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AZD2171 Shows Potent Antitumor Activity Against Gastric Cancer
Over-Expressing Fibroblast Growth Factor Receptor
2/Keratinocyte Growth Factor Receptor
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Hiroki Sasaki,®
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Abstract Purpose: AZID2171 is an oral, highly potéht, and selective vascular endothelial growth‘factor

signaling inhibitor that inhibits all vascular endothelial growth factor receptor tyrosine kinases.
The purpose of this study was to investigate the activity of AZD2171in gastric cancer. .
Experimental Design: We examined the antitumor effect of AZD2171 on the evght gastnc
cancer cell lines in vitro and in vivo.

Results: AZD2171 directly inhibited the growth of two gastric cancer cell lines (KATO-IIl and
OCUM2M), with an ICgo of 0.16 and 0.37 umol/L, respectively, more potently than the epidermal
growth factor receptor tyrosine kinase inhibitor gefitinib. Reverse transcription-PCR experiments
and immunoblotting revealed that sensitive cell lines dominantly expressed COOH terminus -

" truncated fibroblast growth factor receptor 2 (FGFR2) splicing variants that were constitutively

phosphorylated and spontaneously dimerized. AZD2171 completely inhibited the phosphoryla-
tion of FGFR2 and downstream signaling proteins (FRS2, AKT, and mitogen-activated protein
kinase) in sensitive cell lines at a 10-fold lower concentration (0.1 pmol/L) than in the other cell
lines. An in vitro kinase assay showed that AZD2171 inhibitedvkihase activity of immunoprecipi-
tated FGFR2 with submicromolar K; values (~0.05 umol/L). Finally, we assessed the antitumor
activity of AZD2171 in human gastric tumor xenograft models in mice. Oral administration of
AZD2171 (1.5 or 6 mg/kg/d) significantly and dose- dependently |nh|b|ted tumor growth in mice
bearing KATO-1ll and OCUM2M tumor xenografts.

Conclusions: AZD2171 exerted potent antitumor activity agamst gastric cancer xenografts over-

expressing FGFR2. The results of these preclinical studies indicate that AZDZ171 may prowde o
clinical benefit in patlents with certain types of gastnc cancer. .

Various anticancer therapies for gastric cancer have been
investigated over the past two decades. Despite intensive
studies, the prognosis for patients with unresectable advanced
or recurrent gastric cancer remains poor (1, 2), and new
therapeutic modalities are needed.
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Fibroblast growth factors (FGF) and their signaling receptors
have been found to be associated with multiple biological
activities, including proliferation, differentiation, motility, and
transforming activities (3-5). The K-sam gene was first
identified as an amplified gene in human gastric cancer cell
line KATO-III (6, 7), and its product was later found to be
identical to the bacteria-expressed kinase, or keratinocyte
growth factor receptor (KGFR), and FGF receptor 2 (FGFR2).
FGFR2/KGFR/K-sam is preferentially amplified in poorly
differentiated types of gastric cancers with a malignant
phenotype, and its protein expression was detected by
immunohistochemical staining from 20 of 38 cases of the
undifferentiated type of advanced stomach cancer (8, 9). Thus,
FGFR2 signaling may be as a promising molecular target for
gastric cancer.

AZD2171 is a potent, ATP-competitive small molecule that
inhibits all vascular endothelial growth factor receptors
[VEGFR-1, VEGFR-2 (also known as KDR), and VEGFR-3].
In vitro studies have shown that recombinant VEGFR-2 tyrosine
kinase activity was potently inhibited by AZD2171 (ICs,
<1 nmol/L; ref. 10). AZD2171 also showed potent activity
versus VEGFR-1 and VEGFR-3 (ICsy, 5 and <3 nmol/L,
respectively). VEGF-stimulated proliferation and VEGFR-2
phosphorylation of human umbilical vascular endothelial cells
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was inhibited by AZD2171 (ICse, 0.4 and 0.5 nmol/L,
respectively). In in vivo studies, inhibition of VEGFR-2 signaling
by AZD2171 reduced microvessel density and dose-dependently
inhibited the growth of various human tumor xenografts
(colon, lung, prostate, breast, and ovary; ref. 10). These data
are consistent with potent inhibition of VEGF signaling,
angiogenesis, neovascular survival, and tumor growth. On
the other hand, because it was known that AZD2171 also
possesses additional activity against FGFR1 (ICsqy, 26 nmol/L;
ref. 10), we hypothesized that AZD2171 may exhibit the addi-
tional anticancer activity against FGFR-overexpressing gastric
cancer cells.

Our previous studies showed significant activities of the dual
VEGFR-2 and epidermal growth factor receptor inhibitor
ZD6474 against poorly differentiated gastric cancer (11) and
non-small-cell lung cancer with epidermal growth factor
receptor mutations {12, 13), both in vitro and in vivo. Based
on these findings, we proceeded to investigate the anticancer
activity of AZD2171 in preclinical models (gastric cell lines and
xenografts).

Materials and Methods

Anticancer agents. AZD2171 and gefitinib (Iressa) were provided by
AstraZeneca. AZD2171 and gefitinib were dissolved in DMSO for the
in vitro experiments, and AZD2171 was suspended in 1% (w/v)
aqueous polysorbate 80 and administered in a dose of 0.1 mL/10 g per
body weight in the in vivo experiments.

Cell culture. Human gastric cancer cell lines 44As3, 58Asl,
OKAJIMA, OCUM2M, KATO-III, MKN-1, MKN-28, and MKN-74 were
maintained in RPMI 1640 (Sigma) supplemented with 10% heat-
inactivated fetal bovine serum (Life Technologies) and penicillin-
streptomycin.

Established highly tumorigenic cell line. Signet ring cell gastric
carcinoma cell line KATO-11l was gift from Dr. M. Sekiguchi (Liniversity
of Tokyo, Tokyo, Japan). All of the presented in vitro experiments were
done using the KATOII cell line. We conducted a preliminary
experiment to compare the cellular characteristics of TU-KATO-III cells
and KATOIII cells, and the results revealed that a high expression level
of FGFR2 and high sensitivity to AZD2171 were still maintained in the
TU-KATO-III cells (data not shown}. KATO-III did not show tumori-
genicity following repeated implantation of the cultured cells into
BALB/c nude mice. Following s.c. inoculation inte nonobese diabetic/
severe combined immunodeficient mice, 80% to 100% of the KATO-11I
cells caused the formation of tumor. Following this result, we cultured
the cancer cells isolated from the tumor of mice that developed 2 to 3
months following the implantation of KATO-III cells and attempted s.c.
injection into nude mice, in turn, of the incubated cells. This sequence
of manipulations was repeated for seven cycles in an attempt to reliably
isolate cell lines that would have higher potential to undergo tumor
formation over short periods of time. In this way, we obtained a cell
line (TU-kato-111) from KATO-II cells that possessed a high tumorigenic
potential.

In vitro growth inhibition assay. The 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide assay was used to evaluate the
growth-inhibitory effect of AZD2171. Cell suspensions (180 uL) were
seeded into each well of 96-well microculture plate and incubated in
10% fetal bovine serum medium for 24 h. The cells were exposed
to AZD2171 or gefitinib at concentrations ranging from 4 nmol/L to
80 pmol/L and cultured at 37°C in a humidified atmosphere for 72 h.
After the culture period, 20 plL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide reagent was added, and the plates were
incubated for 4 h. After centrifugation, the culture medium was
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Fig. 1. A. in vitro growth-inhibitory effect of AZD2171 and gefitinib on eight gastric
cancer cell lines. AZD 2171 had a growth-inhibitory effect on KATO-lll cells and
OCUM2M cells (ICgo, 0.15 and 0.37 pmol/L, respectively). Columns, mean ICgg of
each compound from three independent experiments; bars, SD. O, ICg of gefitinib;
@, ICsp of AZD2171. B, the mRNA expression levels of VEGFRs, FGFRs, and

c-KIT in gastric cancer cell lines were determined by reverse transcription-PCR.
Human umbilical vascular endothelial cells were used as the positive contro! for the
VEGFRs. No mRNA expression of VEGFRs or c-KIT was detected by reverse
transcription-PCR in both sensitive cell lines, but FGFR2 was strongly detected;
however, little faint or none was detected in the other cell lines.

discarded, and wells were filled with DMSO. The absorbance of the
cultures at 562 nmol/L was measured using Delta-soft on a Macintosh
computer {Apple) interfaced to a Bio-Tek Microplate Reader EL-340
(BioMatellics). This experiment was done in triplicate.
Reverse-transcription PCR. Using a GeneAmp RNA-PCR kit (Ap-
plied Biosystems), 5 ug of total RNA from each cultured cell line was
converted to cDNA. The PCR amplification procedure consisted of 28 to
35 cycles (95°C for 45 s, 62°C for 45 s, and 72°C for 60 s) followed
by incubation at 72°C for 7 min, and the bands were visualized by
ethidium bromide staining. The following primers were used for the
PCR: human-specific $-actin, forward 5-GGAAATCGTGCGTGACATT-3
and reverse 5-CATCTGCTGGAAGGTGGACAG-3; VEGFR-1, forward
S-TAGCGTCACCAGCAGCGAAAGC-3 and reverse 5-CCTTTCTTTIGG-
GTCTCTGTGC-3; VEGFR-2, forward 5-CAGACGGACAGTGG-
TATCGTTC-3 and reverse 5-ACCTGCTCGTGGAAAGAACAAC-3;
VEGFR-3, forward 5-AGCCATTCATCAACAAGCCT-3 and reverse
5-GGCAACAGCTGGATGTCATA-3; c-KIT, forward 5-GCCCACAATA-
GATTGGTATTT-3 and reverse 5-AGCATCTTTACAGCGACAGTC-3;
FGFR1, forward 5-GGAGGATCGAGCTCACTCGTGG-3 and reverse
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5-CGGAGAAGTAGGTGGTGTCAC-3; FGFR2, forward 5-CAGTAG-
GACTGTAGACAGTGAA-3 and reverse 5-CCGGTGAGGCGATCGCTC-
CACA-3; FGFR3, forward 5-GGTCAAGGATGGCACAGGGCTG-3 and
reverse 5-AGCAGCTTCTTGTCCATCCGCT-3; and FGFR4, forward
5-CCGCCTAGAGATTGCCAGCTTC-3 and reverse 5-AGGCCTGTC-
CATCCTTAAGCCA-3.

Real-time reverse transcription-PCR. Real-time reverse transcription-
PCR amplification was done by using a Premix Ex Taq and Smart
Cycler system (Takara Bio, Inc.) according to the manufacturer’s
instructions. The following primers were used: FGFR2 (llIIb), forward
5-GATAAATAGTTCCAATGCAGAAGTGCT-3 and reverse 5-TGCCCTA-
TATAATTGGAGACCITACA-3 (7); FGFR2 (COOH-terminal), forward
5-GAATACTTGGACCTCAGCCAA-3 and reverse 5-AACACTGCCGTT-
TATGTGTGG-3; and human-specific p-actin, forward 5-GGAAATC-
GTGCGTGACATT-3 and reverse 5-CATCTGCTGGAAGGTGGACAG-3.
The experiment was independently done in triplicate using B-actin as a
reference to normalize the data.

Western blotting. Cells were cultured overnight in 10% serum-
containing medium or serum-starved medium and exposed to 0.1 to
10 pmol/L of AZD2171 for 3 h before addition of KGF (100 ng/mL) for
15 min. Immunoblotting was done as described previously (14). In
brief, after lysing the cells in radioimmunoprecipitation buffer, the
lysate was electrophoresed through 10% (w/v) polyacrylamide gels. The
proteins were transferred to polyvinylidene difluoride membranes and
reacted with the following antibodies: anti-FGFR2 (H-80) and anti-
FGFR2 (C-17) antibody (Santa Cruz Biotechnology, Inc.); anti-

phosphotyrosine antibody PY20 (BD Transduction Laboratories);
anti - phosphorylated FGFR (Tyr653/654), anti-mitogen-activated
protein kinase, anti-phosphorylated mitogen-activated protein kinase
antibody, anti-AKT, anti-phosphorylated AKT, and anti-rabbit
horseradish peroxidase- conjugated antibody (Cell Signaling Techno-
logy); and anti-B-actin antibody (Sigma). Visualization was achieved
with an enhanced chemiluminescent detection reagent (Amersham
Bioscience).

FGFR2 kinase assay. FGFR2/KGFR kinase activity was quantified by
using a Universal Tyrosine Kinase Assay kit (Takara) according to
manufacturer's instructions. FGFR2/KGFR proteins were collected from
the KATO-1IIl, OCUM2M, and OKAJIMA cell lysates by overnight
immunoprecipitation with an anti-FGFR2 antibody. The FGFR2/KGFR
immune complexes were washed thrice with radioimmunoprecipitation
assay buffer and diluted kinase reaction buffer. Immobilized tyrosine
kinase substrate (poly| Glu-Tyr]) was incubated for 30 min at 37°C with
each sample in the presence of kinase-reacting solution and ATP.
Samples were washed four times, blocked with blocking solution, and
incubated with anti-phosphotyrosine antibody (PY20) conjugated to
horseradish peroxidase. The absorbance of the phosphorylated sub-
strate was measured at 450 nm.

Chemical cross-link analysis. The chemical cross-link analysis was
carried out as described previously (15). In brief, KATO-!I! cells and
OKAJIMA cells were cultured under serum-starved conditions for 24 h,
and after stimulation with KGF (100 ng/mL) for 15 min, they were
collected and washed with PBS and incubated for 30 min in PBS
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Fig. 2. A, schematic representation of FGFR2 and regions amplified by PCR. 8, mRNA expression levels of FGFR2 were quantified by detecting the extracellular domain or
COOH-terminal region by real-time reverse transcription-PCR. Expression in the cells is shown as a ratio to expression in OKAJIMA cells. FGFR2 was overexpressed in
KATO-IIl cells and OCUM2M cells by about 100-fold compared with the other cell lines. The majority of the FGFR2 in the sensitive celi lines KATO-IIt and OCUM2M had no
COOH-terminal region. C, protein expression levels of FGFR2 were determined by Western blotting with antibodies to the NH; or COOH termini. Both AZD2171-sensitive
cell lines overexpressed FGFR2, and the phosphorylation levels were markedly higher. D, chemical cross-linking analysis. Cells were cultured under serum-starved conditions
for 24 h and then stimulated with KGF (100 ng/mL) for 15 min. After collecting and washing them with PBS, they were incubated for 30 min in PBS containing cross-linker
substrate. The reaction was terminated by adding 250 mmol/L glycine for 5 min. In spite of the serum-starved conditions, high levels of expression of the dimerized form were
observed in KATO-Il cells in the absence of ligand stimulation. This phenomenon was not observed in the control undifferentiated OKAJIMA cell line. Ligand stimulation
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containing 1.5 mmol/L of the non-permeable cross-linker bis-(sulfo-
succinimidyl) substrate (Pierce). The reaction was terminated by adding
250 mmol/L glycine for 5 min, and the cells were analyzed by
immunoblotting with FGFR2 antibody (Sigma).

FGFR2/KGFR gene silencing with small interfering RNA. Pre-
designed small interfering RNA (siRNA) targeting FGFR2 was purchased
from Ambion. KATO-Ill cells were plated on a 96-well plate and
incubated in serum-containing medium for 24 h. The cells were then
transfected with the FGFR2 targeting siRNA or non-silencing siRNA
using RNAiFect Transfection Reagent (Qiagen) according to the
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Fig. 3. A FGFR2 targeting siRNA and cellular growth-inhibitory effect. KATO-llt
cells were plated on a 96-well plate and incubated in serum-containing medium
for 24 h. After incubation, the cells were transfected with FGFR2-targeting or
non-silencing siRNA and incubated for another 72 h. Cell growth was evaluated
by 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide assay. For
immunoblotting, 2 x 10° cells per well were plated on a six-well plate and treated
similarly. Marked inhibition of cell growth (~80%) was observed by FGFR2
targeting siRNA compared with control siRNA (top). Reduction of FGFR2 protein
expression in KATO-ll cells was confirmed by immunoblotting (bottom). Columns,
% control absorbance in three independent experiments; bars, SD. 8, Western
blotting for downstream molecules of FGFR2 signaling. Cells were cultured
overnight under serum-starved conditions and exposed to 0.1to 10 pmol/L
AZD2171for 3 h before adding 100 ng/mL KGF for 15 min. AZD2171 completely
inhibited KGF-induced phosphorylation of FGFR2 at 1 ymol/L in the sensitive cell
lines, compared with 10 umol/L in the control cell line OKAJIMA, Similar results
were observed for FRS-2, AKT, and mitogen-activated protein kinase (WAPK).
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manufacturer’s protocol and incubated another 72 h. Cell growth was
evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. For immunoblotting, 2 x 10° cells per well were plated
on a six-well plate for 24 h and transfected with siRNA under the same
conditions.

In vivo experiments. Tumorigenic TU-kato-IIl cells were derived
from the gastric cancer cell line KATO-111. Four-week-old female BALB/c
nude mice were purchased from CLEA Japan, Inc. and maintained
under specific-pathogen-free conditions; 5 x 10° TU-kato-1Il cells or
OCUM2M cells were s.c. injected into both flanks of each mouse. When
the tumors had reached a volume of 0.1-0.3 c¢m? the mice were
randomized into three groups (three per group) and given AZD2171,
1.5 or 6.0 mg/kg/d, or vehicle once daily by oral gavage for 3 weeks.
Tumor volume was calculated using the formula: (length x width) x
V/(length x width) x (n/6), where length is the longest diameter across
the tumor, and width is the corresponding perpendicular. All mice were
sacrificed on day 21, and the tumors were collected. The protocol of the
experiment was approved by the Committee for Ethics in Animal
Experimentation and conducted in accordance with the Guidelines for
Animal Experiments of National Cancer Center.

" Results

AZD2171 showed growth-inhibitory activity in vitro. To
evaluate the growth-inhibitory activity of AZD2171 in vitro,
we did 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assays on eight gastric cancer cell lines. The epidermal
growth factor receptor-specific tyrosine kinase inhibitor
gefitinib was used as a reference. The ICsq of gefitinib for all
cell lines was between 7 and 20 pmol/L. AZD2171 inhibited the
growth of KATO-III cells and OCUM2M cells (ICsp, 0.15 and
0.37 pmol/L, respectively) more potently than the other cell
lines (Fig. 1A).

Expression levels of tyrosine kinase receptors. To elucidate the
mechanism of action of AZD2171 in the two sensitive cell
lines, we measured mRNA expression levels of VEGFRs, FGFRs,
and c-KIT, whose kinase activity have been reported to be
inhibited by AZD2171 (10). No mRNA expression of VEGFRs
or c-KIT was detected by reverse transcription-PCR in either
sensitive cell lines. FGFR2 transcripts, however, were strongly
expressed in both sensitive cell lines but not strongly in the
other cell lines (Fig. 1B). Since we previously found that
FGFR2/KGFR/K-sam with a deletion of COOH-terminal exons
was amplified in both sensitive cell lines (9), we speculated
that amplified FGFR2/KGFR might be associated with sensi-
tivity to AZD2171.

Sensitive cells expressed constitutively active and spontaneously
dimerized FGFR2/KGFR. We quantified mRNA expression
levels of FGFR2 by real-time reverse transcription-PCR with
primers that detect the extracellular domain (IlIb region, see
Fig. 2A) and COOH-terminal region. The results show that
KATO-III cells and OCUM2M cells expressed FGFR2 100-fold
higher than the other cells tested. The COOH-terminal region
of FGFR2 was deleted in the KATO-1II cells and OCUM2M cells
(Fig. 2B). Overexpression and markedly increased phosphory-
lation of FGFR2 was observed in the AZD2171-sensitive cell
lines (Fig. 2C).

Immunoblotting with antibodies for the COOH and NH,
termini revealed that almost all the FGFR2 expressed by
OCUM2M cells, and about half of FGFR2 expressed by
KATO-IIT cells, were truncated (Fig. 2C). Although the KATO-
Il cells expressed wild-type receptor to some extent, the
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Table 1. In vitro klnase assay of AZD2171 agalnst
. FGFR2

Ky (ll""°|/|-) |

Cell line Km

KATO-II1 8.3+33 0.067 + 0.017
OCUM2M 7.1+1.4 0.072 + 0.022
OKAJIMA 11.0 £ 5.0 0.049 £ 0.041

COOH-terminal truncated type was dominantly expressed in
AZD2171-sensitive cell lines.

A chemical cross-linking analysis was done to evaluate the
dimerization of FGFR2. High dimerization of FGFR2 was
observed in the KATO-III cells even in the absence of ligand
stimulation (Fig. 2D), but no such phenomenon was observed
in the conuol undifferentiated OKAJIMA cell line. Ligand
stimulation increased the level of the dimerized-form in KATO-
111 cells. Taken together, these findings show that the sensitive
cell lines expressed high levels of FGFR2 that was highly
phosphorylated and spontaneously dimerized without ligand
stimulation, suggesting that FGFR2 signaling is constitutively
activated in these cells. This evidence is consistent with the
widely recognized findings that cancer cells sensitive to other
tyrosine kinase inhibitors, such as gefitinib and imatinib,
overexpress the highly phosphorylated target receptor with an
increased level of dimerization in a ligand-independent manner
(12, 16, 17). '

FGFR2 targeting siRNA showed a potent growth-inhibitory
effect on KATO-III cells. To investigate the dependency of cell

growth through activated FGFR2 signaling in the AZD2171-
sensitive KATO-I cell line, we evaluated the growth-inhibitory
effect of siRNA targeted to FGFR2 in KATO-III cells. Targeted
siRNA (5-100 nmol/L) decreased FGFR2 and inhibited cell
growth (>80%) in a dose-dependent manner (Fig. 3A). The
results show that most of the growth of KATO-III cells is
dependent on activated FGFR2 signaling, suggesting that the
FGFR signaling dependency may be responsible for the higher
growth-inhibitory effect of AZD2171 on KATO-III cells.

AZD2171 inhibited FGFR2 signaling. Next, we examined the
effect of AZD2171 on FGFR2 downstream phosphorylation
signals (i.e., FRS-2, AKT, and mitogen-activated protein kinase).
AZD2171 completely inhibited KGF-induced phosphorylation
of FGFR2, FRS-2, AKT, and mitogen-activated protein kinase at
1 pmol/L in KATO-III cells, compared with 10 pmol/L in
OKAJIMA cells. These results clearly show that AZD2171
possesses inhibitory activity against FGFR2 in cell-based studies
and significantly inhibits the phosphorylation of FGFR2 at
1 umol/L in sensitive cells.

FGFR2 kinase inhibition of AZD2171. To quantify the
inhibitory activity of AZD2171 on FGFR2 kinase under cell-
free conditions, we calculated the K; values for immuno-
precipitated FGFR2 derived from KATO-11l, OCUM2M, and
OKAJIMA cells. The K; values of AZD2171 for FGFR2 in each
of these cell lines were 0.067 * 0.017, 0.072 + 0.022, and
0.049 + 0.041 pmol/L, respectively (Table 1). In contrast,
the K; value of AZD2171 for recombinant VEGFR-2 was
0.0009 umol/L (data not shown) and was consistent with
previous reports (10). At the cellular level, phosphorylation of
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AZD2171 completely inhibited the growth of
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staining of tumor tissue from mice treated
with AZD2171. Broad dose-dependent
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FGFR2 was inhibited at 10-fold lower concentrations of
AZD2171 in the sensitive cell lines (Fig. 3B), but there were
no marked differences between the kinase-inhibitory effects
among the proteins derived from the cell lines in this cell-free
assay. This discrepancy is discussed in the Discussion.

In vivo antitumor activity of AZD2171 against FGFR2-
overexpressing gastric cancer. To elucidate the in vivo antitumor
activity of AZD2171 in mice bearing gastric cancer tumor
xenografts, we used the newly established tumorigenic subline
TU-kato-11l (derived from KATO-III) and OCCUM2M. We
attempted to perform control experiments using OKAJIMA cells
in vivo as suggested by the reviewer. Unfortunately, however,
the cell lines grew slowly in the mice, and we could not
precisely evaluate the antitumor activity of AZD2171 in the
model. However, the results of preliminarily experiments
showed that AZD2171 seemed to be less effective against
OKAJIMA cells than against Katolll and OCUM2M cell in vivo.
Mice implanted the TU-kato-1II and OCUM2M tumors were
given a low or high dose of AZD2171 (i.e., 1.5 or 6.0 mg/kg/d),
or vehicle, orally for 3 weeks. AZD2171 (1.5 mg/kg/d)
significantly inhibited tumor growth in the mice bearing TU-
kato-IIl and OCUM2M tumors, and the higher dose (6.0 mg/
kg/d) completely inhibited the growth of both tumor models
(Fig. 4A). H&E staining showed broad dose-dependent necrosis
of core tumor tissue in mice treated with AZD2171 (Fig. 4B).
Thus, AZD2171 showed marked antitumor activity in vivo
against both human gastric tumor xenografts.

Discussion

Recent studies have shown that FGFRs and their ligands are
promising therapeutic target molecules for various malignant
diseases, such as prostate cancer (18), breast cancer (5, 19),
endometrial carcinoma (20), synovial sarcomas (21), thyroid
carcinoma (22, 23), and hematopoietic malignancies (24 -27).
These findings are based on the biological properties of
malignant cells expressing activated FGFR, like FGFR fusion
tyrosine kinase, involved in chromosomal translocations, gene
amplification of FGFRs, or overexpression of FGFs (5, 18-27).
In the case of gastric cancer, the results of immunohistochem-
ical analysis of clinical samples revealed that 20 of 38 cases
of advanced undifferentiated type of gastric cancer were FGFR2/
K-sam positive, whereas none of the 11 cases with the differ-
entiated or intestinal type of cancer showed positive staining for
K-sam (8). The results suggest that FGFR2/K-sam overexpres-
sion is associated with the undifferentiated type of stomach
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cancers. The results of fluorescence in situ hybridization
analysis of the gastric cancer specimens showed gene amplifi-
cation of FGFR2/K-sam in 2.9% (28). The clinical implication
of FGFR2 overexpression/amplification in gastric cancers
remains to be fully clarified, and further investigation is
needed.

AZD2171 has the most potent kinase-inhibitory activity
against VEGFR-2 (1Cso < 1 nmol/L); it also possesses additional
activity against VEGFR-1, VEGFR-3, and c¢-Kit (ICsy, 5, <3, and
2 nmol/L, respectively; ref. 10). AZD2171 showed antiangio-
genic activity and broad antitumor activity consistent with
potent inhibition of VEGF-induced angiogenesis. We showed
kinase-inhibitory activity of AZD2171 against FGFR2 in the
present study. When cancer cells are dependent on FGFR2
signaling, AZD2171 can be expected to give additional thera-
peutic benefit in addition to its antiangiogenic effects.

A cell-based Western blotting analysis showed that phos-
phorylation of FGFR2 in KATO-III cells and OCUM2M cells
was inhibited by AZD2171 at 10-fold lower dose than in
OKAJIMA cells (Fig. 3B). However, there was no significant
difference in the K; values of AZD2171 between the FGFR2
derived from KATO-III, OCUM2M, and OKAJIMA in an in vitro
kinase assay. This may be attributable to the different condi-
tions between the cell-based and cell-free assays. For example,
undefined intrinsic intracellular factors may influence kinase
activity: (a) differences in baseline intracellular FGFR2 phos-
phatase activity in each cell line, (b) differences in intracellular
concentration of (|transporters, such as ATP-binding cassette
transporters, may be involved in this phenomenon refs. 29,
30}, and (c¢) undefined intrinsic inhibitory factors that bind
the compounds directly may also be involved (e.g., Brehmer D,
et al. have identified various gefitinib binding proteins by
affinity chromatography; ref. 31).

In conclusion, AZD2171, a potent inhibitor of all VEGFRs
(VEGFR-1, VEGFR-2, and VEGFR-3), was found to have
antitumor effect against gastric cancer xenografts in line with
previous findings in colon, lung, prostate, breast, and ovarian
tumor xenografts (10). The results of this study suggest that
activation of the FGFR2 pathway may be a promising target for
gastric cancer therapy. AZD2171 may provide a clinical benefit
to gastric cancer patients.
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Background: Somatic mutations of epidermal growth factor receptor (EGFR) are closely associ-
ated with an objective response to EGFR tyrosine kinase inhibitors. However, it is difficult to
obtain sufficient tumor samples from patients with non-small cell lung cancer (NSCLC), so these
diagnoses are often made using cytology procedures alone. The aim of this study was to detect
EGFR mutations in transbronchial needle aspiration (TBNA) samples using both direct sequenc-
ing and a highly sensitive assay (Scorpions Amplified Refractory Mutation System; DxS; Manches-
ter, UK) [ARMS], and to compare the sensitivity of these methods.

Methods: We enrolled 94 patients (63 men and 31 women) with NSCLC in this study. Cytologic diagnoses
were adenocarcinoma (n = 58), squamous cell carcinoma (n = 24), and other types of NSCLC (n = 12).
We extracted DNA from the TBNA samples, and EGFR mutations were analyzed using both direct
sequencing (exons 19 and 21) and the Scorpions ARMS method (E746 A750del and L858R).

Results: Mutations were detected in 31 patients (33%; 14 women and 17 men). Of these, 23 patients had
adenocarcinoma, 4 had squamous cell carcinoma, and 4 had other types of NSCLC. Direct sequencing
detected 13 mutations (14%) in 13 patients (E746-A750del, n = 6; L858R, n = 7), and the Scorpions
ARMS method detected 27 mutations (29%) in 27 patients (E746 A750del, n = 16; L858R, n = 11
patients).

Conclusions: Both methods detected EGFR mutations in TBNA samples, but Scorpions ARMS is more
sensitive than direct sequencing. (CHEST 2007; 131:1628-1634)

Key words: epidermal growth factor receptor; epidermal growth factor receptor mutation; epidermal growth factor receptor
tyrosine kinase inhibitor; Scorpions Amplified Refractory Mutation System; transbronchial needle aspiration

Abbreviations: ARMS = Amplified Refractory Mutation System; Ct = cycle threshold; EGFR = e idermal growth factor
receptor; NSCLC=non-sma]l) cell lung cancer, PCR = polymerase chain reaction; TBLB = trans| ronchial Tung biopsy;
TBNA = transbronchial needle aspiration
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dermal growth factor receptor (EGFR), and have
recently been used to treat advanced NSCLC.!
These agents are dramatically effective in some

For editorial comment see page 1619

patients yet completely ineffective in others. The
response rate to gefitinib is high among individuals
with an Asian background.?

In May and June of 2004, two independent groups
re.ported an association between somatic EGFR mu-
tations and a dramatic clinical response to gefitinib,
respectively.34 Thereafter, EGFR mutations were
extensively investigated.>-'7 The mutations consist of
small, in-frame deletions or substitutions clustered
around the adenosine triphosphate-binding site in
exons 18, 19, and 21 of the EGFR gene, and
approximately 90% of patients with EGFR mutations
have one of two major mutations. One is a 15-base
pair nucleotide in-frame deletion (E746 A750del)
in exon 19, and the other is a point mutation
involving the replacement of leucine with arginine at
codon 858 (L858R) in exon 21.18 The above studies
included genetic analyses of surgical tissues or biopsy
specimens. However, to obtain sufficient amounts of
tumor samples from inoperable NSCLC patients is
often difficult. Some studies'®20 of patients with
advanced NSCLC have found a correlation between
clinical manifestations and EGFR mutation status
obtained from small tumor samples, such as those
obtained using standard transbronchial lung biopsy
(TBLB). All of the above studies are limited by the
fact that the rate of usable samples obtained from
enrolled patients is very low. Therefore, a method is
required to detect mutant EGFR, especially the two
major mutations, using samples other than surgical
tissues from NSCLC patients. We addressed this
problem using a sensitive technique for actual tumor
sampling, and a highly sensitive assay for detecting
EGFR mutations.

Pulmonary lesions are most often clinically diag-
nosed using flexible bronchoscopy. Common bron-
choscopic sampling techniques used for pulmonary
lesions are transbronchial needle aspiration (TBNA)
and TBLB. One report has indicated that TBNA is
superior to TBLB in diagnosing pulmonary lesions:
Gasparini et al?' found that the diagnostic sensitivity
of these techniques is 50.0% for TBLB, 70.1% for
TBNA, and 76.0% for TBLB and TBNA together.
We thus presumed that TBNA is a highly sensitive
means of tumor sampling, and that DNA obtained
from such specimens might provide useful informa-
tion about the mutation status of the EGFR gene.

We postulated that Scorpions Amplified Refrac-
tory Mutation System (ARMS) [DxS; Manchester,
UK] technology would enhance the sensitivity of

www.chestjournal.org

detecting EGFR mutations. Scorpion primers are
used with a fluorescence-based method that specif-
ically detects polymerase chain reaction (PCR) prod-
ucts.?2 A “scorpion” consists of a specific probe
sequence held in a hairpin loop configuration by
complementary stem sequences on the 5 and 3’
ends of the probe. A scorpion can be combined with
ARMS to enable the detection of single-base muta-
tions.22.23 The ARMS method is used for allele
discrimination, and additional mismatches have been
introduced near the 3’ termini of the primers to
enhance specificity. The ARMS method is superior
to both direct sequencing and the WAVE method
(Transgenomic; Omaha, NE) for detecting EGFR
mutations.2* Here, we aimed to detect major EGFR
mutations in TBNA specimens and to verify the
sensitivity of these methods for detecting EGFR
mutations.

MATERIALS AND METHODS

Patients

We studied patients with NSCLC diagnosed using specimens
obtained by TBLB and/or TBNA. Tumors in saline solution were
not collected from enlarged lymph nodes only. After obtaining
written informed consent from the patients to participate in all
study protocols approved by the Institutional Review Board of
the Cancer Institute Hospital, tumor tissues, tumors in saline
solution obtained using TBNA, and clinical data were collected.
We recorded age at diagnosis, gender, cytologic diagnosis of
NSCLGC, clinical stage, and smoking status. Cytologic diagnoses
were based on the World Health Organization pathology classi-
fication. Clinicopathologic staging was determined according to
the International Unjon Against Cancer TNM classification of
malignant tuinors. Nonsmokers were defined as those who had
smoked < 100 cigarettes in their lifetime. We obtained detailed
information about smoking history, including age at first ciga-
rette, packs per day, and number of smoking and smoke-free
years (after quitting). Patients were categorized as follows: never
smoked (< 100 lifetime cigarettes), former smokers (quit =1
year ago), or current smokers (quit <1 year ago).

TBNA Sampling

Four experienced operators performed standard flexible bron-
choscopy (Olympus P260F; Olympus; Tokyo, Japan) using 21-
gauge cytology needles and aspirated for 10 s in the standard
fashion.?> Paired samples consisted of two aspirates that were
obtained in immediate succession in an identical manner, with
the needle insertion points ideally 1 nun apart. At least four
aspirates (two pairs) were obtained from each site. For cytologic
analysis, the aspirate was immediately placed onto a glass slide,
covered with a second slide, and the slides were drawn apart
under continuous gentle pressure. The smear was spray-fixed
using ethanol, processed routinely and visualized by Papanico-
laou staining. The second aspirate was mixed into 2 mL of saline
solution and stored at — 80°C until DNA extraction.

DNA Extraction

Samples obtained by TBNA in saline solution were digested
with proteinase K, and then DNA was extracted with phenol-
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chloroform and precipitated with ethanol. Precipitated DNA was
eluted in 50 L of sterile, double-distilled water. The concentra-
tion and purity of the extracted DNA were determined by
spectrophotometry and then the DNA was stored at — 20°C.

PCR Amplification and Direct Sequencing

Genomic PCR was performed in 25-pL volumes using 50 ng of
template DNA, 0.75 U of AmpliTaq Gold DNA polymerase
(Perkin-Elmer; Roche Molecular Systems; Branchburg, NJ), 2.5
nL of PCR buffer (Perkin-Elmer), 0.8 pmol/L deoxynucleotide
triphosphate (Perkin-Elmer), 0.5 pmol/L of each primer, and
various concentrations of MgCl,, depending on the polymorphic
marker. Exons 19 and 21 were amplified by nested PCR. Primer
sequences were obtained as described by Lynch et al.3 Initial
PCR analyses proceeded in a volume of 25 pL as follows: 35
cycles of denaturation at 94°C for 45 s, primer annealing at 58°C
for 30 s, and elongation at 72°C for 30 s. A final extension
proceeded at 72°C for 10 min. Nested PCR was performed using
20 cycles under the same conditions as the initial PCR. The bands
of PCR products were visualized using a 2100 bioanalyzer and the
DNA 500 Labchip kit (Agilent Technologies; Palo Alto, CA).
Each sample was sequenced in duplicate in both forward and
reverse directions using the BigDye Terminator kit (Applied
Biosystems; Foster City, CA) and an ABI prism 310 (Applied
Biosystems) according to manufacturer instructions. The se-
quences were then compared with the GenBank-archived human
sequence for EGFR (accession number AY588246).

Scorpions ARMS for the Detection of E746  A750del and
L858R

We used the EGFR Scorpions kit, which combines two
technologies, namely ARMS and Scorpions, to detect mutations
in real-time PCR reactions. All reactions proceeded in 25-pL
volumes using 1 wL of template DNA, 7.5 wL of reaction buffer
mix, 0.6 mL of primer wmix, and 0.1 mL of Taq polymerase.
Real-time PCR was performed using a SmartCycler II (Cepheid;
Sunnyvale, CA) under the following conditions: initial denatur-
ation at 95°C for 10 min, 50 cycles of 95°C for 30 s, and 62°C for
60 s with fluorescence reading (set to FAM, which allows optical
excitation at 480 nm and measurement at 520 nm) at the end of
each cycle. Data were amulyzed using Cepheid SmartCycler
software (Version 1.2b}). The cycle threshold (Ct) was defined as
the cycle at the highest peak of the second derivative curve that
represented the point of maxmum curvature of the growth
curve. Both Ct and maximum fluorescence were used for inter-
pretation of the results. Positive results were defined as Ct =< 45
and maximum fluorescence intensity = 30. When only the curve
that indicated the wild-type increased, the sample was considered
wild-type with respect to EGFR. When both wild- and mutant-
type curves increased, the sample was considered mutant-type
with respect to EGFR. These analyses were performed in
duplicate for each sample.

Statistical Analysis

The rates of EGFR mutation between the two groups were
compared using x> or Fisher exact tests. The latter test was
applied to five or fewer observations in a group. We used logistic
regression models to further explore observed differences and to
identify baseline factors that might independently predict an
EGFR mutation. Probability values of < 0.05 were delined as
being statistically significant. All statistical tests were two sided.
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RESULTS

Patient Characteristics

Ninety-four patients were enrolled in this study
(63 men and 31 women; median age, 66 vears)
[Table 1]. Among these, 58 patients had adenocar-
cinoma, 24 patlents had squamous cell carcinoma, 5
patients had large cell carcinoma, 2 patients had
other clasmﬁcatlons of NSCLC, and 5 patients had
unclassified NSCLC. Disease in 70 patients was
diagnosed from both TBNA and TBLB samples,
discase in 23 patients was diagnosed using only
TBNA samples, and disease in 1 patient was diag-
nosed using TBLB samples alone (Table 2). The
DNA from TBNA samples in all 93 patients was
extracted at a median concentration of 8.7 ng/pL
(range, 0.1 to 39.0 ng/uL).

Detection of EGFR Mutations Using Direct
Sequencing

We performed direct sequencing in all patients.
We could determine EGFR mutation status using
direct sequencing in samples from 83 patients. We
could not evaluate the mutation status of the other
10 patients because we did not obtain sufficient PCR
products; bands were undetectable for these 10
patients. In 13 of the 83 patients (15.7%), EGFR
mutations were detected using direct sequencing. All
13 were heterozygous. E746  A750del was detected
in five patients, E746  A752del insA was detected in

Table 1—Patient Characteristics

EGFR Mutation,

Characteristics No. No. (%)
Patients 94 31 (33.0)
Gender

Male 63 17 (27.0)
Female 31 14 (45.1)
Age, yr
Mean 67
Range 26-56
Stage
I 44 11 (25.0)
I 3 0(0)
III 28 13 (46.4)
v 15 6 (40.0)
Recurrence after surgery 4 1(25.0)
Cytologic diagnosis
Adenocarcinoma 58 23 (39.7)
Squamonus cell carcinoma 24 4(16.7
Large cell carcinoma 5 0(0)
Other 2 1(50.0
Unclassifiecd 5 3 (60.0)
Smoking history
Current 26 7(26.9)
Former 34 10 (29.4)
Never 34 14 (41.2)
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Table 2—Diagnostic Yield of Different Bronchoscopic
Sampling Techniques*

TBNA
TBLB Positive Negative
Positive 70 (74.4) 1(1.1)
Negative 23 (24.5)

*Data are presented as No. (%).

one patient, and L858R was detected in seven
patients. E746  A750 deletion and L858R substitu-
tion mutations were frequent (12 of 13 patients with
detectable EGFR mutations; 92.3%). Figure 1 shows
the results of direct sequencing in a patient with
E746 A750del (patient 50; Fig 1, top, A), and a
patient with L858R (patient 70; Fig 1, bottom, B).

None of the patients had more than one mutation.

Mutation Anulysis Using the Scorpions ARMS
Method

We performed Scorpions ARMS in all patients.
We could analyze EGFR mutation status of 91
patients using the EGFR Scorpions kit. Because
curves corresponding to neither the wild-type nor
the mutant-type were detectable in two patients, we
could not determine their EGFR mutation status.
NSCLC was diagnosed in another patient with

TBLB alone. Curves corresponded to EGFR muta-
tions in 27 patients, indicated the E746  A750del in
exon 19 in 16 patients, and indicated L858R in exon
21 in 11 patients (Fig 2).

Comparison of the Two Methods for Detecting the
Two Major Mutations

EGFR mutations were detected in 31 patients
(Table 3). Both methods together could determine
mutation status in 9 patients, whereas either Scorpi-
ons ARMS or direct sequencing could do so in .18
patients and 4 patients, respectively. The EGFR
mutations were more frequently detected by the
Scorpions ARMS method than by direct sequencing
(Table 4).

EGFR Mutation Status and Clinical Manifestations

The frequency of EGFR mutations was higher in
patients with adenocarcinomas (23 of 58 patients,
39.7%; vs 8 of 36 patients, 22.2% in nonadenocarci-
nomas), women (14-of 31 patients, 45.2%; vs 17 of 62
patients, 27.4% in males), and nonsmokers (14 of 34
patients, 41.2%; vs 17 of 59 patients, 28.8% of
current or former smokers), although the differences
were not statistically significant. The EGFR status
detected by direct sequencing alone was not statis-
tically correlated with cytologic diagnosis, gender, or
response to gefitinib (data not shown).

A CCCGTCGC TATCA.AAAC ATCT CCHAAAGCCAACAAGG RAKRTCC TC
160 170 180 190 200

Case No. 50
(E746_A750del)

B

2235-2250del

CAAGATCACAGATTTTGGGCT GGCCAAACTGCTGGGT

Case No. 70
(L858R)

2573T>G

FIGURE 1. Wave figures generated by direct sequencing. Top, A: E746  A750 del in exon 19. Botton,
B: L858R in exon 21. All mutations were confirmed bidirectionally with forward and reverse

sequencing,.
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A

Case No.70
(L858R)

Case No.54
(Wild type)

FiGURE 2. Curves for exon 21 using the Scorpions ARMS
method. Top, A: L858R. Bottom, B: \Vil(i;-type. Top, A: Curves for
both wild-type and mutant-type have increased, so this sample
was considered mutant-type with respect to EGFR. Bottom, B:
Only one curve indicating the presence of wild-grpe has in-
creased, so the sample was consi(i)ered wild-type with respect to
EGFR.

Correlation With Responsiveness to Tyrosine
Kinase Inhibitors

Only two patients received gefitinib, one of whom
was a 63-year-old woman with a cytologic diagnosis
of adenocarcinoma who had never smoked (patient
70). She had partially responded to gefitinib admin-
istered from September 2005 to August 2006. Her
mutation status according to both direct sequencing
and the Scorpions ARMS methods was L858R (Ta-
ble 3). The other patient was a 69-year-old woman
with a cytologic diagnosis of adenocarcinoma who
had also never smoked (patient 94). Her condition
had stabilized in response to gefitinib that had been
administered from August 2005 to. October 2005.
We determined her mutation status as wild-type in
exons 19 and 21.

Di1scuUsSION

We demonstrated the feasibility of detecting
EGFR mutations in DNA from TBNA samples from
NSCLC patients. Furthermore, we showed that the
diagnostic sensitivity of TBNA in our patients was
higher than that of TBLB, which agreed with re-
ported findings. The volume of DNA extracted from
TBNA samples was measurable by spectrophotome-
try using our methods and was sufficient to analyze
EGFR mutation status. Therefore, TBNA samples
are apparently suited to such analysis. The mutation
rate in this study was lower (33.3%) than that found
by other studies of Japanese NSCLC patients.'!:!2
However, in line with previous results, we detected
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EGFR mutations at a higher frequency in women,
adenocarcinoma patients, and nonsmokers.5? We
did not find a relationship between EGFR mutation
status and response to EGFR tyrosine kinase inhib-
itors such as gefitinib. Only two patients had already
received gefitinib at the time the study was imple-
mented, and the others were to receive gefitinib as a
second-line (or later) treatment. The relationship
between EGFR mutation status and response to
gefitinib will be determined in the near future.

The results of this study suggest that the Scorpions
ARMS method is more sensitive than direct se-
quencing for detecting the two major EGFR muta-
tions. Direct sequencing is currently the routine
method of detecting EGFR mutations in tumor
samples, and a standard method for detecting EGFR
mutations in tumor specimens other than surgical
tissues has been established. Our results indicated
that the EGFR Scorpions Kit is superior to direct
sequencing for detecting EGFR mutations, espe-
cially the major deletion mutations in exon 19 and
L858R. We previously showed that EGFR mutation
status in serum DNA detected using the Scorpions
ARMS method is a useful predictive marker of the
response to gefitinib. That study showed that Scor-
pions ARMS is more sensitive than direct sequenc-
ing for detecting EGFR mutations in a mixture of
normal and mutant DNA .26 We inferred from these
results that the differences in the determined muta-
tion status for the 18 patients who tested positive
using Scorpions ARMS and negative using direct
sequencing are due to the density of tumor cells in
the sample. However, the reason for the differences
in the determined mutation status for those patients
who tested negative using Scorpions ARMS and
positive using direct sequencing remains obscure.
The two methods detected different mutations in the
same patient (patient 58), indicating that the primer
for the deletion mutation of exon 19 can detect not
only E746 A750del but also E746 S752del insA
in the Scorpions ARMS method. The differences
were frequent in patients with L858R in exon 21
(21.4% of patients with L858R, 5.9% of patients with
other mutations). The sensitivity of Scorpions ARMS
for detecting 1L858R was approximately equivalent to
that for the detection of E746 A750del in our
previous study. Some reports-"’-é7 have indicated that
the presence of EGFR gene amplification is more
predictive of responses than EGFR mutation. How-
ever, this does not alter the fact that an EGFR
mutation is one predictor of response. To detect
EGFR gene amplification from cytology samples is
complicated by the difficulty of defining fluorescent
in situ hybridization. Because there were few cancer
cells in cytology samples, and these samples did not
yield interpretable signals (data not shown).
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Table 3—EGFR Mutation Status and Characteristics of Patients With Mutations*

Mutation Status

Patient Cytologic Age, Smoking | .
No. Diagnosis Gender yr History Direct Sequencing Scorpions ARMS

50 Ad Male 63 Former E746_A750del ET746_AT750del

54 Ad Male .49 Former E746_A750del E746_AT50del

58 Ad Male 57 Former E746_S752del insA E746_AT750del

87 Ad Female 75 Never E746_A750de! E746_A750del

91 . Ad Female 69 Never E746_AT750del E746_A750del

47 Ad Male 74 Former E746_A750del Wild-type

12 NS Male 86 Former Wild-type ET746_AT50del

22 Ad Male 67 Current Wild-type E746_A750del

28 Ad Female 56 Current Wild-type E746_A750del

40 Ad Male 52 Current Wild-type E746_A750del

43 Sq Male 70 Former Wild-type E746_A750del

44 Ad Female 72 Never Wild-type E746_AT750dcl

49 Ad Male 3 Former Wild-type E746_A750del

67 Ad Male 76 Former Wild-type E746_A750del

7 NS Male 62 Current Wild-type E746_A750del

79 Ad Female 66 Never _ Wild-type ET746_AT750del

92 NS Male 68 Current Wild-type E746_AT750del

4 Ad Female 55 Never LS58R LS58R

70 Ad Female 63 Never L858R L858R

82 Ad Male 50 Current LS58R L858R

89 Ad Female 55 Never L.S58R LS58R

56 Sq Male 55 Former LS858R Wild-type

61 Ad Female 71 Never L858R Wild-type

62 Sq Female 73 Never L858R Wild-type

6 Ot Male 26 Never Wild-type L858R

10 Ad Female 73 Never Wild-type L858R

15 Ad Female 73 Never Wild-type LS58R

17 Ad Male 65 Current Wild-type L858R

23 Sq Male i Former Wild-type L858R

32 Ad Female 69 Never Wild-type LS58R

74 ' Ad Female 75 Never Wild-type L858R

*Ad = adenocarcinoma; Sq = squamous cell carcinoma; NS = unclassified non-small cell carcinoma; Ot = other classification of non-small cell

carcinoma. '

Some investigators have tried to improve the
sensitivity of detecting EGFR mutations. The novel
peptide nucleic acid-locked nucleic acid PCR clamp
method?® and the mutant-enriched PCR assay? are
both rapid and sensitive.” Although the minimum
detectable mutation volumes were not evaluated in
these studies, the sensitivity of these methods seems
to be comparable to that of Scorpions ARMS and
thus sufficient for clinical use. Since the Scorpions
ARMS method is simple and very fast, it might be
suitable for mutation screening. However, one limi-
tation of the EGFR Scorpions kit is that it can detect

Table 4 —~EGFR Mutation Analysis of Different
Genetic Assays*

Variables E746-A750del L858R Total
Direct sequencing 6 (6.5) 7(7.5) 13 (14.0)
Scorpions ARMS 16 (17.2) 11 (11.8) 27 (29.0)
Total 17 (18.3) 14 (15.0) 31(33.3)

*Data are presented as No. (%).

www.chestjournal.org

only mutations targeted by the designed Scorpions
primers. Not all EGFR mutations are found at the
two targeted sites, as some are clustered around the
adenosine triphosphate-binding site in exons 18, 19,
and 21.3-69.10 Minor variations of deletional muta-
tions in exon 19, such as E747 P753del insS and
L747 T751del, and point mutations other than
L858R cannot be detected using Scorpions ARMS.
Although approximately 90% of NSCLC-associated
EGFR mutations comprise the two major EGFR
mutations,'$ others might be missed using Scorpions
ARMS. Moreover, a secondary mutation, a substitu-
tion of methionine for threonine at position 790,
leads to gefitinib resistance in NSCLC patients with
EGFR mutations that are responsive to gefitinib 303!
These mutation states may also be critical factors for
gefitinib therapy. Scorpions primers need to be
designed to detect these wnutations, and further
study using these primers is required. In conclusion,
both direct sequencing and Scorpions ARMS can
detect EGFR mutations in DNA extracted from

CHEST /131 /6 / JUNE, 2007 1633

Downloaded from chestjournal.org on August 21, 2007
Copyright © 2007 by American College of Chest Physicians



TBNA samples obtained from NSCLC patients, but
the latter method is more sensitive.
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The mechanisms underlying cellular drug resistance have
been extensively studied, but little is known about its
regulation. We have previously reported that activating
transcription factor 4 (ATF4) is upregulated in cisplatin-
resistant cells and plays a role in cisplatin resistance.
Here, we find out a novel relationship between the
circadian transcription factor Clock and drug resistance.
Clock drives the periodical expression of many genes that
regulate hormone release, cell division, sleep-awake cycle
and tumor growth. We demonstrate that 4TF4 is a direct
target of Clock, and that Clock is overexpressed in
cisplatin-resistant cells. Furthermore, Clock expression
significantly correlates with cisplatin sensitivity, and that
the downregulation of either Clock or ATF4 confers
sensitivity of A549 cells to cisplatin and etoposide.
Notably, ATF4-overexpressing cells show multidrug
resistance and marked elevation of intracellular glu-
tathione. The microarray study reveals that genes for
glutathione metabolism are genmerally downregulated by
the knockdown of ATF4 expression. These results suggest
that the Clock and ATF4 transcription system might play
an important role in multidrug resistance through
glutathione-dependent redox system, and also indicate
that physiological potentials of Clock-controlled redox
system might be important to better understand the
oxidative stress-associated disorders including cancer
and systemic chronotherapy. _
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published online 12 February 2007
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Introduction

Cisplatin is a potent anticancer agent that is used in the
treatment of various solid tumors, but the development
of resistance is a major obstacle in a clinical setting
(Wang and Lippard, 2005). Several mechanisms are
involved in the acquisition of cisplatin resistance,
including decreased drug accumulations (Komatsu
et al., 2000; Nakayama et al., 2002), increased levels of
cellular glutathione (Lai er al., 1989; Tew, 1994), and
increased DNA-repair activity (Chaney and Sancar,
1996; Husain er al., 1998). We have been interested
in the transcription factors activated in response to
cisplatin, which might.play a crucial role in cisplatin
resistance (Kohno et al., 2005; Torigoe et al., 2005). We
believe that the transcription factors of genes involved in
cisplatin resistance are often overexpressed or activated
in cisplatin-resistant cells.

Activating transcription factor 4 (ATF4) is-a member
of the cyclic adenosine monophosphate responsive
element-binding (CREB) protein family, and is involved
in multiple intracellular stress pathways (Rutkowski and
Kaufman, 2003). ATF4 is ubiquitously expressed in
human cancer cells, and is essential for normal cellular
proliferation (Fawcett et al., 1999), especially the high-
level proliferation required during fetal liver hemato-
poiesis (Masuoka and Townes, 2002). ATF4-null cells
also show impaired glutathione biosynthesis (Harding
et al., 2003). We have shown previously that ATF4
is upregulated in cisplatin-resistant cell lines and is
involved in cisplatin resistance (Tanabe et al., 2003).

We herein investigate the molecular regulation of
ATF4 gene expression and drug resistance. Interestingly,
a database search revealed an E-box in the core
promoter region of ATF4, and we show that the
essential circadian regulator Clock binds to this E-box
and is overexpressed in cisplatin-resistant cells. It has
been reported previously that Clock/BMALI hetero-
dimers activate transcription from E-box elements
(Gekakis et al., 1998); therefore, ATF4 is thought to
be regulated by circadian transcription factors. Down-
regulation of either Clock or ATF4 using small
interfering RNAs (siRNAs) was shown to confer cell



Clock and ATF4 expression and drug resistance
T lgarashi et a/

4750

sensitivity to anticancer agents. Furthermore, ATF4-
overexpressing cells showed multidrug resistance and
marked elevation of intracellular glutathione. Knock-
down of ATF4 expression lead to downregulation of
glutathione metabolism. Our findings indicate an
important contribution of both Clock and ATF4 to
chemosensitivity.

Results

Overexpression of Clock in cisplatin-resistant cells

We have shown previously that the transcription factor
ATF4 is overexpressed in cisplatin-resistant celi lines
(Tanabe et al., 2003). As an E-box is located in the core
promoter region of ATF4, we examined the expression
levels of the E-box-binding proteins c-Myc, upstream
stimulatory factor 1 (USFI1), and Clock. Western
blotting analysis revealed that the Clock protein was
overexpressed in cisplatin-resistant cell lines (Figure 1a).
No significant alteration of c-Myc and USF| expression
was observed between parental and cisplatin-resistant
cells. As the Clock/BMALI complex regulates the
expression of circadian genes (Gekakis er al., 1998), we
analysed the BMALI expression. However, the BMALI
expression was not upregulated in cisplatin-resistant
cells (data not shown). Northern  blotting analysis
revealed that Clock messenger RNA (mRNA) was also
overexpressed in cisplatin-resistant cells (Figure 1b),
suggesting that Clock might be involved in the
transcriptional regulation of ATF4 by binding to its
promoter E-box.

ATF4 is a direct target of Clock

To test whether the 4TF4 promoter is a direct target of
Clock, we carried out chromatin immunoprecipitation
(ChIP) assays using specific primer pairs for the ATF4
promoter region and an anti-Clock antibody. As shown
in Figure l¢, this analysis revealed that Clock bound
specifically to the E-box region of the 4TF4 promoter.
A luciferase reporter gene assay showed that both Clock
and BMALI co-transfection transactivated the ATF4
promoter, and that this transactivation was dependent
on an intact E-box, as reporter gene expression was
reduced following transfection of a mutated E-box
(Figure 1d). We also verified the relationship between
ATF4 expression and Clock using siRNAs. Inactivation
of Clock by siRNA was shown to suppress the promoter
activity of ATF4 gene (Figure le) as well as cellular
expression level of ATF4 in PC3 cells (Figure [f).

Cellular expression of Clock correlates with

cisplatin sensitivity .

To explore whether Clock overexpression is involved
in cisplatin resistance, we examined the correlation
between Clock expression and cisplatin sensitivity in
11 lung cancer cell lines (Figure 2a). Clock expres-
sion significantly correlated with cisplatin sensitivity
(Figure 2b) and with ATF4 expression (Figure 2c) in
these cell lines, but c-myc expression did not (data not
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shown). To confirm these findings by an alternative
approach, we used the siRNA strategy. Downregulation
of the cellular expression of the Clock protein conferred
cisplatin and etoposide, but not 5-fluorouracil (5-FU),
sensitivity to A549 cells (Figure 2d). Similar results were
also obtained when ATF4 expression was downregu-
lated. Clock expression did not correlate with the
cellular sensitivity of etoposide, doxorubicin and vin-
cristine at all (data not shown). We next investigated
whether downregulation of ATF4 expression overcomes
cisplatin resistance in cisplatin-resistant cell line P/
CDP6. As shown in Figure 2e, downregulation of
ATF4 expression partially overcomes cisplatin resis-
tance, because the 1Csy value of cisplatin in PC3 cells is
about 0.7 uM (data not shown).

Multidrug resistance in ATF4-overexpressing cell lines
In addition to our two previously established ATF4-
overexpressing cell lines (Tanabe er al., 2003), we
derived two new cell lines that overexpressed ATF4
(A549/ATF4-5 and A549/ATF4-6) at levels 10-20-fold
higher than vector-alone transfectants (A549/pcDNA-1
and A549/pcDNA-2) (Figure 4). The ATF4-overexpres-
sing cell lines showed increased resistance to cisplatin,
doxorubicin, etoposide, SN-38, and vincristine, but not
to 5-FU (Table 1). To our knowledge, this is the first
transcription factor that can induce multidrug-resistant
phenotypes.

Intracellular glutathiorie level and drug resistance-related
gene expression in ATF4-overexpressing cells

It has been reported that ATF47 cells demonstrate
impaired glutathione biosynthesis (Harding ez al., 2003),
whereas an increased level of glutathione has been
shown to be involved in drug resistance (Lai et al., 1989;
Tew, 1994). Therefore, intracellular glutathione levels
were evaluated in ATF4-overexpressing cell lines, and
were found to be approximately 12.7-fold higher than in
control cells (Figure 3a). This increase was abolished
when cells were treated with the y-glutamylcysteine
synthetase inhibitor: buthionine-sulfoximine (BSO)
(10 uM). To examine whether Clock and ATF4 are
involved in glutathione biosynthesis, A549 cells were
transfected with Clock-directed, ATF4-directed, or
control siRNA oligomers. Downregulation of both
Clock and ATF4 was found to reproducibly suppress
intracellular glutathione levels to 75-80% of the control
levels (Figure 3b).

It has been shown that resistant cells against cisplatin
often upregulate both glutamate-cysteine ligase catalytic
subunit (GCLC) and glutathione S-transferase =
(GSTn) (Saburi et al., 1989; Yao et al., 1995). On the
other hand, the resistant cells against topoisomerase-
targeted drugs often downregulate DNA topoisomerase
(Takano et al., 1992). We, therefore, examined drug
resistance-related gene expressions in ATF4-overexpres-
sing cells (Figure 4). Although ATF4-overexpressing
cells were resistant to etoposide and SN-38, the
expressions of DNA topoisomerase I and 1la were not
downregulated. As we expected, the expressions of
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Figure | Clock regulates 4 TF4 gene expression through binding to the E-box located in the promoter region. (a) Whole-cell extracts
(75 ng for Clock, and 50 ug for c-Myc and USF1) and nuclear extracts (100 ug for ATF4) were subjected to SDS-PAGE, and Western
blotting analysis was performed with the indicated antibodies. Gel staining with Coomassie Brilliant Blue (CBB) is also shown.
(b) Total RNA (20 ug) prepared from the indicated cells was separated on a 1% formaldehyde-agarose gel and transferred to a Hybond
N- membrane. Northern blotting analysis was performed with a Clock cDNA probe. Gel staining with ethidium bromide is also
shown. (¢) A ChIP assay of the PC3 cells was performed with antibodies against Clock or goat IgG. Immunoprecipitated DNAs (anti-
goat IgG in lanes 3 and 4, and anti-Clock IgG in lanes 5 and 6) were amplified by PCR using specific primer pairs for the 4TF4
promoter region. The templates used for PCR were as follows: 1 ul (lane 2) of genomic DNA [rom cell lysate, and 1 4l (lanes 3 and 5)
and 3 ul (lanes 4 and 6) of immunoprecipitated DNAs. Lane | contains a DNA size marker. The arrowhead indicates amplified partial
ATF4 promoters (278 bp). (d) Indicated amounts of Clock and/or BMALIT expression plasmids were transiently co-transfected with
ATF4-WT-Luc or ATF4-MT-Luc into MCF7 cells. The schematic representation of ATF4-WT-Luc and ATF4-MT-Luc is shown
above. pGL3-B.V. indicates pGL3 basic vector. The results are normalized to f-galactosidase activity and are representative of at least
three independent experiments. Bars = £5.d. (¢) MCF7 cells were transfected with 50 nM control or Clock siRNAs. The following day,
they were transfected with the indicated reporter plasmids. The results were normalized to f-galactosidase activity and pGL3 promoter
vector (Promega). All values are the mean of at least three independent experiments. pGL3-PV and pGL3-BV indicate pGL3 promoter
vector and pGL3 basic vector, respectively. Bars= +s.d. (f) Indicated siRNAs were transfected into PC3 cells. Whole-cell extracts
(75 ug) for Clock and nuclear extracts (100 ug) for ATF4 were subjected to SDS-PAGE, and Western blotting analysis was performed.
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GCLC and GSTn were upregulated in ATF4-over-
expressing cells. Drug resistance is also modulated by
the expression of both anti-apoptotic and apoptotic
molecules. We then examined the expression of several
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Figure 2 Clock expression correlates with cisplatin resistance and ATF4 expression. (a) Western blotting anatysis was performed with
100 ug nuclear extracts for ATF4 expression and 75 ug whole-cell extracts for Clock and c-Myc expressions in 11 human lung cancer
cell lines. Gel staining with CBB is also shown. (b) and (¢) Expression levels of Clock and ATF4 (whole band) were determined by NIH
imaging using Figure 2a, and were normalized by each CBB stain. The maximum expression levels of Clock or ATF4 were set to 100,
and the ICs, of each cell line was calculated from the concentration—response curves for cisplatin. (d) Downregulation of either Clock
or ATF4 confers sensitivity of A549 cells to cisplatin and etoposide. Cells were transfected with the indicated siRNAs, and exposed to
various concentrations of cisplatin, etoposide. and 5-FU for 7 days. The colony number in the absence of drugs corresponded to 100%.
All values are the mean of at least three independent experiments. Bars = +s.d. (e) P/CDP6 cells were transfected with 50 nM control or
Clock siRNAs. The following day. various concentrations of cisplatin were treated. After 72 h, cell survival was analysed with a WST-8
assay. Cell survival in the absence of cisplatin corresponded to 100%. All values are the mean of at least three independent

experiments. Bars= +s.d.

molecules involved in apoptosis such as Bel-2, Bel-X,
Bax and BAK. However, we could not detect the
significant alteration between drug-resistant cells and
ATF4-overexpressing cells (data not shown). To explore
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Table 1 Drug sensitivity (half-maximal inhibitory concentration
[ICs4)) and relative resistance of ATF4-overexpressing cell lines
Cell line
Drug A549/pcDNA3* A549/ATF4° Relative resistance’
5-FU (uM) 1.38 (+0.04) 1.35(£0.21) 1.0
Cisplatin (uM) 0.67 (+£0.04) 2.11 (£0.02) 31
Doxorubicin (uM)  0.03 (+0.01) 0.14 (£0.04) 36
Etoposide (uM) 0.39 (£0.01) 2.02 (40.64) 5.2
SN-38 (nM) 5.25(+1.06) 19.0 (+1.41) 3.6
Vincristine (nM) 2.75(0.78) 6.10 (£ 1.56) 2.2

*Control cell lines A549/pcDNA3-1 and A549/pcDNA3-2. "ATF4-
overexpressing cell lines A549/ATF4-5 and A549/ATF4-6. <1C50 ratio
of ATF4-overexpressing cell lines to control cell lines. The cell viability
after drug exposure was analysed with a WST assay. In the absence
of drugs, the viability was 100%. The ICj, of each cell line was calcula-
ted from the concentration-response curves. All values indicate
the mean+standard deviation (s.d.). 5-FU, S-fluorouracil; SN-38,
7-ethyl-10-hydroxycamptothecin.

a potential role for glutathione, we tested BSO for its
ability to reverse drug resistance in ATF4-overexpres-
sing cells, and found that cellular sensitivity of cisplatin
and etoposide was almost completely reversed by
addition of BSO (Figure 5a and b). We also examined
the expression of drug resistance-related genes after BSO
treatment. However, no significant alteration of gene
expression was observed (data not shown).

Microarray analysis of ATF4-regulated genes

Because the available information regarding the tran-
scriptional regulation by ATF4 was limited, we used
microarray technology to enable the simultaneous
analysis of large numbers of genes. To confirm further
transcriptional changes by the ATF4 siRNA, oligonu-
cleotide microarray study was carried out in A549 cells
treated with or without ATF4 siRNA (0.3nM of ATF4
siRNA downregulated the cellular expression of ATF4
to 50%). Data analysis identified 121 genes, which were
downregulated more than 2.5-fold and only eight genes
which were upregulated (Supplementary Information).
Among downregulated genes, only glutathione per-
oxidase 2 (GPX2) gene was identified in relation to
glutathione metabolism. Then, we analysed the subset
of genes for glutathione metabolism. As shown in
Figure 6a, the genes for glutathione metabolism were
generally downregulated by ATF4 knockdown includ-
ing GCLC, glutamate-cysteine ligase modifier subunit
(GCLM), y-glutamyltransferase 1 (GGT]1), y-glutamyl-
transferase 2 (GGT2), glutamic pyruvate transaminase 2
(GPT2), GPX2, glutathione S-transferase M4 (GSTM4)
and microsomal glutathione S-transferase 2 (MGST?2).
The ATF4-binding site was found in the proximal
promoter region of these eight genes (data not shown).
It was reported that GCLC was a key enzyme to
determine the cellular glutathione levels and often
involved in drug resistance (Tipnis et al., 1999). To
evaluate the microarray study, we carried out Western
blotting analysis and revealed that the GCLC expression
was downregulated by the ATF4 siRNA (Figure 6b). As
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Figure 3 Intracellular glutathione levels are evaluated in ATF4-

overexpressing cells and downregulated by Clock or ATF4
siRNAs. (a) Intracellular glutathione levels of ATF4-overexpres-
sing cell lines (A549/ATF4-5, 6) and control cell lines (A549/
pcDNA3-1, 2) with or without 10 uM BSO treatment for 72h were
measured. Each glutathione concentration indicates a relative level
to A549/pcDNA3-1. (b) A549 cells were transfected with Clock or
ATF4 siRNAs, and intracellular glutathione levels were measured.
Each glutathione concentration indicates a relative level to control
siRNA. All values are the mean of at least three independent
experiments. Bars = +s.d.

shown in Figure 6c, the expressions of GCL.C and GSTx
were significantly upregulated in cisplatin-resistant cells.
These data were comparable with our microarray
analysis. However, the GCLC expression was not
downregulated by the Clock siRNA (data not shown).

The expression of the ATP-binding cassette

transporter fumily

As shown in Table 1, the ATF4-overexpressing cell
lines showed multidrug-resistant phenotypes. It has
been reported that intracellular glutathione could
support the drug efflux by ATP-binding cassette
(ABC) transporters (Renes er al., 2000). Thus, we next
examined the expression of major ABC transporters
such as multidrug resistance protein | (MRP}/
ABCCI), multidrug resistance protein 2 (MRP2/4ABCC2),
breast cancer-resistance protein (BCRP/ABCG2) and
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