and initiates apoptosis signaling by binding to and
antagonizing the function of pro-survival Bcl-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 et 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 HER2 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 PIK3CA mutation. Lapatinib
shows clinical efficacy both alone and in combination
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with chemotherapeutic agents, but not all patients with
HER2 amplification-positive tumors respond to such
treatment (Slamon er 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 HER2 amplification (Saal
et al., 2005; Stemke-Hale et a/., 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
HER?2 amplification and a PIK3CA4 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 a 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 these 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 et 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; Altieri,
2003). Like other members of the TAP family such as
XIAP and c-IAPI, survivin contains a single BIR
(baculoviral IAP repeats) domain. Molecular antago-
nists of survivin, including anti-sense and siRNA
oligonucleotides as well as dominant negative mutants,
have been shown to induce apoptosis (Olie er 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 two independent siRNAs specific for
survivin mRNA increased the number of apoptotic cells
and the activity of caspase-3 in HER2 amplification-
positive breast cancer cells with a P/IK3CA 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 et 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 found that lapatinib
downregulated survivin expression in association with
the induction of apoptosis in HER2 amplification-
positive cells without an activating PIK3CA4 mutation.
In 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 effect 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 PIK3CA
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 HER2 amplification-positive cells with an activating
PIK3CA mutation compared with that observed 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 HERZ2 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 simultaneous interruption of the PI3K-
survivin and MEK-ERK-BIM pathways is required for
effective induction of apoptosis in breast cancer cells
with HER?2 amplification. 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 cells were cultured in
McCoy’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% fetal 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 Louis, 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 LY294002 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 H1047 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 er al., 2010; Saal et al., 2005;
Samuels et al., 2004). We categorized BT-474 cells as negative
for an activating PIK3CA mutation for this study on the basis
of the demonstrated lack of transforming activity for the
K11IN 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 72 h. TetraColor One (5mm tetrazolium monosodium salt
and 0.2mm [-methoxy-5-methyl phenazinium methylsulfate;
Seikagaku, Tokyo, Japan) was then added to each well, and
the cells were incubated for 3 h 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 (ICsp) 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 200 ¢ for
5min. 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 for 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 48h in the presence of lapatinib (I um) or vehicle. They
were then cultured in drug-free medium for 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-HCl
(pH 7.5), 150mm NaCl, 1mm EDTA, 1% Triton X-100,
2.5mMm sodium pyrophosphate, 1 mm phenylmethylsulfonyl
fluoride and leupeptin (1 ng/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, Kyoto, Japan) for 20 min at
room temperature before incubation overnight at 4°C with
primary antibodies. Rabbit polyclonal antibodies to human
phosphorylated HER2 (pY1248), to phosphorylated AKT, to



AKT, to BIM, to Mcl-1, to Bel-2, to Bel-x;, to XIAP and to
pl10a were obtained from Cell Signaling Technology; those to
phosphorylated ERK and to ERK were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); those to ¢-IAP1 were
from R&D Systems (Minneapolis, MN, USA); those to HER2
were from Millipore (Billerica, MA, USA); those to survivin
were from Novus (Littleton, CO, USA); and those to B-actin
were from Sigma. All antibodies were used at a 1:1000
dilution, with the exception of those to B-actin (1:200). The
membrane was then washed with phosphate-buffered saline
containing 0.05% Tween 20 before incubation for 1 h at room
temperature with horseradish peroxidase-conjugated goat
antibodies to rabbit immunoglobulin G (Sigma). Immune
complexes were finally detected with chemiluminescence
reagents (GE Healthcare, Little Chalfont, UK).

Gene silencing

Cells were plated at 50-60% confluence in six-well plates or
25-cm* flasks and then incubated for 24h before transient
transfection for the indicated times with siRNAs mixed with
the Lipofectamine reagent (Invitrogen). The siRNAs specific
for PIK3CA (PIK3CA-1, 5-UCAACUUCUUCAAGAUG
AA-3'; PIK3CA-2, 5-GUAGAAUGUUUACUACCAA-3),
BIM (BIM-1, 5¥-GGAGGGUAUUUUUGAAUAA-3’; BIM-2,
5-AGGAGGGUAUUUUUGAAUA-3"), or survivin (survi-
vin-1, Y-GAAGCAGUUUGAAGAAUUA-3'; survivin-2,
5-AGAAGCAGUUUGAAGAAUU-3') mRNAs as well as
non-specific (control) siRNAs were obtained from Nippon
EGT (Toyama, Japan).

Assay of caspase-3 activity

The activity of caspase-3 in cell lysates was measured with the
use of a CCP32/Caspase-3 Fluometric Protease Assay Kit
(MBL, Woburn, MA, USA). Fluorescence attributable to
cleavage of the Asp—-Glu-Val-Asp-7-amino-4-trifluoromethyl
coumarin (DEVD-AFC) substrate was measured at excitation
and emission wavelengths of 390 and 460 nm, respectively.
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Growth inhibition assay in vivo

All animal studies were done with the Recommendations for
Handling of Laboratory Animals for biochemical Research
compiled by the Committee on Safety and Ethical Handling
Regulations for Laboratory Animal Experiments, Kinki
University. Cubic fragments of tumor tissue (~2 by 2 by
2mm) formed by HCCI1954 cells were implanted subcuta-
neously into the axilla of 5-6-week-old male athymic nude
mice. When their tumors became palpable, mice were divided
in to four groups and treated with vehicle, BEZ235 alone,
lapatinib alone and the combination of BEZ235 and lapatinib.
Each treatment group contained six mice. BEZ235 and
lapatinib were administered by oral gavage daily for 14 days;
control animals received a 0.5% (w/v) aqueous solution of
hydroxypropylmethylcellulose as vehicle. Tumor volume was
determined from caliper measurements of tumor length (L)
and width (W) according to the formula LW?/2. Both tumor
size and body weight were measured twice per week.

Statistical analysis

Quantitative data from in vitro experiments are presented as
means £s.e. from three independent experiments, and were
analyzed with the unpaired two-tailed Student’s ¢-test. In vivo
data are presented as meansts.e. from six mice and were
analyzed by the unpaired two-tailed Student’s ¢-test. A P-value
of <0.05 was considered statistically significant.
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Introduction: The presence of the transforming fusion gene echi-
noderm microtubule-associated protein-like 4 (EML4)-anaplastic
lymphoma kinase (4LK) in non-small-cell lung cancer (NSCLC) is
a predictive marker for the efficacy of anaplastic lymphoma kinase
inhibitors. However, the currently available assays for the detection
of the different variants of EML4-ALK have limitations.

Methods: We developed an assay system for the detection of EML4-
ALK variants 1, 2, 3a, 3b, 4, Sa, 5b, 6, or 7 transcripts in total RNA
obtained from formalin-fixed, paraffin-embedded (FFPE) specimens
of NSCLC tissue. The assay is based on region-specific polymerase
chain reaction amplification of EML4-ALK complementary DNA
followed by specific single-base primer extension and analysis of the
extension products by matrix-assisted laser desorption/ionization—
time of flight mass spectrometry. The assay was validated by fluores-
cence in situ hybridization and the results confirmed by subcloning
and sequencing of polymerase chain reaction products.

Results: Evaluation of the analytic sensitivity of the assay with serial dilu-
tions of plasmids containing EML4-ALK complementary DNA sequences
revealed it to be capable of the reliable detection of one copy of each plas-
mid per reaction. The assay also detected EML4-ALK variants 1 or 3 in
three FFPE samples of surgically resected NSCLC shown to be positive
for anaplastic lymphoma kinase rearrangement by fluorescence in situ
hybridization. Furthermore, the assay identified variant | of EML4-ALK
in 3 of 20 FFPE biopsy samples from patients with advanced NSCLC. All
positive samples were confirmed by subcloning and sequencing.
Conclusions: Our novel assay is highly sensitive and effective for the
detection of EML4-ALK in FFPE specimens.

Key Words: EML4-ALK, Non-small cell lung cancer, Paraffin-
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Echinodcrm microtubule-associated  protein-like 4
(EML4)-anaplastic lymphoma kinase (ALK) was
recently identified as a transforming fusion protein in lung
cancer.' Both EML4 and ALK genes are located on the short
arm of chromosome 2. Multiple variants of EML4-ALK have
been identified, with all variants including the same cyto-
plasmic portion of ALK but different portions of EML4
(with truncations at exons 2, 6, 13, 14, 15, 18, and 20).2*
The most common EML4-ALK variants are 1 and 3, which
together account for ~60% of EML4-4LK-positive cases of
non—small cell lung cancer (NSCLC).® Crizotinib, an inhibi-
tor of the tyrosine kinase activity of ALK and MET (hepato-
cyte growth factor receptor), has been shown to be effective
for the treatment of lung cancer patients harboring EML4-
ALK.® Indeed, crizotinib was recently approved by the U.S.
Food and Drug Administration for the treatment of advanced
NSCLC in patients with an abnormal ALK gene.

The EML4-ALK translocation occurs in 5 to 10% of
lung cancer patients.'>” ' Several assays have been developed
for the detection of this translocation in clinical samples.>*!"
However, all of these assays have limitations with regard to
sensitivity or the reliance on specialized techniques, with the
development of higher-sensitivity assays based on simple
methods being warranted.

MATERIALS AND METHODS

Plasmid Construction

Plasmids based on pCR2.1 or pcDNA3.1(+) and contain-
ing EML4-ALK or ALK complementary DNA (cDNA) were
constructed as positive controls by TA cloning (Invitrogen,
Madison, WI) or In-Fusion PCR cloning (Clontech, Palo Alto,
CA)." Details of plasmid construction and corresponding pri-
mer sequences are provided in Supplemental Digital Content 1
(http://links.lww.com/JTO/A219) and 2 (http:/links.lww.com/
JTO/A220).

Clinical Samples

Formalin-fixed, paraffin-embedded (FFPE) sam-
ples were obtained from NSCLC patients who had under-
gone surgery or biopsy for the purpose of diagnosis at
Kinki University Hospital. The study was approved by the
Institutional Review Board with the conditions that samples
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FIGURE 1. MassARRAY method
for the detection of EML4-ALK.
The region of EML4-ALK comple-
mentary DNA containing the
fusion point is amplified by poly-
merase chain reaction (PCR), with
the amplicons ranging in size
from 70 to 130 bp. After dephos-
phorylation of the 5 terminus of
the PCR products with the use
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FIGURE 2. Representative spectra for EML4-ALK variants. Plasmid DNA (1 ng per reaction) containing the indicated variants of
EML4-ALK (A) or total complementary DNA (5 ng per reaction) prepared from H3122 or H2228 cell lines (which harbor EML4-
ALK variant 1 and variants 3a and 3b, respectively) (B) was subjected to the MassARRAY assay. Representative spectra for exten-
sion products between ~5100 and ~6800 Da are shown. The expected m/z values for each single-base extension product are as
indicated in Figure 1. Three independent experiments were performed in triplicate with identical results.
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Sensitivity of EML4-ALK detection in plasmid DNA. The indicated copy numbers of pcDNA3.1(+) containing variants

1, 3a, or 3b of EML4-ALK were assayed in the presence of 1 ng of normal human genomic DNA (A) or 10 pg of pCR2.1-alk plas-
mid DNA (B). The copy number of plasmid DNA per reaction was calculated according to the formula: 6.022 x 10 X [mass
of DNA (g)]/[plasmid size (bp) X 660]. Three independent experiments were performed in triplicate with identical results. UEP,

unextended primer.

be processed anonymously and analyzed for gene expres-
sion and that the study be disclosed publicly, according to the
Ethical Guidelines for Human Genome Research published
by the Ministry of Education, Culture, Sports, Science, and
Technology, the Ministry of Health, Labor, and Welfare, and
the Ministry of Economy, Trade, and Industry of Japan. The
study also conforms to the provisions of the Declaration of
Helsinki.

Cell Lines

The human NSCLC cell lines H2228 and H3122 were
kindly provided by Dr. P. A. Jinne (Department of Medical
Oncology, Dana-Farber Cancer [nstitute, Boston, MA). Short
tandem repeat analysis was performed with genomic DNA
isolated from H2228 and H3122 cells. The DNA profile of
H2228 cells matched that in the American Type Culture
Collection short tandem repeat database. The cells were main-
tained under a humidified atmosphere of 5% CO, at 37°C in
RPMI 1640 medium (Sigma, St. Louis, MO) su_pplcmemcd
with 10% heat-inactivated fetal bovine serum (Equitech-Bio,
Kerrville, TX).

Copyright © 2012 by the International Association for the Study of Lung Cancer

Sample Processing

Total RNA was extracted from cell lines and FFPE sam-
ples with the use of an RNeasy Mini Kit (Qiagen, Valencia,
CA) and an RNeasy FFPE Kit (Qiagen), respectively. The
percentage of tumor cells in each FFPE specimen was evalu-
ated by hematoxylin-eosin staining and found to be >10%.
The isolated RNA was subjected to reverse transcription (RT)
with the use of a High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA), and the resulting
c¢DNA was stored at —80°C until analysis.

Detection of EML4-ALK

We used the MassARRAY iPLEX platform (Sequenom,
San Diego, CA) for detection of EML4-ALK. The MassARRAY
system involves a three-step process consisting of polymerase
chain reaction (PCR), single-base primer extension, and separa-
tion of the products on a matrix-loaded silicon chip by matrix-
assisted laser desorption ionization (MALDI)-time of flight
(TOF) mass spectrometry (MS) (Fig. 1). PCR and the single-
base primer extension reactions were performed in a thermal
cycler (ABI-9700 instrument, Applied Biosystems), and the
extension products were analyzed using the MALDI-TOF MS
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FIGURE 4. Detection of EML4-ALK in formalin-fixed, paraffin-embedded (FFPE) samples of surgically resected non-small cell
lung cancer tissue. (A) Clinical specimens were subjected to fluorescence in situ hybridization analysis with differentially labeled
probes for the 5 (green) or 3’ (red) regions of the ALK locus. A pair of split signals (arrows) indicates the rearranged ALK locus.
(B) polymerase chain reaction (PCR) products derived with PCR primer sets in the MassARRAY assay were separated with the
use of an Agilent 2100 Bioanalyzer and a DNA 1000 LabChip Kit (Agilent Technologies, Inc., Palo Alto, CA). The PCR products
are from pcDNA3.1(+)-v1 (lane 1), pcDNA3.1(+)-v3a (lane 2), pcDNA3.1(+)-v3b (lane 3), case 1 (lane 4), case 2 (lane 5), and
case 3 (lanes 6 and 7). The asterisk indicates the corresponding band in each case. (C) Total RNA (10 ng) isolated from the FFPE
samples in (A) was analyzed by the MassARRAY assay. Representative spectra are shown. The experiment was repeated twice
with identical results. (D) The PCR products from (C) were also subcloned and sequenced. ex, exon.

(Sequenom). Detailed procedures and corresponding primer RESULTS

sequences are provided in Supplemental Digital Content | . .
(http:/links.lww.com/JTO/A219) and 3 (http:/links.lww.com/ ~ Detection of EML4-ALK Variants

JTO/A221), respectively. We developed an assay system based on the MassARRAY
platform for the detection of EML4-ALK variants in NSCLC
tissue (Fig. 1). The MassARRAY assay detected plasmid DNA
corresponding to nine different EML4-4LK variants and wild-
type ALK (Fig. 24). Appropriate mass spectra for the single-
base extension products were thus obtained (Figs. 1 and 24).
We next attempted to detect EML4-4LK in the human NSCLC
cell lines H3122 and H2228, which harbor EML4-ALK vari-
ants 1 and 3, respectively.” The RT-PCR products of total RNA

Sequencing Analysis

PCR products were subcloned into the TOPO TA
pCR2.1 vector (Invitrogen) and sequenced with an auto-
mated sequencer (ABI Prism 3100 Genetic Analyzer, Applied
Biosystems) with the use of M 13 universal primers.

Fluorescence In Situ Hybridization Analysis isolated from the cell lines were subjected to the MassARRAY
FFPE tissue sectioned at a thickness of 4 um and placed ~ 8ssay. EML4-ALK variant 1 was detected in H3122 cells,
on glass slides was subjected to fluorescence in situ hybrid- ~ Whereas variants 3a and 3b were detected in H2228 cells (Fig.

ization (FISH) with a break-apart probe for the ALK gene 2B). Wild-type ALK was also detected in both cell lines.
(Vysis LSI ALK Dual Color, Break Apart Rearrangement .y
Probe; Abbott Molecular, Des Plaines, IL). FISH positivity Sensitivity of the Assay

was defined as the presence of >15% split signals in tumor The major variant forms of EML4-ALK are variants 1,
cells. 3a, and 3b, which account for ~60% ofall EML4-ALK fusions.”
916 Copyright © 2012 by the International Association for the Study of Lung Cancer
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TABLE 1. Characteristics of Patients Screened for EML4-ALK
Age Smoking
No. (years) Sex Histology Procedure status EML4-ALK
1 63 F Ad TLB Never  Negative
2 62 M Ad TBLB Current  Negative
3 74 M Ad TLB Current  Negative
- 71 M Ad TBLB Current  Negative
5 63 F Ad TBLB Never Variant |
6 75 M Ad TBLB Former Negative
7 59 M Ad Needle biopsy Current  Negative
8 85 M Ad TBLB Current  Negative
9 73 FAd Lymph node biopsy Never Negative
10 68 F Ad TBLB Current  Negative
11 65 M Ad TBLB Current  Variant |
12 57 M Ad TBLB Current  Negative
13 68 F Ad TLB Never  Negative
14 73 M Ad TBLB Former Negative
15 67 F Ad TBLB Never Negative
16 67 M Ad TBLB Former Negative
17 57 M Ad TBLB Former  Negative
18 56 M Large TBLB Current  Negative
19 65 M Ad TBLB Current  Negative
20 60 M Ad TBLB Current  Variant 1

Ad, adenocarcinoma; Large, large cell carcinoma; TLB, thoracoscopic lung biopsy;
TBLB, transbronchial lung biopsy.

We therefore examined the sensitivity of our assay for detec-
tion of these variants. Samples containing 1000, 100, 10, or 1
copy of plasmid DNA [pcDNA3.1(+) for variants 1, 3a, or 3b]
and 1 ng of normal human genomic DNA (Promega, Madison,
WI) were prepared by 10-fold serial dilution. MS spectra
revealed a clear peak at the expected size for variants 1, 3a, or

3b in all samples, including those containing only one copy of
the variant DNA (Fig. 34). We also examined assay sensitivity
when the samples were diluted with pCR2.1 containing ALK
cDNA (pCR2.1-alk). Samples containing 1000, 100, 10, or 1
copy of the variant plasmids were thus diluted with 10 pg (~2
x 10° copies) of pCR2.1-alk. A clear peak at the expected size
was again detected in all the samples including those contain-
ing only one copy of the variant DNA (Fig. 3B). These results
therefore suggested that the sensitivity of the assay for the
detection of EML4-ALK variants is high.

Detection of EML4-ALK Variants in FFPE
Samples

We next evaluated the ability of our assay to detect
EML4-ALK variants in three surgically resected FFPE sam-
ples of NSCLC shown to be positive for ALK rearrangements
by FISH analysis (Fig. 44). The primary PCR products for
the assay were also analyzed by gel electrophoresis, with the
expected sizes of the amplification products being 115, 103,
and 119 bp for variants 1, 3a, and 3b, respectively. Bands cor-
responding to EML4-ALK variant | (case 2), variant 3a (cases
1 and 3), and variant 3b (case 3) were detected (Fig. 4B).
Similarly, we detected MS peaks corresponding to EML4-
ALK variant 1 and to variants 3a or 3b in case 2 and in cases
1 and 3, respectively (Fig. 4C). The presence of EML4-ALK
variants in these three cases was confirmed by subcloning and
sequencing of PCR products (Fig. 4D). We further analyzed
several NSCLC specimens shown to be negative for EML4-
ALK by FISH analysis; no mass peaks for EML4-ALK variants
were detected by the MassARRAY assay (data not shown).
These results thus suggested that the MassARRAY assay is
able to detect EML4-ALK variants in FFPE samples.

A Sample 5 ss535 Sample 11 55535 Sample 20 55535
2 Variant1  Variant 1 h  Variant 1
0 s
c o | n
8" W |- |
= . - i
. et N e T T FIGURE 5. Detection of EML4-
® 2. B T s s ===  ALKin formalin-fixed, paraffin-
m/z m/z m/z embedded samples of non—small
cell lung cancer obtained by
B Sample 5: Sample 11: Sample 20: transbronchial lung biopsy.
variant 1 variant 1 variant 1 (A) Representative spectra of
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polymerase chain reaction prod-
ucts from (A) were subcloned and
sequenced.
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Screening for EML4-ALK Variants in FFPE
Biopsy Samples of Advanced NSCLC

Molecular analysis of biopsy samples from patients
with advanced NSCLC is often difficult because of the
small amount of tissue available. We therefore examined
the feasibility of detection of EML4-ALK variants with the
MassARRAY assay in FFPE biopsy specimens obtained
from 20 patients with advanced NSCLC, the characteristics
of whom are shown in Table 1. Three specimens (samples 5,
11, and 20) were found to be positive for variant 1 of EML4-
ALK, with none of the other variants being detected (Fig. 54).
The presence of EML4-ALK variant 1 in these three cases was
confirmed by subcloning and sequencing of PCR products
(Fig. 5B). We also performed FISH analysis on the 20 FFPE
specimens, Of the three EML4-ALK-positive cases detected
by the MassARRAY assay, two (samples 5 and 20) were posi-
tive by FISH whereas the third (sample 11) could not be evalu-
ated because of poor tissue quality (data not shown). None of
the cases that tested negative by the MassARRAY assay was
positive by FISH. These results thus suggested that our assay
is effective for EML4-ALK screening with FFPE biopsy speci-
mens of advanced NSCLC.

DISCUSSION

We have developed a MassARRAY assay for screening
of EML4-ALK in FFPE samples of NSCLC tissue. This novel
assay is capable of detecting nine different EML4-4LK vari-
ants with a high sensitivity.

Dual-color split-signal FISH analysis has been consid-
ered the gold standard in screening for ALK rearrangement.
However, given that EML4 and ALK loci are located in rela-
tively close proximity on chromosome 2p, the detection of the
EML4-ALK fusion gene on the basis of the gap between the
probes is sometimes difficult. The identification and counting
of signals on tissue sections is impeded by factors such as cut-
ting artifacts and nuclear overlap related to the thickness and
homogeneity of the tissue sections and the size of the nuclei.
The MassARRAY system is a nucleic acid analysis platform
which utilizes a three-step process composed of PCR ampli-
fication, single-base primer extension, and MALDI-TOF MS
analysis. The presence of EML4-ALK in our MassARRAY
assay is detected on the basis of the presence of products of
predicted mass.

The amount of tumor tissue available for molecular
analysis is often limited in patients with advanced NSCLC.
Furthermore, RNA extracted from FFPE samples is highly
degraded and less amenable to RT-PCR analysis compared
with that isolated from nonfixed, freshly frozen tissue. We
succeeded in amplifying EML4-ALK ¢cDNA by PCR from
FFPE tissue with primers designed to yield short amplicons
(70-130 bp). The design of such short amplicons can also be
applied to quantitative PCR systems such as amplification-
refractory mutation system for allele-specific PCR assays.

918

In our system, PCR amplification was performed with a high
number of cycles (45 cycles), and increased accumulation of
PCR products conferred higher sensitivity. We tested 20 FFPE
biopsy samples from patients with NSCLC with our assay and
detected a clear mass peak for EML4-ALK variant 1 in 3 of
these samples, each of which was confirmed positive for this
variant by subcloning and sequencing of the PCR products.
In contrast to FISH, our assay is able to distinguish between
the different EML4-ALK variants in a small amount of FFPE
NSCLC tissue, and it should prove to be a useful tool for the
detection of EML4-ALK variants in diagnostic testing for this
fusion gene.
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Abstract

Purpose: Anaplastic lymphoma kinase (ALK) tyrosine kinase inhibitors (TKI) such as crizotinib show
marked efficacy in patients with non-small cell lung cancer positive for the echinoderm microtubule-
associated protein-like 4 (EML4)-ALK fusion protein. However, acquired resistance to these agents has
already been described in treated patients, and the mechanisms of such resistance remain largely unknown,

Experimental Design: We established lines of EML4-ALK-positive H3122 lung cancer cells that are
resistant to the ALK inhibitor TAE684 (H3122/TR cells) and investigated their resistance mechanism with
the use of immunoblot analysis, ELISA, reverse transcription and real-time PCR analysis, and an annexin V
binding assay. We isolated EML4-ALK-positive lung cancer cells (K-3) from a patient who developed
resistance to crizotinib and investigated their characteristics.

Results: The expression of EML4-ALK was reduced at the transcriptional level, whereas phosphorylation
of epidermal growth factor receptor (EGFR), HER2, and HER3 was upregulated, in H3122/TR cells
compared with those in H3122 cells. This activation of HER family proteins was accompanied by increased
secretion of EGF. Treatment with an EGFR-TKI induced apoptosis in H3122/TR cells, but notin H3122 cells.
The TAE684-induced inhibition of extracellular signal-regulated kinase (ERK) and STAT3 phosphorylation
observed in parental cells was prevented by exposure of these cells to exogenous EGF, resulting in a reduced
sensitivity of cell growth to TAE684. K-3 cells also manifested HER family activation accompanied by
increased EGF secretion.

Conclusions: EGF-mediated activation of HER family signaling is associated with ALK-TKI resistance in

lung cancer positive for EML4-ALK. Clin Cancer Res; 18(22); 6219-26. ©2012 AACR.

Introduction

Lung cancer is the leading cause of cancer death world-
wide. 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), occurs in 5% to 10% of cases of
non-small cell lung cancer (NSCLC; refs. 1-3). This trans-
forming fusion leads to activation of downstream signaling
molecules, and inhibition of ALK signaling has shown
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marked antitumor effects in NSCLC positive for EML4-ALK
in both preclinical and clinical studies (4). Despite their
initial response, however, individuals with EML4-ALK-pos-
itive NSCLC treated with ALK inhibitors eventually acquire
resistance to these drugs (5), and the molecular mechan-
isms responsible for such resistance remain largely unchar-
acterized. With the use of an in vitro cell model and cells
newly derived from a patient with acquired resistance to the
ALK inhibitor crizotinib, we have now uncovered a previ-
ously unknown mechanism of such resistance.

Materials and Methods

Cell culture and reagents

The H3122 human NSCLC cell line was obtained as
previously described (6), and H1299 human NSCLC cells
were obtained from American Type Culture Collection. The
cells were maintained under a humidified atmosphere of
5% CO; at 37°C in RPMI 1640 medium (Sigma), which
contains no biologic ligands including EGF, supplemented
with 10% FBS. TAEG&4, crizotinib, and BIBW2992 were
obtained from ShangHai Biochempartner. Paclitaxel was
from Sigma, and adriamycin was from Wako. Recombinant
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Translational Relevance

ALK-targeted therapy shows marked clinical efficacy in
lung cancer patients with the EML4-ALK fusion gene.
Such patients eventually develop resistance to ALK tyro-
sine kinase inhibitors (TKI), however, and the mechan-
isms of such resistance remain largely unknown. We
have now established ALK-TKI-resistant lines of EML4-
ALK-positive H3122 cells and shown that activation of
the epidermal growth factor receptor (EGFR) and the
related proteins HER2 and HER3 by autocrine EGF
stimulation is associated with such resistance. Further-
more, we established K-3 cells from a specimen of EML4-
ALK-positive lung cancer obtained from a patient who
developed ALK-TKI resistance. These cells also mani-
fested EGF-dependent activation of HER family proteins.
Our observations have thus uncovered a previously
unknown mechanism of ALK-TKI resistance in EML4-
ALK-positive lung cancer and they may provide a basis
for circumvention of such resistance.

human epidermal growth factor (EGF) was from R&D
Systems.

Generation of TAE684-resistant H3122 cells

H3122 cells were initially exposed to 0.01 pmol/L
TAEG84. They were then isolated by limiting dilution,
maintained, and passaged normally with gradually increas-
ing doses of TAE684, up to a maximum of 1 umol/L. The
established resistant cell lines, designated H3122/TR1 and
H3122/TR2, were maintained in medium containing the
maximal dose of TAE684 (1 pmol/L) to maintain selective
pressure for TAEGS4 resistance.

Growth inhibition assay in vitro
Cell viability was assessed with an MTT assay as previ-
ously described (7).

Annexin V binding assay

Binding of annexin V to cells was measured with the use
of an Annexin-V-FLUOS Staining Kit (Roche), as previously
described (7).

Immunoblot analysis

Immunoblot analysis was conducted as previously de-
scribed (7). Rabbit polyclonal antibodies to phosphory-
lated human ALK (pY1608), to ALK, to the phosphorylated
EGF receptor (pY1068), to phosphorylated HER2 (pY1221),
to phosphorylated HER3 (pY1289), to phosphorylated AKT,
to AKT, to phosphorylated STAT3, and to STAT3 were
obtained from Cell Signaling Technology; those to HER3,
to extracellular signal-regulated kinase (ERK), and to phos-
phorylated ERK were from Santa Cruz Biotechnology; those
to HER2 were from Millipore; and those to B-actin were from
Sigma. Mouse monoclonal antibodies to the EGF receptor
(EGFR) were obtained from Invitrogen.

Reverse transcription and real-time PCR analysis
Total RNA was extracted from cells with the use of an
RNeasy Mini Kit (Qiagen) and was subjected to reverse tran-
scription (RT) with the use of a SuperScript Preamplification
System (Invitrogen Life Technologies). The resulting cDNA
was then subjected to real-time PCR analysis with the use of
a One Step SYBR PrimeScript RT-PCR Kit (Takara Bio) and ABI
PRISM 7900HT system (Applied Biosystems). The PCR pri-
mers (forward and reverse, respectively) included those for
EML4-ALK (5'-GTGCAGTGTTTAGCATTCTTGGGG-3', 5'-T-
CITGCCAGCAAAGCAGTAGITGG-3'), EGF (5'-TGCAACT-
GTGTTGTTGGCTACATC-3', 5" TGGTTGACCCCCATTCITG-
AG-3'), TGF-a (5'-TCAGTTCTGCTTCCATGCAACC-3', 5'-TT-
TCTGAGTGGCAGCAAGCG-3"), and amphiregulin (5'-AGA-
GTTGAACAGGTAGTTAAGCCCC-3', 5'-GTCGAAGTTTCTT-
TCGTTCCTCAG-3'). Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA was used as an internal standard.

ELISA for ligands

The concentrations of EGF, TGF-¢, and amphiregulin in
conditioned medium were determined as previously
described (8), with the use of a Human Quantikine ELISA
Kit (R&D Systems).

Isolation of crizotinib-resistant cells from a clinical
specimen

K-3 cells were established at Kinki University Faculty of
Medicine from the pleural effusion of a patient with EML4-
ALK-positive NSCLC who developed resistance to crizoti-
nib. The cells were cultured in Dulbecco’s modified Eagle's
medium supplemented with 10% FBS. The clinical speci-
men was obtained from Kinki University Hospital for study
with the approval of the Institutional Review Board, and the
patient provided written informed consent.

Results

Generation of ALK inhibitor-resistant lines from
EML4-ALK-positive H3122 cells

The NSCLC cell line H3122 expresses EML4-ALK and is
highly sensitive to the ALK TKI TAEG84. We generated
TAEGS4-resistant H3122 cell lines (H3122/TR1 and
H3122/TR2) by exposing the parental cells to increasing

Table 1. IC;, values of TAEB84 and crizotinib for
inhibition of the growth of H3122 and H3122/TR
cell lines

1C50, umol/L
Cell line TAEG84 Crizotinib
H3122 0.053 0.15
H3122/TR1 1.034 2.26
H3122/TR2 1.100 1.51

NOTE: Data are means of triplicates from representative
experiments that were repeated a total of 3 times.
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concentrations of TAEG684. Short tandem repeat analysis of
H3122/TR cells confirmed their H3122 origin (data not
shown). The ICs, of TAE684 for inhibition of the growth of
the parental H3122 cells was 0.053 umol/L, whereas those
for the H3122/TR cell lines as well as for EML4-ALK-
negative H1299 cells were all more than 1 umol/L (Table
1, Fig. 1A). The H3122/TR cells were also resistant to
crizotinib, another ALK-targeted TKI, but not to other drugs
including paclitaxel and adriamycin (Table 1, Fig. 1A, and
data notshown). TAE684 also induced a marked increase in
the level of apoptosis in H3122 cells, whereas it had no such
effect in H3122/TR cells (Fig. 1B). Collectively, these data
suggested that H3122/TR cells had acquired resistance
specific to ALK inhibitors.

Activation of alternative signaling pathways in H3122/
TR cells

We next investigated the mechanism responsible for
resistance to ALK-TKIs in H3122/TR cells. Immunoblot
analysis revealed that the abundance of EML4-ALK was
reduced in both H3122/TR cell lines compared with that
in H3122 cells (Fig. 2A). Quantitative RT-PCR analysis
showed that the amount of EML4-ALK mRNA was also
reduced markedly in H3122/TR cells relative to that in the
parental cells (Supplementary Fig. 1), suggesting that
the downregulation of EML4-ALK expression is mediated
at the transcriptional level. We did not detect any secondary
mutations of ALK in H3122/TR cells (data not shown), with
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such mutations having previously been shown to giverise to
ALK-TKI resistance (5, 9, 10). TAE684 inhibited the phos-
phorylation of ERK and STAT3 in H3122 cells, but had no
such effects in H3122/TR cells (Fig. 2A). Given that signal-
ing via ERK and STAT3 is maintained in H3122/TR cells in
the presence of TAEG84, we investigated whether alternative
upstream pathways are activated in these cells. We found
that the level of EGFR phosphorylation was increased in the
resistant cells compared with the parental cells, although
the abundance of EGFR was decreased in the former cells
(Fig. 2B). Phosphorylation of the EGFR-related proteins
HER2 and HER3 was also increased in both H3122/TR cell
lines (Fig. 2B). To investigate the mechanism responsible
for activation of these receptor tyrosine kinases in H3122/
TR cells, we examined the expression of ligands for HER
family proteins, including EGF, TGF-¢, and amphiregulin.
Quantitative RT-PCR analysis revealed that the amount of
EGF mRNA, but not that of TGF-oe or amphiregulin mRNAs,
was greatly increased in H3122/TR cells compared with that
in parental H3122 cells (Fig. 2C). Consistent with these
results, ELISA showed that secretion of EGF, but not that of
TGF-o. or amphiregulin, was increased in H3122/TR cells
(Fig. 2D). We next examined the effect of an EGFR-TKI on
apoptosis in the parental and resistant cell lines. Treatment
with BIBW2992, an irreversible TKI for EGFR, induced
apoptosis in H3122/TR cells, but not in H3122 cells (Fig.
2E). Furthermore, the extent of apoptosis induced by the
combination of TAE684 and BIBW2992 in H3122/TR cells

50 1

Annexin V-positive cells
(% increase)

TAEB84 (nmollL): 30 100 30 100 30 100
H3122 H3122/TR1 H3122TR2

Figure 1. Effects of ALK kinase inhibitors on cell proliferation and apoptosis in H3122, H3122/TR1, H3122/TR2, and H1299 cells. A, cells were cultured for 72
hours in complete medium containing various concentrations of TAES84 (upper panel) or crizotinib (lower panel), after which cell viability was assessed.
Data are means of triplicates from representative experiments and are expressed as percentage survival. B, cells were incubated for 72 hours with or without
TAEB84 (30 or 100 nmol/L), after which the number of apoptotic cells was determined by staining with annexin V and propidium iodide followed by flow

cytometry. Data are means of triplicates from representative experiments.
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Figure 2. Activation of altemative
signaling pathways in H3122/TR
cells. A, H3122 or H3122/TR cells
were incubated with the indicated
concentrations of TAEG84 for 6
hours, after which cell lysates were
subjected to immunablot analysis
with antibodies to phosphorylated
(p) or total forms of ALK, ERK, or
STATS3 as well as with those to
B-actin {loading control). B, cells
were deprived of serum for 24
hours, lysed, and subjected to
immunoblot analysis with
antibodies to phosphorylated or
total forms of EGFR, HER2, or
HER3. C, total RNA extracted from
the indicated cell lines was
subjected to RT and real-time PCR
analysis of EGF, TGF-u, and
amphiregulin mRNAs. Data were
normalized by the amount of
GAPDH mRNA and then
expressed relative to the
corresponding value for H3122
cells, and they are means + SE
from three independent
experiments. D, cells were cultured
overnight in medium containing
10% FBS and then incubated for
24 hours in serum-free medium,

H3122/ H3122/

H3122

EGF
O teF-u
EA Amphiregulin

g T SEg after which the latter culture

5 5 4 s E supernatants were collected and
L o TEa assayed for EGF, TGF-«, and

o o oo amphiregulin with an ELISA. Data
I = rxTr

are expressed relative to the
corresponding value for H3122
cells and are means + SE from
three independent experiments. E,
cells were incubated for 48 hours in
the absence or presence of
TAEG84 (100 nmol/L) or BIBW2992
(200 nmol/L), as indicated, after
which the proportion of apoptotic
cells was determined by staining
with annexin V and propidium
iodide followed by flow cytometry.
Data are means + SE from 3
independent experiments.

‘, P <0.05 (Student's t test) for the
indicated comparisons.

was significantly greater than that induced by BIBW2992
alone (Fig. 2E). Together, these observations thus indicated
that EGFR, HER2, and HER3 are activated in H3122/TR
cells, that this activation is accompanied by increased secre-
tion of EGF, and that such HER family activation contri-
butes, at least in part, to the survival of H3122/TR cells in the
presence of TAEG84.

EGF activates HER family signaling and induces TAEG84
resistance in parental H3122 cells

To investigate whether EGF secretion plays a role in ALK-
TKI resistance, we examined the effect of exogenous EGF on

ALK-TKI sensitivity in H3122 cells. We found that exposure
to EGF induces resistance to TAEG84 in these cells (Fig. 3A),
supporting the notion that increased secretion of this ligand
can lead to the development of ALK-TKI resistance. TAEG84
inhibited EML4-ALK phosphorylation in H3122 cells in the
absence or presence of EGF stimulation, whereas it failed to
inhibit downstream signaling including the phosphoryla-
tion of ERK and STAT3 in the presence of EGF (Fig. 3B). EGF
increased the levels of EGFR, HER2, and HER3 phosphor-
ylation in H3122 cells (Fig. 3C). These data suggested that
EGF-induced activation of EGFR, HER2, and HER3 might
underlie resistance to ALK inhibitors in H3122/TR cells.
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Isolation of drug-sensitive revertants from ALK-TKI-
resistant cells

We cultured H3122/TR1 cells continuously in the
absence of TAE684 for more than 2 months and thereby
obtained H3122/TR revertant (H3122/TR rev) cells thathad
regained sensitivity to TAEG84 (Fig. 4A). RT-PCR analysis
and ELISA revealed that both theamount of EGF mRNA and
the extent of EGF secretion in H3122/TR rev cells had been
restored to levels similar to those in parental H3122 cells
(Fig. 4B). This reduced level of EGF expression in H3122/TR
rev cells compared with that in H3122/TR1 cells was
accompanied by downregulation of EGFR, HER2, and
HER3 phosphorylation as well as by upregulation of both
the abundance and phosphorylation of EML4-ALK (Fig.
4C). These data suggested that downregulation of EML4-
ALK expression and activation of HER family proteins, and
the associated shift in signal transduction from the ALK
signaling pathway to HER family pathways, are responsible
for the acquired resistance to ALK inhibitors in H3122/TR
cells.

Establishment of an ALK-TKI-resistant cell line from a
clinical specimen

We established a cell line, designated K-3, from the
pleural effusion of a patient with EML4-ALK-positive lung
cancer that had developed clinical resistance to crizotinib
after treatment for 6 months. The K-3 cells were found to be
resistant to both crizotinib and TAE684, with [C;, values of
3.25 and 5.96 umol/L, respectively (Fig. 5A). We did not
detect any secondary mutations of ALK in K-3 cells. On the
other hand, similar to the results obtained with H3122/TR
cells, the abundance of EGF mRNA and the extent of EGF
secretion were both markedly increased in K-3 cells com-
pared with those in H3122 cells (Fig. 5B). Furthermore,
immunoblot analysis showed that the level of EML4-ALK
phosphorylation was decreased in K-3 cells, whereas that of
EGFR, HER2, and HER3 phosphorylation was increased
(Fig. 5C). These results thus showed concordance between
an in vitro model and clinical experience of ALK-TKI resis-
tance, further supporting the association of such resistance
with EGF-dependent HER family activation.
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Figure 4. Characterization of
H3122/TR revertant cells. A,
H3122, H3122/TR1, or H3122/TR
rev cells were cultured for 72 hours
in complete medium containing
various concentrations of TAEG84,
after which cell viability was
assessed. Data are means of
triplicates from representative
experiments and are expressed as
percentage survival. B, total RNA
extracted from the indicated cell
lines was subjected to RT and real-
time PCR analysis of EGF mRNA
as in Fig. 2C (left). Culture
supernatants were also assayed
for EGF by ELISA as in Fig. 2D
(right). All data are expressed
relative to the corresponding value
for H3122 cells and are means +
SE from 3 independent
experiments. G, cells were
deprived of serum for 24 hours,
after which cell lysates were
prepared and subjected to
immunoblot analysis with
antibodies to the indicated
proteins.
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Discussion

EML4-ALK has been identified in 5% to 10% of NSCLC
cases, and ALK-TKIs show marked antitumor effects in
such tumors (3, 11, 12). However, acquired resistance to
ALK inhibitors has already been found to limit the ther-
apeutic potential of these agents (5, 10, 13), with inves-
tigation of the underlying mechanisms of such resistance
thus being warranted. In the present study, we generated
ALK-TKI-resistant (H3122/TR) lines from EML4-ALK-
positive H3122 cells by exposing the latter sensitive cells
to the ALK inhibitor TAE684, which is a more potent and
selective inhibitor of ALK than is crizotinib. The H3122/
TR cells were found not to harbor secondary mutations of
ALK, which have previously been shown to underlie ALK-
TKI resistance (5, 10, 13). Instead, we found that H3122/
TR cells manifest increased activation of EGFR, HER2, and
HER3 mediated by EGF as well as a reduced level of
EML4-ALK activation. Such EGF-induced activation of
HER family proteins was associated with sustained down-
stream signaling in the presence of TAEG684, indicative of
a shift in survival dependency from the ALK signaling
pathway to HER family pathways in the ALK-TKI-resis-
tant cells. Indeed, we found that the combination of an
ALK inhibitor and an EGFR inhibitor-induced apoptosis
in H3122/TR cells, further supporting the notion that the

EGFR signaling pathway contributes to survival in these
cells. The clinical relevance of this resistance mechanism
was supported by the observation that K-3 cells, which
were isolated from a specimen of EML4-ALK-positive
NSCLC that developed resistance to the ALK-TKI crizoti-
nib in situ, also manifested EGF-mediated HER family
activation. Consistent with our results, amphiregulin-
mediated EGFR activation was recently shown to be
associated with resistance to ALK inhibitors (9, 14). Col-
lectively, these data suggest that ligand-activated HER
family signaling gives rise to ALK-TKI resistance. We and
others have shown that ligand-mediated signaling path-
way activation accompanied by upregulation of ligand
mRNA is associated with resistance to molecularly tar-
geted therapy in several cancer models (9, 15). In the
present study, we found that the abundance of EGF
mRNA is increased in H3122/TR cells. Given that the
EGF gene contains consensus binding sequences for many
transcription factors, including NF-xB, AP-1, AP-2, AP-3,
and SP1 (16), such factors may play a role in the upre-
gulation of EGF expression observed in our study.

In the present study, we found that, in the absence of
ALK inhibition, activation of EGFR, HER2, and HER3 in
H3122/TR cells becomes downregulated in association
with a reversion to TAE684 sensitivity. Consistent with
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these results, termination of treatment with an EGFR
inhibitor after the development of drug resistance in
EGFR mutation-positive NSCLC resulted in the loss of
the resistance-associated mutation (T790M) and restora-
tion of tumor sensitivity to treatment with EGFR inhibi-
tors in both preclinical and clinical settings (17-19). Our
observations now suggest that the development of resis-
tance to ALK inhibitors is potentially reversible. They
provide a rationale for temporary cessation of treatment
after the development of ALK-TKI resistance in patients
with EML4-ALK-positive lung cancer to allow the tumor
to regain drug sensitivity. Clinical evaluation of such an
approach may thus be warranted.

In conclusion, with the use of in vitro cell lines and cells
isolated from a patient, we have uncovered a previously
unidentified mechanism of acquired ALK-TKI resistance in
NSCLC positive for EML4-ALK. Our data add to the com-
plexity of drug resistance mechanisms, further investigation
of which is required if they are to be understood and
conquered.
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Background: Epidermal growth factor receptor (EGFR) mutation is predictive for the efficacy of EGFR tyrosine kinase
inhibitors in advanced non-small-cell lung cancer (NSCLC) treatment. We evaluated the performance, sensitivity, and

concordance between five EGFR tests.

Materials and methods: DNA admixtures (n = 34; 1%~50% mutant plasmid DNA) and samples from NSCLC
patients [116 formalin-fixed paraffin-embedded (FFPE) tissue, 29 matched bronchofiberscopic brushing (BB) cytology,
and 20 additional pleural effusion (PE) cytology samples] were analyzed. EGFR mutation tests were PCR-Invader®,
peptide nucleic acid-locked nucleic acid PCR clamp, direct sequencing, Cycleave™, and Scorpion Amplification
Refractory Mutation System (ARMS)®. Analysis success, mutation status, and concordance rates were assessed.
Results: All tests except direct sequencing detected four mutation types at >1% mutant DNA. Analysis success rates
were 91.4%-100% (FFPE) and 100% (BB and PE cytology), respectively. Inter-assay concordance rates of successfully
analyzed samples were 94.3%-100% (FFPE; kappa coefficients: 0.88-1.00), 93.1%-100% (BB cytology; 0.86-1.00),
and 85.0%-100% (PE cytology; 0.70-1.00), and 93.1%-96.6% (0.86-0.93) between BB cytology and matched FFPE.
Conclusions: All EGFR assays carried out comparably in the analysis of FFPE and cytology samples. Cytology-
derived DNA is a viable alternative to FFPE samples for analyzing EGFR mutations.

Key words: cytology, EGFR mutation, FFPE, NSCLC, PCR

introduction

Epidermal growth factor receptor (EGFR) mutation is a key
predictive factor for the efficacy of EGFR tyrosine kinase
inhibitors in the treatment of patients with advanced non-
small-cell lung cancer (NSCLC) [1-3]. EGFR mutation testing
is necessary to enable the physician to offer the most suitable
therapy for a patient with advanced NSCLC.

Four EGFR mutation tests, PCR-Invader® [4], peptide
nucleic acid-locked nucleic acid (PNA-LNA) PCR clamp [5],
PCR direct sequencing [6], and Cycleave PCR™ [7] are used
commercially in Japan, with testing generally carried out by
centralized contracted laboratories. The Scorpion Amplification
Refractory Mutation System (ARMS)® [8] is another sensitive
globally available methed and in particular was used in the
phase III Iressa Pan-Asia Study (IPASS) to determine EGFR
mutation status [1, 9]. A variety of methods, including direct
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sequencing, PCR-Invader, PNA-LNA PCR clamp, fragment
analysis, and Cycleave PCR, were used in the WJTOG3405
phase III study to select EGFR mutation-positive patients [2],
and the PNA-LNA PCR clamp method was used in the
NEJ002 study [3]. To date, a study to compare the sensitivity
and concordance of methods for EGFR mutation testing in
Japan has not been conducted.

Diagnostic practices, and therefore, samples available for
EGFR mutation analysis, differ between laboratories and
countries. Large surgical samples are optimal for EGFR
mutation analysis but small tissue from a tumor biopsy is the
most commonly used and preferred sample type for diagnosis
by clinicians (10, 11]. In clinical practice, tissue samples are
not always available for diagnosis, and cytology samples,
including bronchofiberscopic brushing (BB) cytology and
pleural effusion cytology samples, are used in Japan and
increasingly globally.

The aim of this study was to evaluate the sensitivity and
performance of different EGFR mutation tests using artificial
DNA admixtures, and clinical samples including formalin-fixed
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