblot analysis with antibodies to the indicated proteins or were evaluated for apoptosis by
staining with annexin V and Pl 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. G, cells were
transfected with an expression vector for survivin or with the caorresponding empty vector for 24 hours and were then incubated with or without 30 nmol/L
TAEG8B4 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
TAEG84 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-ALK was 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
vive (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 EMI4-ALK (data not shown). We
further showed that the growth of both 3T3/EAVI 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. [n 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
a manner dependent on the fusion partner (Supplementary
Fig. S1).

Preclinical studies have shown that treatment of NSCLC
cell lines expressing EFML4-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
induction mediated by inhibition of the ERK pathway plays
a pivotal role in ALK inhibitor-induced apoptosis in EM1.4-
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 [AP family and protects
against apoptosis by either directly ot 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
TAEG84-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
TAEG84-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 SI'AT3 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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Roles of BIM induction and survivin downregulation in lapatinib-induced
apoptosis in breast cancer cells with HER2 amplification
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Lapatinib, a dual tyrosine kinase inhibitor of the
epidermal growth factor receptor and human epidermal
growth factor receptor 2 (HER2), is clinically active in
patients with breast cancer positive for /IER2 amplifica-
tion. The mechanism of this anti-tumor action has
remained unclear, however. We have now investigated
the effects of lapatinib in HER2 amplification-positive
breast cancer cells with or without an activating PIK3CA
mutation. Lapatinib induced apoptosis in association with
upregulation of the pro-apoptotic protein BIM through
inhibition of the MEK-ERK signaling pathway in breast
cancer cells with HER2 amplification. RNA interference
(RNAi)-mediated depletion of BIM inhibited lapatinib-
induced apoptosis, implicating BIM induction in this
process. The pro-apoptotic effect of lapatinib was less
pronounced in cells with a PIK3CA mutation than in those
without one. Lapatinib failed to inhibit AKT phospho-
rylation in PIK3CA mutant cells, likely because of
hyperactivation of the phosphatidylinositol 3-kinase
(PI3K) signaling pathway by the mutation. Depletion of
PIK3CA (a catalytic subunit of PI3K) revealed that
survivin expression is regulated by the PI3K pathway in
these cells, suggesting that insufficient inhibition of PI3K-
survivin signaling is responsible for the limited pro-
apoptotic effect of lapatinib in HER2 amplification-
positive cells with a PIK3CA mutation. Consistent with
this notion, depletion of survivin by RNAI or treatment
with a PI3K inhibitor markedly increased the level of
apoptosis in PIK3CA mutant cells treated with lapatinib.
Our results thus suggest that inhibition of both PI3K-
survivin and MEK-ERK-BIM pathways is required for
effective induction of apoptosis in breast cancer cells with
HER?2 amplification.
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Introduction

Breast cancer is the leading cause of cancer death among
women worldwide. Amplification of the human epider-
mal growth factor receptor 2 (HER2) gene occurs in 25
30% of breast cancers (Slamon et al., 1987, 1989), and
HER2 is thus an attractive target for the development of
therapeutic drugs. Lapatinib, a dual tyrosine kinase
inhibitor of HER2 and the epidermal growth factor
receptor (EGFR), has shown anti-tumor activity for
breast cancer with HER2 amplification in pre-clinical
and clinical studies (Geyer et al., 2006; Konecny et al.,
2006; Gomez et al., 2008). Although lapatinib improved
the overall outcome for such patients, not all patients
were benefited from the treatment. Characterization of
the molecular basis of the response to lapatinib will
thus be important to maximize the clinical efficacy of
this drug.

Mutations in PIK3CA, which encodes the pll0x
catalytic subunit of phosphatidylinositol 3-kinase
(PI3K), have been identified in 8-40% of breast cancers
(Samuels er al., 2004; Saal et al., 2005; Berns et al.,
2007). Although a positive correlation between HER2
overexpression and the presence of PIK3CA mutations
has been described (Saal er al,, 2005), the relation
between the efficacy of lapatinib and such mutations has
remained unclear (Eichhorn et al., 2008; Toi ef al., 2009;
Kataoka er al., 2010). We have therefore now investi-
gated the effects of lapatinib in HER2 amplification-
positive breast cancer cells with or without an activating
PIK3CA mutation, and we further examined the
mechanism responsible for the induction of apoptosis
in these cells.

Results

Lapatinib inhibits cell proliferation and induces apoptosis
in breast cancei cells with HER2 amplification

We first examined the effect of lapatinib on the
proliferation in vitro of breast cancer cells positive or
negative for #ER2 amplification (Figure la). All six cell
lines with AER2 amplilication, including SK-BR3, ZR-
75-30, BT-474, MB-361, MB-453 and HCC1954, were
sensitive to lapatinib, with median inhibitory concentra-
tion (ICso) values ranging from 0.05 to 0.80 pum, which
arc within the clinically achievable concentration range
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Figure 1 Effects of lapatinib on cell proliferation and apoptosis in breast cancer cells classified according to HER2 and PIK3CA
status. (a) The indicated cell lines were cultured for 72h in complete culture medium containing various concentrations of lapatinib.
after which the number of viable cells was determined and the ICs, value of lapatinib for inhibition of cell proliferation was calculated.
(b) The indicated cell lines were incubated for 72 h with lapatinib (1 pu), after which the number of apoptotic ceils was determined by
staining with annexin V and propidium iodide followed by flow cytometry, The percentage increase in the number of apoptotic cells
relative to the corresponding value for cells incubated without lapatinib is shown. (¢) The indicated cell lines were cultured for 14 days
in the presence of lapatinib (1 pm) before determination of the number of colonies for caleulation of the surviving fraction relative to
that of control cells incubated without lapatinib. All data are means £ s.e. from three independent experiments.
for this drug (LoRusso er al., 2008; Burris ¢/ al., 2009). Differential effect of lapatinib on AKT signaling in HER2
Among these HER? amplification-positive cells, those  amplification-positive breast cancer cells with or without
with an activating PIK3CA mutation (MB-361, MB-453 an activating PIK3CA mutation
and HCC1954) were less sensitive to lapatinib than were  We examined the effects of lapatinib on the AKT and ERK
those without such a mutation (SK-BR3, ZR-75-30 and (extracellular signal-regulated kinase) signaling pathways in
BT-474). Cell lines negative for HER2 amplification, breast cancer cell lines (Figure 2a). Immunoblot analysis
including MCF-7, T47-D and MB-231, were resistant to showed that phosphorylation of both AKT and ERK was
lapatinib, with [Csy values of >5.0 um. markedly inhibited by lapatinib in //ER2 amplification-
We next examined the effect of lapatinib on apoptosis  positive cells without an activating PIK3CA mutation. [n
in these various breast cancer ccll lines (Figure Ib). An HER?2 amplification-positive cells harboring a PIK3CA
annexin V binding assay showed that lapatinib (1 pm) mutation, however, lapatinib inhibited the phosphorylation
induced apoptosis in all HER2 amplification-positive cells, — of CRK but had little effect on that of AKT. Lapatinib
but was largely without effect in amplification-negative cells. showed little effect on the phosphorylation of AKT or ERK
Consistent with the [Cy, values for the anti-proliferative  in HER2 amplification-negative cells. These data thus
effect of the drug, the extent of lapatinib-induced apoptosis ~ revealed that, whereas lapatinib inhibited the phosphoryla-
was less pronounced in HER2 amplification-positive cells  tion of ERK in all /H/ER2 amplification-positive cells, its
with an activating PIK3C'A mutation than in those without effect on that of AKT was dependent on PIK3CA
such a mutation. We further examined the effect of mutational status.
lapatinib on clonogenic survival of breast cancer cells.
Again, lapatinib greatly reduced the clonogenicity of HER?2
amplification-positive cclls without a PIK3C'4 mutation, Effects of lapatinib on apoptosis-related proteins in HER2
whereas the reduction in the number of clones was less  amplification-positive breast cancer cells with or without
marked for those with a PIK3CA mutation (Figure Ic¢). an activating PIK3CA mutation
These data thus revealed that lapatinib exerts ant- Given that lapatinib induced apoptosis in cells with
proliferative and anti-survival effects in cells positive for HER? amplilication, we examined its effects on apop-
IER2 amplification, but the extent of these effects is tosis-related proteins in these cells (Figure 2b). Immu-
smaller for such cells with a PIK3CA mutation than for noblot analysis revealed that lapatinib upregulated the
those without this genctic change. expression of BIM, a pro-apoptotic member of the Bel-2
Oncogene
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Figure 2 Effects of lapatinib on HER2, AKT and ERK phosphorylation as well as on apoptosis-related protein expression in breast cancer ccll
lines. (a, b) The indicated cell lines were incubated with or without lapatinib (1 um) for 24 h (a) or 48 h (b), after which cell lysates were prepared
and subjected to immunoblot analysis with antibodies to phosphorylated (p) or total forms of HER2. AKT or ERK as well as with those to the
indicated apoptosis-related proteins or to f-actin (loading control), The position of the band corresponding to BIMg, is indicated. (¢) SK-BR3 or
MB-361 cells were incubated in the absence (control, 0.1% dimethyl sulfoxide) or presence of lapatinib (1 um), BEZ235 (0.3 pm), LY294002
(20 ). AZD6244 (0.3 um) or UO126 (20 um) for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with
antibodies to BIM. to survivin or to B-actin. (d) The indicated cell lines were transfected with non-specific (control), PIK3CA-1 or PIK3CA-2
siRNAs for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with antibodies to the indicated proteins,
family of proteins, in //ER2 amplification-positive cells inhibitors induced BIM expression without affecting the
regardless of the PIK3CA mutational status, whereas it expression of survivin in HER2 amplification-positive
had little effect on the expression of other Bel-2 family cells regardless of the PIK3CA mutational status
members, including Mcl-1, Bcl-2 and Bel-x,. Quantita-  (Figure 2c), suggesting that expression of BIM is
tive reverse transcription and PCR analysis showed that regulated by the MEK-ERK pathway. Converscly, the
lapatinib increased the amount of BIM mRNA in all PI3K inhibitors reduced the abundance of survivin
HER?2 amplification-positive cells in a manner indepen-  without affecting that of BIM in all cells with HFER2
dent of the PIK3CA mutational status (Supplementary amplification (Figure 2c¢). We further examined the
Figure 1), suggesting that BIM induction by lapatinib is effect of depletion of PIK3CA (pl10a) by RNA inter-
mediated at the transcriptional level. On the other hand, ference (RNAIi) on survivin expression in P/K3CA
lapatinib downregulated the expression of survivin, a mutant cells. Introduction of two independent small
member of the inhibitor of apoptosis protein (IAP) interfering RNAs (siRNAs) specific for PIK3CA
family, in HER2 amplification-positive cells without an ~ mRNA (PIK3CA-1 and PIK3CA-2 siRNAs) into
activating PIK3CA4 mutation but not in those with such ~ I/ER2 amplification-positive cells with an activating
a mutation. The expression of other IAP family PIK3CA mutation, resulted in a marked decrease in the
members, including XIAP and c-IAPI, was not sub- expression of pl10a and a concomitant decrease in the
stantially affected by lapatinib in any of the cell lines level of AKT phosphorylation, This depletion of pl10a
examined. was also associated with downregulation of survivin
To identify the signaling pathways responsible for  expression in these cell lines (Figure 2d), suggesting that
induction of BIM and downregulation of survivin by  survivin expression was regulated through the PI3K
lapatinib, we examined the effects of specific inhibitors — pathway. Together, these data suggested that lapatinib
of PI3K (BEZ235 and LY294002) and of the ERK induced BIM expression through inhibition of the
kinase MEK (AZD6244 and U0126). Each of the MEK MEK-ERK pathway in HAER2 amplification-positive
Oncogene
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Figure 3 E(fect of inhibition of BIM induction on lapatinib-induced apoptosis in /ER2 amplification-positive breast cancer cells with
or without an activating PIK3C A mutation, (a) The indicated cell lines were transfected with BIM-1, BIM-2 or non-specific siRNAs for
24 h and then incubated for 48 h in complete medium with or without lapatinib (1 um). Cell lysates were then prepared and subjected to
immunoblot analysis with antibodies to BIM, to survivin or to B-actin, (b) Cells transfected as in a were incubated for 72h with or
without tapatinib (I pa), and then evaluated for the proportion of apoptotic cells by staining with annexin V and propidium iodide
followed by flow cytometry. The percentage increase in the number of apoptotic cells relative to the corresponding value for cells
transfected with the control siRNA and incubated without lapatinib is shown, (¢) Lysates prepared from cells treated as in (a) were
assayed for caspase-3 activity, which is expressed relative to the corresponding value for cells transfected with the control siRNA and
incubated without lapatinib. Data in b and c are means t s.e. from three independent experiments.
cells with or without an activating PIK3CA mutation. cells without a PIK3C A mutation, whereas it resulted in
On the other hand, lapatinib downregulated survivin almost complete inhibition of this effect of lapatinib in
expression through inhibition of the PI3K signaling  cclls with a PIK3CA mutation (Figure 3c). The BH3-
pathway in HER2 amplification-positive cells without a ~ mimetic ABT737, which binds to anti-apoptotic Bcl-2
PIK3CA mutation, but it had little effect on survivin family members, including Bcl-2, Bcel-xl and Bel-w, was
expression in cells with such a mutation, likely as a result ~ shown to enhance apoptosis under conditions of BIM
of activation of the PI3K pathway by the PIK3CA induction (Cragg er al., 2007, 2008; Gong et al., 2007).
mutation. We therefore examined the cffect of the combination of
lapatinib and ABT737 on induction of apoptosis in
» g . ) . o HER2-amplified breast cancer cells with or without a
Effect of inhibition of BIM induction on lapatinib-induced  pK3CA mutation. We found that ABT737 enhanced
%POI_"OS’S .’”’ ce Sh“'”_ 7{ . é "[\;l”l? f“”{"” T lapatinib-induced apoptosis both in HER2-positive cells
. ?ilr‘lv?stlgdte the role of ‘fl :jn u;tlc;n' n lfitfjdt‘.m © without a PIK3CA mutation, and in those with a
induced apoptosis, we transkecte H‘A‘R“ ampi “."f“qn" PIK3CA mutation with an average fold increase of .20
positive cells with two independent _5|RNAs spcc:l[lc for and 1.48, respectively (P<0.05) (Supplementary Figure
B{{“{LX’RNAK(?‘IIWl anq B‘[M-2 S‘R{\]AS),‘ h@h BIM 2), supporting a role for BIM induction in lapatinib-
sl . : r»n'dl edly .suppxcised the _dpdtllflll?-l_ndllty( induced apoptosis. These data thus indicated that BIM
zp“'gu Stwn _Of 'BI'M wit Hout 'dffectll:r?g _dpdfmlb'm' induction contributes to lapatinib-induced apoptosis in
uced g/W;I‘ing]dthn th SUFVWI}T]‘ (‘ lgure. 3‘}2; ‘Th" cells with HER2 amplification, but that the extent of this
annexin V binding assay showed that such transfection o, pyribution differs according to the mutational status
resulted in partial inhibition of lapatinib-induced ¢ prr3cg4
apoptosis in HER2 amplification-positive cells without
an activating PIK3CA mutation, whereas lapatinib-
induced apoptosis was almost completely inhibited by Combined effect of lapatinib and BEZ235 on apoptosis in
BIM siRNA in cells with such « mutation (Figure 3b). HER2 amplification-positive cells with an activating
Similar to the results of the annexin V binding assay, PIK3CA mutation
transfection with BIM siRNA resulted in partial inhi- Given that lapatinib manitested only & moderate pro-
bition of the lapatinib-induced activation of caspase-3 in apoptotic effect in cells with an activating PIK3CA
Oncogene
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Figure 4 Effects of the combination of BEZ235 and lapatinib in #ER2 amplification-positive cells with an activating PIK3CA
mutation, (a) The indicated cell lines were incubaled in the absence (control, 0.1% dimethyl sulfoxide) or presence of lapatinib (1 pm),
BEZ235 (0.03 uwm) or both agents (combination) for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis
with antibodies to the indicated proteins. (b) Cells were incubated in the absence or presence of lapatinib (1 um) or BEZ235 (0.03 um),
as indicated, for 72h, after which the proportion of apoptotic cells was determined by staining with annexin V and propidium iodide
followed by flow cytometry, The percentage increase in the number of apoptotic cells relative to the corresponding value for cells
incubated without addition is shown. (¢) Cells treated as in (a) were lysed and assayed for caspase-3 activity, which is expressed relative
to the corresponding value for cells incubated without addition. Data in (b, ¢) are means * s.e. from three independent experiments. (d)
Nude mice with tumor xenografts established by subcutaneous injection of HCC1954 cells were treated daily for 2 weeks with vehicle
(control), BEZ235 (15 mg/kg per day). lapatinib (100 mg/kg per day) or the combination of both drugs. Tumor size was determined at
the indicated times after treatment onset and is expressed as a percentage of that at time 0, Data are means = s 2. for six mice per group.

*P<0.05 for the combination of BEZ235 and lapatinib versus either BEZ235 or lapatinib alone.

mutation despite the preserved induction of BIM, we
hypothesized that insufficient inhibition of the PI3K
pathway by lapatinib might be responsible for the
limited size of this effect compared with that observed in
cells without such a mutation. We therefore examined
whether additional inhibition of the PI3K pathway by
BEZ235 might enhance the effect of lapatinib on
apoptosis in PIK3CA mutant cells. Treatment with
BEZ235, which was previously shown to inhibit the
PI3K pathway in cells expressing activated PIK3CA
(Serra et al., 2008; Brachmann e/ al., 2009), resulted in
marked inhibition of AKT phosphorylation (but not of
ERK phosphorylation) in #ER2 amplification-positive
cells with an activating PIK3CA4 mutation (Figure 4a).
The combination of BEZ235 and lapatinib resulted in
inhibition of both AKT and ERK phosphorylation

94

(Figure 4a). Consistent with the notion that regulation
of survivin is mediated through the PI3K pathway and
that of BIM is mediated through the MEK-ERK
pathway, treatment with BEZ235 alone induced down-
regulation of survivin expression without affecting BIM
expression, whereas the combination of BEZ235 and
lapatinib elicited both survivin downregulation and
BIM upregulation (Figure 4a). The combination of
BEZ235 and lapatinib increased the number of apopto-
tic cells to an extent markedly greater than that apparent
with either agent alone in HERZ2 amplification-positive
cells with a PIK3CA mutation, whereas the effect of
lapatinib was similar in the absence or presence of
BEZ235 in those without 2 PIK3CA mutation or in cells
negative for HER2 amplification (Figure 4b). A similar
pattern was observed for the eftects of lapatinib and

Oncogene
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Figure S Effect of survivin depletion on apoptosis in /£ £R2 amplification-positive cells with an activating PIK3CA4 mutation, (a) The
indicated cell lines were transfected with non-specific (control), survivin-1 or survivin-2 siRNAs for 48 h, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to survivin or to B-actin, (b) Cells transfected as in (a) were incubated
in complete medium with or without lapatinib (| um) [or 72 h, after which the proportion of apoptotic cells was determined by staining
with annexin V and propidium iodide followed by flow cytometry, The percentage increase in the number of apoptotic cells relative to
the corresponding value for cells transfected with the control siRNA and incubated without lapatinib is shown. (¢) Cells transfected as
in (a) were incubated with or without lapatinib (1 um) for 48 h, lysed and assayed for caspase-3 activity, which is expressed relative to
the corresponding value for cells transfected with the control siRNA and incubated without lapatinib. Data in (b, ¢) are means +s.e.
from three independent experiments, * P <0.05 for the combination of lapatinib plus transfection with survivin-1 siRNA versus either
treatment alone, **P<0.05 for the combination of lapatinib plus transfection with survivin-2 siRNA versus either treatment alone
BEZ235 on caspase-3 activity (Figure 4c). We further  apoptosis in these cells, whereas the combination of
examined the effect of combined treatment with BEZ235 survivin depletion and lapatinib increased the number of
and lapatinib on the growth in vivo of HER2 amplifica- apoptotic cells to an extent significantly greater than
tion-positive breast cancer cells with a PIK3CA4 muta- that observed with either treatment alone (Figure 5b).
tion. At the completion of the experiments, tumors  These effects on the number of apoptotic cells were
treated with either control or lapatinib alone had confirmed by measurement of caspase-3 activity
doubled in size, whereas the combination of lapatinib (Figure 5c). These data thus suggested that down-
and BEZ235 maintained tumor regression (P <0.05) regulation of survivin itself has a pro-apoptotic effect in
(Figure 4d), consistent with the combined effect of these cells with a PIK3CA mutation, but that survivin
agents observed in our i vitro experiments. All depletion and lapatinib cooperate to induce an enhanced
treatments were well tolerated by the mice, with no level of apoptosis.
signs of toxicity or weight loss during therapy (data not
shown). These results thus suggested that effective
inhibition of the PI3K pathway and lapatinib treatment . .
cooperate to elicit a substantial level of apoptosis that js ~ Discussion
accompanied by BIM induction and survivin down- L )
regulation in HER2 amplification-positive ceils with an HER2 amplification is a'frequenvt molcct}lar abnormality
activating PIK3CA mutation. in breast cancer, and is associated with a poor out-
come and aggressiveness of the disease (Slamon er al.,
1987, 1989). Lapatinib, a dual tyrosine kinase inhibitor
Combined effect of lapatinib and depletion of survivin on of EGFR and HER2, shows anti-tumor activity
apoptosis in HER2 amplification-positive cells with an in HER2-overexpressing breast cancer (Geyer et al.,
activating PIK3CA mutation 2006; Konecny et al., 2006; Gomez et al., 2008), but the
Finally, to investigate the effect of downregulation of  precise mechanism of its anti-tumor effect has remained
survivin expression on apoptosis in HER2 amplification- unclear. We have now investigated the downstream
positive cells with an activating PIK3CA mutation, we mediators of lapatinib-induced apoptosis in breast
depleted such cells of survivin by RNAi (Figure Sa).  cancer cells with HER2 amplification. BIM s a key
Each of two independent survivin siRNAs induced pro-apoptotic member of the Bcl-2 family ol proteins,
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and initiates apoptosis signaling by binding to and
antagonizing the function of pro-survival Bel-2 family
members (Chen et al., 2005). Our results indicate that
lapatinib induces upregulation of BIM expression in
HER?2 amplification-positive cells, and that depletion of
BIM by RNAI results in marked inhibition of lapatinib-
induced apoptosis in these cells. These data suggest
that upregulation of BIM expression contributes to the
induction of apoptosis by lapatinib in breast cancer cells
with HER2 amplification. We found that BIM induction
by lapatinib occurred in HER2 amplification-positive
cells regardless of PIK3CA mutational status and was
associated with inhibition of ERK phosphorylation.
With the use of specific inhibitors of MEK, we also
found that regulation of BIM expression is mediated by
the MEK-ERK signaling pathway. These findings are
consistent with those of previous studies showing that
MEK inhibitors induce BIM expression in B-RAF
mutant cells (Cragg et al., 2008), and that inhibition of
the MEK-ERK pathway contributes to BIM induction
by EGFR tyrosine kinase inhibitors in non-small cell
lung cancer (Costa et al., 2007; Cragg et al., 2007; Gong
et al., 2007), and that such upregulation of BIM has
an essential role in the induction of apoptosis by
these agents. We also found that ABT737 enhanced
the induction of apoptosis by lapatinib in cells with
HER?2 amplification regardless of PIK3CA mutational
status, further supporting a role for BIM induction in
lapatinib-induced apoptosis. To our knowledge, the
present study is the first to show that induction of BIM
through inhibition of the MEK-ERK pathway is
required for lapatinib-induced apoptosis in breast
cancer with HER2 amplification.

Although lapatinib-induced upregulation of BIM
expression occurred in a manner independent of
PIK3CA mutational status, the pro-apoptotic effect of
lapatinib was less pronounced in cells with an activating
PIK3CA mutation than in those without one. Given that
such PIK3CA mutations result in hyperactivation of the
PI3K signaling pathway (Isakoff er al., 2005; Zhao et al.,
2005; Berns et al., 2007), we examined whether activa-
tion of this pathway was associated with this difference
in the extent of apoptosis. Indeed, we found that
lapatinib did not inhibit the phosphorylation of AKT
in HER?2 amplification-positive cells with an activating
PIK3CA mutation. We therefore examined the effect of
specific inhibitors of the PI3K pathway on lapatinib-
induced apoptosis in cells with a PIK3CA mutation.
Treatment with BEZ235 effectively inhibited AKT
phosphorylation, and the combination of BEZ235 and
lapatinib thus inhibited both AKT and ERK phosphor-
ylation and had a pro-apoptotic effect that was
markedly greater than that observed with either agent
alone. Consistent with these in vitro experiments, the
combination of lapatinib and BEZ235 exhibits an
enhanced anti-tumor effect in vivo with HER2-positive
xenografts with a PIK3CA mutation. These results
suggest that additional inhibition of the PI3K pathway
is required for effective induction of apoptosis by
lapatinib in cells with a P/K3CA mutation. Lapatinib
shows clinical efficacy both alone and in combination

96

BIM and survivin in lapatinib-induced apoptosis
1 Tanizaki et a/

with chemotherapeutic agents, but not all patients with
HER2 amplification-positive tumors respond to such
treatment (Slamon et al., 1987; Slamon, 1990; Geyer
et al., 2006; Di Leo et al., 2008; Gomez et al., 2008).
PIK3CA mutations have been detected in 20-30% of
breast cancer patients with HERZ2 amplification (Saal
et al., 2005; Stemke-Hale et al., 2008), and our data now
suggest that activation of the PI3K signaling pathway
associated with the presence of a PIK3CA mutation may
be responsible, at least in part, for the limited efficacy of
lapatinib in patients with tumors positive for both
HER2 amplification and a PIK3CA mutation. Similar to
the effects of lapatinib, the MEK inhibitor AZD6244
inhibited ERK phosphorylation and increased BIM
expression, without affecting AKT phosphorylation or
survivin expression, and it cooperated with BEZ235 to
induce apoptosis in HER2 amplification-positive cells
with 4 PIK3CA mutation (Supplementary Figure 3).
These data thus indicate the importance of simultaneous
interruption of the PI3K-survivin and MEK-ERK-BIM
pathways for effective induction of apoptosis in such
cells. However, the extent of apoptosis induced by
AZD6244 alone or in combination with BEZ235 was
less pronounced than that induced by lapatinib,
suggesting that the anti-tumor effect of lapatinib in
these cells is not mediated exclusively through inhibition
of MEK-ERK signaling. Further investigation is thus
needed to clarify the relationship of PIK3CA mutational
status to the efficacy of lapatinib. The development of
PI3K inhibitors has advanced substantially in recent
years, and clinical trials of thesc agents alone or in
combination with other anti-tumor agents are under
way. Our study therefore provides a rationale for
clinical evaluation of combination therapy with lapati-
nib and a PI3K inhibitor in breast cancer patients with
HER?2 amplification and a PIK3CA mutation.

Survivin is essential for proper completion of various
stages of cell division, with this protein having been
found to contribute to centrosomal function, spindle
formation and kinetochore attachment to spindle
microtubules (Speliotes et al., 2000; Uren ef al., 2000).
Survivin is preferentially expressed during the mitotic
phase of the cell cycle and is physically associated with
the mitotic apparatus. It has also been found to be
overexpressed in some tumors, with such overexpression
having been associated with a poor clinical outcome
(Ambrosini et al., 1997; Tanaka et al., 2000; Alticri,
2003). Like other members of the IAP family such as
XIAP and c¢-IAPI, survivin contains a single BIR
(baculoviral TAP repeats) domain. Molecular antago-
nists of survivin, including anti-sensc and siRNA
oligonucleotides as well as dominant negative mutants,
have been shown to induce apoptosis (Olie et al., 2000;
Kanwar et al., 2001), suggestive of an association
between survivin and apoptosis. Consistent with these
previous findings, we have now shown that depletion of
survivin by Iwo Independent siRNAs specific for
survivin mRNA increased the number of apoptotic cells
and the activity of caspase-3 in HER2 amplification-
posilive breast cancer cells with a PIK3CA4 mutation.
With the use of siRNAs specific for PIK3CA mRNA,
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we further showed that survivin expression is regulated
by the PI3K signaling pathway, consistent with previous
studies linking survivin expression to this signaling
pathway (McKenzie et al., 2010; Peirce ef al., 2010). Our
finding that survivin downregulation through inhibition
of PI3K signaling was associated with the induction of
apoptosis, is consistent with the key role of this signa-
ling pathway in cell survival. We tound that lapatinib
downregulated survivin expression in association with
the induction of apoptosis in HER2 amplification-
positive cells without an activating PIK3CA mutation.
[n contrast, expression of survivin was not markedly
affected by lapatinib in cells harboring such a PIK3CA
mutation. We therefore examined the effect of inhibition
of survivin expression on lapatinib-induced apoptosis in
PIK3CA mutant cells. In such cells, the combination of
survivin depletion by RNAI and lapatinib treatment
exhibited a pro-apoptotic cffect markedly greater than
that observed with either approach alone, suggesting
that downregulation of survivin promotes lapatinib-
induced apoptosis. We also found that, unlike lapatinib,
the PI3K inhibitor BEZ235 induced downregulation of
survivin expression in cells with an activating PIK3ICA
mutation, suggesting that this effect contributes, at least
in part, to the enhanced level of apoptosis induced by
the combination of lapatinib and BEZ235. Insufficient
inhibition of the PI3K-survivin pathway may thus
account for the smaller pro-apoptotic effect of lapatinib
in HER?2 amplification-positive cells with an activating
PIK3CA mutation compared with that obscrved in
those without such a mutation.

In conclusion, we have shown that both induction of
BIM and inhibition of survivin have a role in lapatinib-
induced apoptosis in HER2 amplification-positive
breast cancer cells. Moreover, both the PI3K-survivin
pathway and the MEK-ERK-BIM pathway contribute
independently to the induction of apoptosis in these
cells regardless of PIK3CA mutational status. Our data
thus show that simultancous interruption of the PI3K-
survivin and MEK-ERK-BIM pathways is required for
effective induction of apoptosis in breast cancer cells
with HLER2 amplilication. They further provide a
rationale for the development of new therapeutic
strategies for patients with breast tumors positive for
HER?2 amplification, including those with an activating
PIK3CA mutation.

Materials and methods

Cell culture and reagents

The human breast cancer cell lines SK-BR3, ZR-75-30, BT-
474, MB-361, MB-453, HCC1954, MCF-7, T47-D and MB-
231 were obtained from American Type Culture Collection
(Manassas, VA, USA). SK-BR3 cclls were cultured in
MecCoy's medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum; BT-474 cells in
Dulbecco’s modified Eagle's medium (Invitrogen) supplemen-
ted with 10% f(etal bovine serum; MB-361, MB-453 and MB-
231 cells in L15 medium (Invitrogen) supplemented with 10%
fetal bovine serum; and the remaining cells in RPMI 1640
medium (Sigma, St Lows, MO, USA) supplemented with 10%
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fetal bovine serum. All cells were maintained under a
humidified atmosphere of 5% CO; at 37°C. Lapatinib was
obtained from Sequoia Research Products {(Pangbourne, UK),
AZD6244 was from ShangHai Biochempartner (Shanghai,
China) and 1.Y294002 and U0126 were from Cell Signaling
Technology (Danvers, MA, USA). BEZ235 was kindly
provided by Novartis (Basel, Switzerland). MB-453 and
HCC1954 cells were found to harbor an HI1047 hotspot
mutation, and MB-361 cells were found to contain an E545K
hotspot mutation by sequencing of exons 9 and 20 of PIK3CA
(Hoeflich et al., 2009; Kataoka et al., 2010; Saal et «l., 2003,
Samuels ef al., 2004). We categorized BT-474 cells as negative
for an activating P/K3CA mutation for this study on the basis
of the demonstrated lack of transforming activity for the
KI11IN mutation and its minimal effect on downstream
signaling (Gymnopoulos et al., 2007, Zhang et al., 2008).

Growth inhibition assay in vitro

Cells were plated in 96-well flat-bottomed plates and cultured
for 24 h before exposure to various concentrations of lapatinib
for 72h. TetraColor One (Smu tetrazolium monosodium salt
and 0.2mM l-methoxy-3-methyl phenazinium methylsulfate;
Seikagaku, Tokyo, Japan) was then added to each well, and
the cells were incubated for 3h at 37 °C before measurement of
absorbance at 490 nm with a Multiskan Spectrum instrument
(Thermo Labsystems, Boston, MA, USA). Absorbance values
were expressed as a percentage of that for untreated cells, and
the concentration of lapatinib resulting in 50% growth
inhibition (ICsy) was calculated.

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).
Cells were harvested by exposure to trypsin-EDTA, washed
with phosphate-buffered saline and centrifuged at 200g for
Smin. The cell pellets were resuspended in 100 ul of Annexin-
V-FLUOS labeling solution, incubated for 10-15min at
15-25°C and then analyzed (or fluorescence with a flow
cytometer (FACSCalibur) and Cell Quest software (Becton
Dickinson, Franklin Lakes, NJ, USA).

Clonogenicity assay

Cells were seeded in triplicate in six-well plates and cultured
for 48 h in the presence of lapatinib (1 um) or vehicle. They
were then cultured in drug-free medium [or 14 days, fixed with
methanol:acetic acid (10:1, v/v) and stained with crystal violet.
The mean percentage cell survival relative to controls was
determined from triplicate wells.

Immunoblot analysis

Cells were washed twice with ice-cold phosphate-buffered
saline and then lysed in a solution containing 20 mm Tris-HCI
(pH 7.5), 150mm NaCl, Imm EDTA, 1% Triton X-100,
2.5mm sodium pyrophosphate, | mm phenylmethylsulfonyl
fluoride and leupeptin (1 pg/ml). The protein concentration of
cell lysates was determined with a BCA protein assay kit
(Thermo Fischer Scientific, Waltham, MA, USA), and equal
amounts of protein were subjected to SDS-polyacrylamide gel
electrophoresis on a 7.5 or 12% gel (Bio-Rad, Hercules, CA,
USA). The separated proteins were transferred to a nitrocel-
lulose membrane, which was then incubated with Blocking
One solution (Nacalai Tesque, Kyolo, Japan) for 20 min at
room temperature before incubation overnight at 4 °C with
primary antibodies. Rabbit polyclonal antibodies to human
phosphorylated HER2 (pY 1248), to phosphorylated AKT, to
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