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Table 2 Primers for amplification and sequencing of exon-1's in UGT1A8, 1A7, 1A3, and 5'-flanking region of 1A9

Direction Gene Primer name Sequences

1st amplification Forward 1A8 UGT1A8ZF 5'-GTGGCTGGTACTCATTTITCC-3'
Reverse UGT1A8ZR 5'-CTTCCAAACCCAACATCTCTAA-3!
Forward 1A9-7 UGT1AS-7ZF 5'-TCTTGATTGTCCTCCATTGAGT-3
Reverse UGT1A9-7ZR 5'-ACCAAGCAACCATACTCATAGG-3/

2nd amplification Forward 1A8 UGT1A8B-1stF 5'-AGAATGTGGAAGTAGAGCGG-3'
Reverse UGT1A8-1stR 5'-TTAGCAAAAAAGGAAAGTTCAA-3'
Forward 1A9 5'-Flank UGT1A9%pro-248F1st 5'-TTGAGACAGAGTCGTGCTGTT-3/
Reverse UGT1A9pro-608R1st 5'-GCAAAGCCACAGGTCAGC-3’
Forward 1A7 UGT1A71stF 5'-AAATGAATGAATAAGTACACGCC-3'
Reverse UGTTA71stR 5-GGAAGTTTCATTTCTTACTGTGG-3/
Forward 1A3 UGTTA3-1stF 5'-GTGAGCACAGGGTCAGACGTGT-3'
Reverse UGTTA3-1stR 5'-TTACAAACATTCGTGTCTACTT-3'

Sequencing Forward 1A8 Exon1 UGT1A8Ex1Fseq]1 5'-TATGACAGGATAAATACACGCC-3/
Forward 1A8 Exon] UGT1A8Ex1Fseq3 5'-ACTCAACCTCATACACTCTGGAG-3’
Forward 1A8 Exon' UGT1A8Ex1Fseq2 5'-TGCTCCTCTTTCCTATGTCC-3'
Reverse 1A8 Exon1 UGT1A8Ex1Rseql 5-AACTTCGTACTTGTGCTTTCCA-3'
Reverse 1A8 Exon1 UGT1ABEx1Rseg2 5'-ACTGGCAAAATAAATGTTCCTC-3/
Reverse 1A8 Exon1 UGT1A8Ex1Rseq3 5'-GCAACAAATGAAAATGTCAAATC-3/
Forward 1A9 5'-Flank UGT1A9pro-275Fseq 5'-GCTCTCGCAAGGATTGGG-3’
Reverse 1A9 5'-Flank UGT1A9pro-275Rseq 5-CTTATGGTCTTTGCCTTGGG-3/
Forward 1A7 Exonl UGT1A7F3-2 5'-TTITGAGGGCAGGTTCTATCTG-3/
Reverse 1A7 Exonl UT1A71R3 5'-CAAAAACCATGAACTCCCGG-3'
Forward 1A7 Exon1 UTTA71F4 5'-TGGCAACTGGGAAGATCAC-3'
Reverse 1A7 Exonl UTT1A71R4 5'-GGACATAGGAAAGAGGAGCAG-3'
Forward 1A7 Exonl UT1A71F5 5'-CTCCCTCCCCTCTGTGGTC-3'
Reverse 1A7 Exonl UTTA71RS 5'-GCACTGGCTTTCCCTGATGAC-3/
Forward 1A7 Exon1 UGT1A7F6-2 5'-GAGGAACATTTATTTTGCCC-3'
Reverse TA7 Exonl UT1A71R6 5'-TACATATCAACAAGAGCTGC-3'
Forward 1A3 Exonl UGT1A3seqF1 5'-GTGTTTTTCAAGATAGTC-3/
Reverse 1A3 Exonl UGT1A3segR1 5'-GCACATGGCGATCAAATTC-3'
Forward 1A3 Exont UGT1A3seqF2 5'-AGGCAGTGGTCCTCACCCCAGA-3'
Reverse 1A3 Exon1 UGT1A3seqR2 5'-AAGCATGGCAAATGTAGGACAGG-3'
Forward 1A3 Exon1 UGT1A3seqgF3 5'-CCCTTCCTCCTATATTCCTAGA-3’
Reverse 1A3 Exon1l UGT1A3-1stR 5'-TTACAAACATTCGTGTCTACTT-3

sequences). The PCR primers for the 2nd amplification of
1A10 and 1A9 were described previously.*”-*® Exon 1 in 143
and the promoter region of 1A9 were first directly amplified
from genomic DNA (100ng) using Ex-Taq as in the 2nd
round of PCR described below. The second round of PCR
consisted of one cycle at 94°C for Smin, followed by 30
cycles of 94°C for 30s, 55°C for 1 min, and 72°C for 2 min,
and then a final extension for 7min at 72°C. These PCR
products were then treated with a PCR Product Pre-
Sequencing Kit (USB Co., Cleveland, OH, USA) and directly
sequenced on both strands using an ABI BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA,
USA) and the primers listed in Table 2 (see ‘Sequencing’).
The excess dye was removed by a DyeEx96 kit (Qiagen,
Hilden, Germany), and the eluates were analyzed on an ABI
Prism 3700 DNA Analyzer (Applied Biosystems). All the SNPs
were confirmed by repeating the PCR on genomic DNA and
sequencing the newly generated PCR products.
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Genotyping (pyrosequencing)

Genotyping was performed by pyrosequencing, except for
UGT1A4 31C>T (R11W), 127delA (43fsX22: frameshift from
codon 43 resulting in the termination at the 22nd codon,
codon 65), 142T>G (L48V), 175delG (59{sX6), 271C>T
(R91C), 325A>G (R109G), and IVS+1G>T, and 1A9
—126_-118 T9>T10 or T1l, which were genotyped by
direct sequencing because these polymorphisms were not
clearly determined by pyrosequencing. Fragments were
directly amplified from genomic DNA (10-15ng) by Ex-
Taq (1U) with amplification primer pairs (either primer was
biotinylated) (Table 3). The PCR conditions consisted of 1
cycle at 94°C for 5min, followed by 50 cycles of 94°C for
30s, 55°C for 30s (except for UGTIA 1598A>C (H533P), in
which annealing was carried out at 58°C for 455s), and 72°C
for 30s. Primers for 1A1 -3279T>G, —40_-39 insTA,
211G>A (G71R), 247T>C (F83L), 686C>A (P229Q), and
1456T>G (Y486D) in common exon 5 were described
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previously.® Biotinylated single-stranded DNA fragments
were generated as described previously.®® Briefly, PCR
products were mixed with streptavidin beads for 10min.
The beads were transferred to a MultiScreen-HV Plate
(Millipore Corporation, Billerica, MA, USA), and the buffer
was removed by vacuum. DNA attached to the beads was
denatured, washed twice, and then suspended in 20 mM Tris-
acetate containing 2 mM Mg-acetate (pH 7.6). After transfer-
ring to a 96-well PSQ plate (Pyrosequencing AB, Uppsala,
Sweden), 10 pmol of the sequencing primer (PAGE-purified
grade) (Table 3) for SNP analysis was added to the single-
stranded fragments. The mixture was incubated at 95°C for
2min, and then cooled to room temperature for annealing.
An automated pyrosequencing instrument, the PSQ™96MA
(Pyrosequencing AB), and the PSQ 96 SNP reagent kit
(Pyrosequencing AB) were used to perform the genotyping.
To validate the typing methods, the results for 48 samples
were confirmed to be identical to those obtained by direct
sequencing (data not shown).

LD and haplotype analysis
Hardy-Weinberg equilibrium analysis and LD analysis were
performed using SNPAlyze software (version 3.2). (Dynacom
Co. Ltd., Yokohama, Japan), and pairwise two-dimensional
maps between SNPs were obtained for the |DY], x% and r?
values. Some of the haplotypes were unambiguously
determined from the subjects with homozygous SNPs at all
sites or a heterozygous SNP at only one site. Separately, the
diplotype configurations (combination of haplotypes) were
inferred by an expectation-maximization-based program,
LDSUPPORT, which determines the posterior probability
distribution of the diplotype configuration for each subject
based on the estimated haplotype frequencies.*®

The diplotype configurations of the subjects were inferred
with probability (certainty) values over 0.96 for 184, 191,
and 188 out of 196 subjects in the UGTI1A8-1410 block
(Block 8/10), the 1A9-1A7-1A6 block (Block 9/6), and the 1A3-
1A1 block (Block 3/1), respectively. The Block 4 (1A4)
haplotypes were described previously.?* Note that the
predictability for the extremely rare haplotypes inferred
from only one subject is known to be low in some cases.
Haplotype analysis was also performed among the repre-
sentative SNPs in Block 9/6, Block 4, and Block 3/1 by
LDSUPPORT software.

Abbreviations
LD linkage disequilibrium
PCR polymerase chain reaction

SN-38  7-ethyl-10-hydroxycamptothecin
SNP single nucleotide polymorphism
UGT UDP-glucuronosyltransferase
UTR untranslated region
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Kazuko Sakai,** Tokuzo Arao,* Tatsu Shimoyama, * Kimiko Murofushi,’ Masaru Sekijima,"
Naoko Kaji,” Tomohide Tamuraf Nagahiro Saijo,Jr and Kazuto Nishio**

*Shien-Lab, Medical Oncology, and "National Cancer Center Hospital and J"Pharmacology
Division, National Cancer Center Research Institute, Tsukiji 5-1-1, Chuo-ku, Tokyo, Japan; and
YDepartment of Biology, Faculty of Science, Ochanomizu University, Tokyo, Japan; and
IMitsubishi Chemical Safety Institute, Ibaraki, Japan

Corresponding author: Kazuto Nishio, Shien-Lab, Medical Oncology, National Cancer Center
Hospital, Tsukiji 5-1-1, Chuo-ku, Tokyo 104-0045, Japan. E-mail: knishio@gan2.res.ncc.go.jp

ABSTRACT

A short, in-frame deletional mutant (E746-A750del) is one of the major mutant forms of epidermal
growth factor receptor (EGFR) and has been reported to be a determinant of response to EGFR
tyrosine kinase inhibitors such as gefitinib and erlotinib. However, the biological and
pharmacological functions of mutational EGFR remain unclear. To clarify these biological
functions of deletional EGFR, we examined the cellular response to EGF ligand stimulation.
Dimerization and phosphorylation of EGFR were observed without any ligand stimulation in the
293(D) cells transfected with deletional EGFR as compared with those transfected with wild-type
EGFR (293(W) cells). When the 293(D) cells were exposed to gefitinib, an immunoblotting
analysis revealed remarkable inhibition of AKT phosphorylation but not phospho-p44/42 MAPK.
To examine the cellular response in a lung cancer cell line intrinsically expressing deletional
EGFR, phospho-EGFR, and downstream reactions were monitored under EGF stimulation with a
beads-based mulitiplex assay. EGFR and its downstream proteins were constitutively
phosphorylated in the PC-9 cells without any ligand stimulation as compared with A549 lung
cancer cells expressing wild-type EGFR. In conclusion, deletional EGFR is constitutively active
and phosphorylates p44/42 MAPK and AKT in the cells, although the fact that the EGFR
phosphorylation in the PC-9 cells is still modulated by EGF stimulation cannot be ignored.
Gefitinib-inhibited phospho-AKT predominantly in deletional EGFR expressing cells.

Key words: mutation ¢ gefitinib  tyrosine kinase

extracellular ligand-binding domain, a transmembrane domain, and a tyrosine kinase
domain. Wild-type EGFR is unphosphorylated and exists as a monomer in the unstimulated
conditions. Binding of ligands such as EGF and TGF-a leads to the dimerization of EGFR,
phosphorylation of tyrosine residues (2), and stimulation of the phosphorylation pathway
downstream. This signaling pathway is considered to be closely related to cellular growth,
differentiation, and the development of malignant phenotypes of cancer cells (1, 2). Increased

l : pidermal growth factor receptor (EGFR) belongs to the ErbB family (1) and contains an
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expression of EGFR and gene amplification of EGFR are often observed in several types of tumors
such as lung and breast cancers.

Recently, many small anticancer molecules have been developed that target EGFR. Gefitinib
(Iressa) is an orally available EGFR tyrosine kinase inhibitor. Previous clinical studies have
demonstrated that EGFR expression levels in tumors did not correlate with the clinical response to
gefitinib (3). On the other hand, EGFR mutation in adenocarcinoma of the lung was reported to be
a determinant of sensitivity for EGFR tyrosine kinase inhibitors such as gefitinib and erlotinib (4,
5). To date, over 30 types of EGFR mutation have been reported in lung cancer. The in-frame, 15
base deletional mutation (delE746-A750 type deletion) is one of the most common of these EGFR
mutations. We previously demonstrated that overexpression of deletional EGFR increased the
cellular sensitivity to tyrosine kinase inhibitors targeting EGFR in human HEK293 cells in vitro
(6). However, it remains unclear how deletional EGFR alters dimerization and the downstream
signaling pathways from these heterodimers. Recently, Tracy et al. demonstrated that another
major mutant EGFR (L858R) altered signal transduction downstream (7). In addition, it has been
suggested that the L858R mutation is a hyper-response to ligand stimulation (7). We hypothesized
that the deletional EGFR is constitutively active. The aim of this study was to clarify the
downstream of the signaling and its function of the deletional EGFR.

Technically, a beads-based multiplex assay (Bio-Plex phosphoprotein assay) (8) allowed us to
analyze numbers of phosphoproteins simultaneously after ligand stimulation.

MATERIALS AND METHODS

Reagents

Gefitinib (Iressa, ZD1839) was provided by AstraZeneca (Cheshire, UK).
Cell culture

The human embryonic kidney HEK293 cell line and human nonsmall-cell lung cancer (NSCLC)
cell line A549 and cervix epitheloid cancer cell line HeLa were obtained from the American Type
Culture Collection (Manassas, VA) and were cultured in RPMI 1640 medium supplemented with
10% FBS. The human NSCLC cell line PC-9 was established at the Tokyo Medical University (9,
10), and was maintained in RPMI 1640 medium (Sigma, St. Louis, MO) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Life Technologies, Rockville, MD).

Plasmid construction and transfection

The construction of the mock expression plasmid vector (empty vector) and of the wild-type of
EGFR and the 15-bp deletional EGFR (delE746-A750 type deletion) vectors that-posses the same
deletion site observed in PC-9 cells has been described in another paper in detail (6, 11, 12). The
plasmids were transfected into the HEK293 cells, and the transfectants were selected by Zeosin
(Sigma). The stable transfectants (pooled cultures) of the empty vector, wild type of EGFR, and its
deletion mutant were designated as 293(M), 293(W), and 293 (D) cells, respectively.
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Reverse-transcription PCR

Five micrograms of total RNA from each cultured cell line was converted to cDNA with a
GeneAmp RNA-PCR kit (Applied Biosystems, Foster City, CA). The primers used for the PCR
were EGFR  (forward), 5-AAGTTAAAATTCCCGTCGCTATCA-3' and (reverse)
5'-GAGCCAATATTGTCTTTGTGTTCC-3'. PCR amplification consisted of 28 cycles (95°C for
45 s, 57.5°C for 30 s, and 72°C for 45 s) followed by incubation at 72°C for 7 min. The RT-PCR
products were analyzed with a 2100 Bioanalyzer and DNA 500 kit (Agilent Technologies,
Waldbronn, Germany).

Chemical cross-linking

After treatment with or without EGF (Sigma), monolayer cells were washed twice with ice-cold
phosphate buffered saline containing 0.33 mM MgCl, and 0.9 mM CaCl, (PBS(+)) and chemically
cross-linked for 20 min at room temperature with freshly prepared 1.5 mM bis(sulfosuccinimidyl)
suberate (BSB, Pierce, Rockford, IL). To terminate the reaction, a final concentration of 20 mM
glycine was added for an additional 5 min. For immunoblot analysis, the cells were washed twice
with ice-cold PBS(+) and lysed with M-PER mammalian protein extraction reagent (Pierce). The
lysate was centrifuged at 20,000 g for 10 min, and the protein concentration of the supernatant was
measured with a BCA (bicinchoninic acid) protein assay (Pierce).

Ligand stimulation

After reaching 70-80% confluence, cultured cells were stimulated with EGF, TGF-a, and
HB-EGF for 10 min under nonstarved conditions or serum-starved conditions. The cells were
washed twice with ice-cold PBS(+), and lysed for immunoblotting.

Drug treatment

After reaching 70-80% confluence, cultured cells, were exposed to various concentrations of
gefitinib and stimulated or not stimulated with EGF (100 ng/ml) for 10 min under nonstarved
conditions or serum-starved conditions. The cells were washed twice with ice-cold PBS(+) and
lysed for immunoblotting.

Immunoblot analysis

Immunoblot analysis was performed as described previously (12). Equivalent amounts of protein
were separated by electrophoresis on a SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore, Bedford, MA). The membrane was probed with a mouse
monoclonal antibody against EGFR (Transduction Lab, San Diego, CA), a phospho-EGFR
antibody (specific for Tyr1068), p44/42 mitogen-activated protein kinase (p44/42 MAPK),
phospho-p44/42 MAPK, AKT, phospho-AKT, nuclear factor-kB (NF-«B) inhibitor a (IxB-0.), and
“phospho-IkB-o. antibody (Cell Signaling Technology, Beverly, MA) as the first antibody,
followed by a horseradish peroxidase-conjugated secondary antibody. The bands were visualized
with electrochemiluminescence (ECL, Amersham, Piscataway, NJ), and images of blotted patterns
were analyzed with NIH image software (National Institutes of Health, Bethesda, MD).
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Phosphoprotein assay

A panel of phosphoproteins was measured in duplicate using a bead-based mulitiplex assay
(Bio-Plex phosphoprotein assay, Bio-Rad, Hercules, CA), according to the manufacturer’s
instructions (8, 13). The EGFR-transfected 293 cells and NSCLC cells cultured in the serum-free
medium for 24 h were stimulated by the addition of EGF at a final concentration of 100 ng/ml for
the indicated time intervals. After incubation, the cells were rinsed with ice-cold Cell Wash Buffer
and collected. The lysate was centrifuged at 1,700 g for 20 min. The protein concentration was
calculated with a DC (detergent compatible) protein assay (Bio-Rad). The Bio-Plex assay was
customized to detect and quantify phosphoproteins of EGFR, p44/42 MAPK, activating
transcription factor 2 (ATF-2), c-Jun N-terminal kinase (JNK), p38 mitogen-activated protein
kinase (p38 MAPK), IxB-a, and signal transducer and activator of transcription 3 (STAT-3). The
prepared first antibody with coupled beads was captured under 96-well plates, and samples (17.5
pg each) were incubated overnight at room temperature. Samples were incubated with
biotin-labeled detection antibodies followed by further incubation with the fluorescence-labeled
avidin reporter. The level of phosphoproteins bound to the beads was indicated by the intensity of
the reporter signal. The signal was measured with Bio-Plex Manager software (Bio-Rad)
interfaced with a Bio-Plex Reader (Bio-Rad). In this assay, we used the lysates of untreated HeLa
cells as the background control for all phosphoprotein assays provided by the Bio-Plex
phosphoprotein assay (14). This experiment was repeated in duplicate.

RESULTS
Dimerization and phosphorylation of wild-type EGFR and deletional EGFR

The EGFR expression level in the 293 cells transfected with the empty vector (293(M)), wild-type
EGFR (293(W)), and deletional EGFR (293(D)), in the A549 and PC-9 NSCLC cells, and in the
HelLa cervix epitheloid cancer cells were determined by RT-PCR and immunoblot analysis (Fig.
1). The PCR products were separated into wild-type EGFR (upper band) and deletion mutant
EGFR (lower band) by the different lengths of the sequences. Overexpression of EGFR was
detected in the 293(W) and 293(D) cells. Only a small amount of intrinsically EGFR was detected
in 293(M) cells by RT-PCR. We sequenced exon 19 and 20 of EGFR in HEK293 cells, but no
mutations were detected (data not shown). A high level of EGFR expression was detected in the
PC-9 cells, and a moderate level was detected in the A549 and HeLa cells. The EGFR protein
levels closely matched the mRNA expression levels in all cells.

Dimerization of EGFR, the first step in the EGFR signaling pathway, was examined by chemical
cross-linking. The 293(M), 293(W), and 293(D) cells were treated with EGF (10 ng/m]) for 10 min
under nonstarved conditions (Fig. 24). Cells were incubated with the cross-linking reagent BS°.
Dimerization and phosphorylation of EGFR were determined by immunoblot with anti-EGFR and
anti-phospho EGFR antibodies. Dimerization and expression of EGFR were not detected in the
293(M) cells. Dimerized EGFR with a molecular weight of ~400 kDa was detected in the 293(W)
cells. Increased phosphorylation and dimerization of the deletional EGFR were detected without
EGF stimulation in the 293(D) cells by the chemical cross-linking and immunoblot assay,
respectively. When the cells were stimulated with the EGF ligand (10 ng/ml for 10 min), increased
phospho-EGFR dimers were observed in the 293(W) cells, whereas no response of EGFR to EGF
was observed in the 293(D) cells. We quantified the levels of monomeric and dimerized EGFR in
the 293(W) and 293(D) cells densitometrically under nonstarved conditions (Fig. 24, right). In the
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293(W) cells, the dimer/monomer ratio was increased ~40% by the addition of EGF. Addition of
EGF slightly increased the dimer/monomer ratio (~20%) in the 293(D) cells.

We investigated the dimerization and phosphorylation status of EGFR in the EGFR-transfected
cell lines under serum-starved conditions (Fig. 2B). The transfected cells were exposed by EGF
(10 ng/ml for 10 min) after serum starvation for 24 h. No expression of EGFR dimer or monomer
was detected in the 293(M) cells. Addition of EGF resulted in an increase in dimerized and
phosphorylated EGFR in the 293(W) cells. Dimerization and phosphorylation of the deletional
EGFR were detected in the 293(D) cells in the absence of EGF after serum starvation. Expression
of dimerized EGFR in the 293(D) cells was unchanged by EGF stimulation. These findings
demonstrated that the deletional mutant EGFR was constitutively dimerized and phosphorylated
without any ligand stimulation even under starved conditions and are consistent with the results
under nonstarved conditions (Fig. 24). The ratio of dimerized to monomeric EGFR in 293(W) and
293(D) cells was analyzed densitometrically under serum-starved conditions (Fig. 28, right). The
dimer/monomer ratio in the 293(W) cells was markedly increased (~3 fold) by addition of EGF.
Under unstimulated conditions, the dimer/monomer ratio of the 293(D) cells was higher than that
of the 293(W) cells, and the ratio was unchanged by addition of EGF.

These results suggest that the cells expressing the wild-type of EGFR responded to EGF for their
dimerization and phosphorylation and that the deletion mutant of EGFR was dimerized and
phosphorylated constitutively without any ligand stimulation.

Phosphorylation of EGFR, p44/42 MAPK, and AKT in the EGFR-transfected 293 cells

The p44/42 MAPK and AKT are major downstream targets of EGFR. We examined the
phosphorylation status of p44/42 MAPK and AKT with EGF addition in the transfectants. The
transfected cells were treated with EGF (10 ng/ml) for 10 min under nonstarved conditions (Fig.
34). The phosphorylation levels of EGFR in the 293(D) cells were higher without any ligand
stimulation than that of the 293(W) cells. Phospho-EGFR in the 293(W) cells was increased after
EGF stimulation. These findings are consistent with Fig. 2. Even under unstimulated conditions,
increased phosphorylation of p44/42 MAPK and AKT was observed in the 293(D) cells. In the
293(W) cells, increased phosphorylation of p44/42 MAPK and AKT was observed with the
addition of EGF especially p44/42 MAPK was remarkably phosphorylated. On the other hand, in
the 293(D) cells, phosphorylation of p44/42 MAPK and AKT was not increased with the addition
of EGF. We quantified the phosphorylation levels of p44/42 MAPK and AKT densitometrically in
the transfectants in response to EGF. The addition of EGF increased phosphorylation of p44/42
MAPK in the 293(M) cells (~3.4 fold) and in the 293(W) cells (~2.5 fold) (Fig. 3B), suggesting no
difference in response in regard to p44/42 MAPK to EGF. Increased phosphorylation of AKT in
the 293(M) cells (~2.1 fold) and in the 293(W) cells (~1.3 fold) was observed. By contrast, EGF
decreased the phosphorylation of p44/42 MAPK and AKT in the 293(D) cells ~30% and ~20%
(Fig. 3C). These findings suggest that the p44/42 MAPK and AKT pathways are activated in cells
expressing the deletional EGFR without ligand stimulation.

Next, we examined the dose-dependent response of EGFR status in the transfected cells to the
other ligands, TGF-o, and HB-EGF, after serum starvation (Fig. 4). The hyperphosphorylated
EGFR in the 293(D) cells was unchanged by stimulation with these ligands either. By contrast, a
dose-dependent increase in EGFR phosphorylation was observed in the 293(W) cells in response
to stimulation by TGF-a and HB-EGF. Both HB-EGF and EGF strongly increased EGFR
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phosphorylation in the 293(W) cells compared with TGF-a. We also examined the downstream in
response to these ligands. In the 293(W) cells, increased phosphorylation of p44/42 MAPK and
AKT was observed in response to addition of the ligands (EGF, TGF-a, and HB-EGF). p44/42
MAPK was markedly phosphorylated by the ligands. In the 293(D) cells, addition of ligands
further increased p44/42 MAPK phosphorylation. The AKT phosphorylation in the 293(D) cells
was unchanged by stimulation with these ligands. These findings are consistent with the data in
Fig. 34, and suggest that the p44/42 MAPK and AKT pathways are both activated in cells
constitutively expressing the deletional EGFR.

Effect of gefitinib on phosphorylation of EGFR, p44/42 MAPK, and AKT in the
EGFR-transfected 293 cells

Previously, we demonstrated that 293(D) cells were hypersensitive to EGFR-targeted tyrosine
kinase inhibitors such as gefitinib and ZD6474, as compared with 293(W) cells (6). To examine
the specific action of these tyrosine kinase inhibitors on deletional EGFR signal transduction, we
exposed the 293 transfectants to gefitinib, and its cellular response was examined under
nonstarved conditions with an immunoblot analysis (Fig. 54). In the 293(W) cells,
phosphorylation of p44/42 MAPK was not inhibited by exposure to a low dose of gefitinib (0.01
pM) but phosphorylation of AKT was inhibited by exposure to gefitinib (0.01 pM). In contrast,
exposure to gefitinib decreased phospho-EGFR in the 293(D) cells that are hypersensitive to
gefitinib. Phosphorylation of AKT was completely inhibited by 0.01 uM gefitinib exposure, while
the inhibition of p44/42 MAPK phosphorylation was not remarkable in the 293(D) cells. The
effect of 0.01 pM gefitinib on phosphorylated p44/42 MAPK and AKT in the transfectents
measured densitometrically. p44/42 MAPK phosphorylation in the 293(M) and 293(W) cells was
unaltered by gefitinib exposure for 3 h, but it decreased in the 293(D) cells (~20%) (Fig. 5B).
Gefitinib increased phosphorylation of AKT ~1.3 fold in the 293(M) cells. Gefitinib inhibited
AKT phosphorylation was ~70% in the 293(W) cells, and decreased it ~99% in the 293(D) cells

(Fig. 50). ,

We examined the dose-dependent effect of gefitinib (0.02, 0.2, 2 uM) on EGFR and its
downstream signaling in all of the transfectants under serum-starved conditions. Phosphorylation
of EGFR was not detected in the 293(W) cells under the 24 h serum-starved conditions, and
gefitinib had no effect on it (Fig. 64). Hyperphosphorylation of EGFR was dose dependently
inhibited by gefitinib in the 293(D) cells. p44/42 MAPK and AKT were slightly phosphorylated in
the 293(W) cells, and their degree of phosphorylation was unaltered by exposure to gefitinib. By
contrast, gefitinib dose-dependently decreased phosphorylation of p44/42 MAPK, and AKT in the
293(D) cells. Under EGF stimulation (Fig. 6B), gefitinib dose-dependently decreased
phosphorylation of EGFR, p44/42 MAPK, and AKT in the 293(W) cells. Phosphorylation of
EGFR in the 293(D) cells was completely inhibited by a low concentration of gefitinib (0.02 pM),
and phosphorylation of p44/42 MAPK and AKT was dose-dependently inhibited by gefitinib. A
low concentration of gefitinib inhibited EGFR phosphorylation and its signal in the 293(D) cells
under serum-starved conditions. The phosphorylation of EGFR (and its signal) induced by
EGF-addition in the 293(W) cells was inhibited by gefitinib dose dependently.

These data suggest that gefitinib inhibited the AKT signaling pathway more strongly than the
p44/42 MAPK signaling pathway in the cells expressing the deletional mutant EGFR.
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Response to EGF stimulation in the EGFR-transfected 293 cells

We performed the quantitative phosphoprotein analysis in the 293(W) and 293(D) cells by a
beads-based multiplex assay. Downstream from the reaction, we monitored the phosphorylation
status of p44/42 MAPK, INK, and p38 MAPK. We also examined the phosphorylation status of
ATF-2 that is located downstream of the MAPK pathway, IxB-a that is a member of the AKT
pathway, and STAT-3 that is found downstream of the other signaling pathway. Even under
unstimulated conditions, EGFR was hyperphosphorylated in the 293(D) cells but not in the
293(W) cells (Fig. 74). Increased phosphorylation of EGFR was observed in the 293(W) cells
(~40 fold), but the phosphorylation of EGFR in the 293(W) cells was much lower than that of the
deletional EGFR in the 293(D) cells. IxB-a phosphorylation in the transfected cells was as low as
in the HeLa cells, which was used as a negative control (Fig. 7B8). Under unstimulated conditions,
phosphorylation of p44/42 MAPK was greater in the 293(D) cells than in the 293(W) cells (~3
fold) (Fig. 7C). A large increase in phosphorylation of p44/42 MAPK in response to the addition of
EGF was observed in the 293(W) cells (~15 fold), and a smaller increase was observed in the
293(D) cells (~3.5 fold). These differences in phosphorylated p44/42 MAPK in the 293(W) and
293(D) cells detected in the beads-based multiplex assay are consistent with the result of
immunoblotting (Fig. 4). ATF-2 was phosphorylated in the 293(W) cells (~1.5 fold) and 293(D)
cells (~1.7 fold) by addition of EGF (Fig. 7D). By contrast, the JNK in the 293(W) cells was
phosphorylated by addition of EGF (~2 fold), but not phosphorylated in the 293(D) cells (Fig. 7E).
Phosphorylation of p38 MAPK and STAT-3 was not detected in either type ‘of cell (data not
shown). These findings suggest that the p44/42 MAPK and AKT pathways are both
phosphorylated without any ligand stimulation in the cells expressing the deletional mutant EGFR.

Response to EGF stimulation in PC-9 cells intrinsically expressing deletional EGFR

The hyperphosphorylation and increased dimerization of deletional EGFR has been demonstrated
by ectopic expression of deletional EGFR. To examine whether this phenomenon is also observed
in the lung cancer cells intrinsically expressing deletional EGFR, we monitored the
phosphorylation of EGFR and its related molecules in the PC-9 cells as compared with the A549
cells. The PC-9 cells and A549 cells express the deletional and wild-type EGFR, respectively.
PC-9 cells also express a small amount of wild-type EGFR, and so these cell lines mimic the
293(D) cells. We examined the phosphorylation of EGFR and its downstream signaling molecules
in these cells by immunoblotting (Fig. 84). Increased phosphorylation of EGFR was observed in
the PC-9 cells even under unstimulated conditions, but not in the A549 cells. The addition of EGF
markedly increased the EGFR phosphorylation in the A549 cells compared with the PC-9 cells.
Under unstimulated conditions, p44/42 MAPK, and AKT were more phosphorylated in the PC-9
cells than in the A549 cells. Increased phosphorylation of p44/42 MAPK and AKT was observed
in the A549 cells after addition of EGF, and p44/42 MAPK was markedly phosphorylated. A small
increase in phosphorylation of p44/42 MAPK and AKT was observed in the PC-9 cells in response
to the addition of EGF. The increased phosphorylation of IxB-a in the PC-9 cells was observed
even under unstimulated conditions. The addition of EGF increased the phosphorylation of IxB-o
in the A549 cells but did not alter it in the PC-9 cells. These findings suggest a difference in
reactivity to the EGF stimulation between the A549 and PC-9 cells.

Next, examination was performed by a beads-based mulitiplex assay. Increased phosphorylation
of EGFR was observed in the PC-9 cells, even under unstimulated conditions, but not in the A549
cells (Fig. 8B). These findings are consistent with the results of immunoblotting. EGFR
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phosphorylation was markedly increased in the A549 cells (~100-fold), and to a lesser extent
increased in the PC-9 cells (~1.4-fold). IxB-a was phosphorylated in the PC-9 cells in the absence
of EGF stimulation (Fig. 8C), suggesting that the AKT pathway, including IxB-a, was activated in
the PC-9 cells expressing deletional EGFR, compared with A549 cells. p44/42 MAPK and ATF-2
were phosphorylated without EGF stimulation in the PC-9 cells compared with the A549 cells (Fig.
8D and E). A large increase in phosphorylation of p44/42 MAPK and ATF-2 was observed in the
A549 cells (~13 fold and ~4.3 fold), and a smaller increase was observed in the PC-9 cells
(~3.5-fold and ~1.7-fold). JINK was not phosphorylated in either the A549 or the PC-9 cells.
Phosphorylation of JNK in response to EGF stimulation was detected in the A549 cells (~2.6-fold),
but not in the PC-9 cells (Fig. 8F). No phosphorylation of p38 MAPK and STAT-3 was detected in
either cell line (data not shown). These differences in phosphoproteins in the A549 and PC-9 cells
are consistent with the results of the beads-based multiplex assay in the EGFR-transfected cells

(293(W) and 293(D)) (Fig. 7).

To determine whether there was a significant difference between unstimulated and
EGF-stimulated conditions, a statistical analysis was performed using the ¢ test. There were
significant  differences between increased phospho-EGFR, phospho-p44/42 MAPK,
phospho-ATF-2, and phospho-JNK (P>0.01) in the AS549 cells under unstimulated and
EGF-stimulated conditions. There were also significant differences in the increased
phospho-EGFR, phospho-p44/42 MAPK, phospho-ATF-2, and phospho-IxB-a (£>0.01) in the
PC-9 cells. The fact that phosphorylation of EGFR, p44/42 MAPK, and ATF-2 in the PC-9 cells is
still modulated by EGF stimulation cannot be ignored. This pathway is considered to be
preferentially regulated by wild-type EGFR. ‘

DISCUSSION

Previous studies have demonstrated that mutational EGFR is a major factor against determining
gefitinib sensitivity. We analyzed the characteristics of deletional EGFR with cells expressing
deletional EGFR.

In Fig. 3, phosphorylation of p44/42 MAPK and AKT was increased by EGF in the 293(M) cells,
although the EGFR was not overexpressed in these cells. There is a rich cross-talk among the ErbB
family that regulates the cellular effects mediated by these receptors. However, ErbB-2 (HER2),
ErbB-3 (HER3), and ErbB-4 (HER4) are not expressed, and intrinsic EGFR was weakly expressed
in the 293 cells (15). Activation of p44/42 MAPK and AKT in response to EGF might be mediated
by the intrinsic EGFR. On the other hand, constitutive activation of EGFR and its downstream
pathway is due to the mutant EGFR in the 293(D) cells, suggesting that the mutant EGFR shows a
dominant phenotype.

In Fig. 3, p44/42 MAPK and AKT were activated under unstimulated conditions in the 293(D)
cells. In these transfectants, EGF did not enhance the phosphorylation of p44/42 MAPK and AKT
in contrast to those in the 293(W) cells. The phosphorylation of AKT in these cells seems to be
decreased by the addition of EGF (Fig. 34). It can be speculated that EGF negatively regulated the
activation of mutant EGFR as a feedback mechanism. It is uncertain whether EGF itself negatively
regulates the mutant EGFR. Although the mechanism of this phenomenon remains uncertain, a
feedback mechanism might be postulated as a possible explanation. It was reported that
leucine-rich repeats and immunoglobulin-like domains 1 (LIRG1) is a negative regulator of EGFR
(16) and its transcription was up-regulated by EGF stimulation and caused consequently
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degradation of EGFR. Thus the feedback mechanisms, including that mediated by LIRG1, should
be clarified in the future study.

The 293(D) cells transfected with deletional EGFR were hypersensitive to the growth-inhibitory
effect of EGFR tyrosine kinase inhibitor, including gefitinib (6). AKT phosphorylation was
completely suppressed by 0.01 pM gefitinib in the 293(D) cells (Fig. 5). It is suggested that
deletional EGFR signaling inclines toward the AKT pathways, and this is correlated with cellular
sensitivity to gefitinib. The response to gefitinib in the 293(M) cells cannot be ignored. We
speculate that the difference in cell response to gefitinib may be attributable to cell dependency on
EGFR in the 293(M), 293(W), and 293(D) cells. Since the 293(W) and 293(D) cells seem to be
largely dependent on EGFR, therefore, gefitinib effectively inhibited the AKT phosphorylation in
these cells. Cell growth in 293(M) cells, on the other hand, is regulated by other signaling
pathways. Then the MAPK and AKT pathways did not respond to gefitinib. In addition, the PC-9
cells intrinsically expressing deletional EGFR were also hypersensitive to gefitinib (11, 17), and
the AKT pathway was more sensitively inhibited by gefitinib as compared with p44/42 MAPK
pathway (18). These findings are consistent with the evidence seen in the 293(D) cells. The altered
downstream pathway in the cells expressing other types of mutant EGFR was previously reported.
The L858R and delL747-P753insS were basically unphosphorylated and these mutants were
markedly phosphorylated compared with wild-type EGFR by ligand stimulation (4, 5). Activated
AKT signaling pathways, but not MAPK pathway was observed in the transfectants of L858R and
delL747-P753insS. Taken together, preferential activation of AKT pathway was commonly
observed between these EGFR mutant cells. On the other hand, there were some differences
between delE746-A750, L858R, and delL747-P753insS; constitutive active in delE746-A750 vs.
hyperresponse to ligand stimulation in L858R and dell.747-P753insS. These EGFR mutations
except for T790M are considered to be “gain of function,” although detailed differential function
will be clarified in future studies.

We examined the phosphorylation status of EGFR and its downstream events in PC-9 cells
intrinsically expressing deletional mutant EGFR in addition to the ectopic expression system.
However, the PC-9 cells also express low levels of wild-type of EGFR. It can thus be considered
that these cells mimic the 293(D) cells. In the PC-9 cells, IkB-a is activated. IxB-a binds to NF-xB
and suppresses this function (19). Kapoor reported that NF-xB activating signal from EGFR is
mediated by the PI3-kinase/AKT pathway (20). We used immunoblotting to investigate the
phosphorylation of AKT in the PC-9 cells after EGF stimulation. Increased phosphorylation of
AKT was induced even under unstimulated conditions and considered that the activation (or
phosphorylation) of IkB-o occurred via the AKT pathway machinery. Therefore, the
phosphorylation of IxkB-a is due to the activation of the AKT pathway in the PC-9 cells.

In the PC-9 cells, increased phosphorylation of p44/42 MAPK and ATF-2 (21, 22) was detected
with the addition of EGF. In addition, phosphorylation of IkB-a was also increased by the ligand

stimulation in the PC-9 cells, suggesting that this signaling pathway might be mediated by
wild-type of EGFR.

We demonstrated that deletional EGFR was hyperphosphorylated and dimerized in a steady state
in the 293(D) cells. This mutant is considered to be constitutively active. The activation mutation
in EGFR is consistent with that of the ¢-KIT mutation in GIST that is a target for gleevec (23). The
c-KIT mutations in GIST have also been reported as gain-of-function mutations (24). The role of
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mutant EGFR and its function in transformation activity and carcinogenesis requires clarification
in future studies.

Downstream of the signaling pathway, p44/42 MAPK and AKT pathways are activated in the
293(D) cells, but the AKT pathway was more strongly suppressed by gefitinib. Therefore, the
AKT pathway must interact with cellular hypersensitivity to the EGFR targeted tyrosine kinase
inhibitor in cells expressing deletional mutant EGFR.

In this study, we focused on the short, in-frame deletional mutant (E746_A750del). Now more
than 30 types of mutation have been reported in clinical lung cancer specimens. In the next step,
we will examine the biological function of other types of mutants of EGFR differentially, with the
aim of selecting clinically meaningful mutations.
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Fig. 1
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Figure 1. Expression status of epidermal growth factor receptor (EGFR) The EGFR expression level was determined
by RT-PCR and immunoblot analysis. The RT-PCR products were analyzed with a 2100 Bioanalyzer. The level of EGFR
protein expression was measured by immunoblot with anti-EGFR.

Page 13 of 20
(page number not for citation purposes)



Fig. 2

A 293(M)  203(W) 293(D) 293(V) 293(W) 293(D)
EGF - - + 4+ - - 4+ 4+ -« 4+ + - - 4+ 4+ == + + - - + + 10
Crosslinker - 4+ - 4 - 4 - % -4 - + - + - 4 -4 = + - + - +

Dimer—

220 kDa
Monomer+

Ratio of dimer/monomer

120 kDa

+
EGFR Phospho-EGFR Cross linker + +  + +
Under non-starved condition 293(W) 293(D)
B 293(M)  293(W) 293(D) 293(M)  293(W) 293(D)
EGF -+ -+ - 4+ - + -4+ - + =~ + -+ -4 -+ - + - + 15
Crosslinker - - 4+ 4 - -« 4+ 4+ - - 4+ 4+ - - +4 -~ + 4 - - ++ 5
: ggm
Dimer+ éé
220 kDa 230.5
Monomer+ - &
120kDa - 20
EGF
EGFR Phospho-EGFR Crosslinker + + + +
Under starved condition 293(W) 293(D)

Figure 2. Dimerization and phosphorylation of wild-type EGFR and deletional EGFR. A) The transfected cells were
treated with or without epidermal growth factor (EGF) (10 ng/ml) for 10 min under nonstarved conditions. After two
washes with ice-cold PBS(+), monolayer cells were incubated with the chemical cross-linking reagent BS? in PBS(+) as
described in the Materials and Methods. Equivalent amounts of protein were separated by 2~15% gradient SDS-PAGE and
subjected to immunoblot analysis to detect EGFR and phospho-EGFR. The ratio of dimerized to monomeric EGFR is
shown in the right panel. B) The transfected cells were exposed or unexposed to EGF (10 ng/ml) for 10 min after serum
starvation. Chemical cross-linking and immunoblotting were performed as described above. The ratio of dimerized to
monomeric EGFR is shown in the right panel.
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Fig. 3

>
W

1.5
g‘b@ g%®\ 9‘5@\ S
v vY 2ol
EGF e @
I3 7
Phospho- . .~ 32 / 7
2g  — |
7
Z 7
EGFR - eI .

Phospho-
p44/42 MAPK

EGF - + - + - +
293(M) 293(W) 293(D)

p44/42 MAPK

Phospho- C 's

AKT | c 7
<C

AKT = /
o 10L A
z D w

Under non-starved condition = / / .
= -
o 05 7
g )
2 77
o -

wl a1 77 7

EGF - + - + - +

293(M) 293(W) 293(D)

Figure 3. Phosphorylation of EGFR, p44/42 mitogen-activated protein kinase (MAPK), and AKT in the EGFR-
transfected 293 cells. A) The 293 (M), 293(W), and 293(D) cells were treated with EGF (10 ng/ml) for 10 min under
nonstarved conditions. After two washes with ice-cold PBS(+), monolayer cells were lysed. Equivalent amounts of protein
were separated by 2-15% gradient SDS-PAGE for EGFR or 10-20% for p44/42 MAPK, phospho-p44/42 MAPK, AKT,
and phospho-AKT, and then subjected to immunoblot analysis. B) Histogram of the degree of p44/42 MAPK activation
expressed as phospho-p44/42 MAPK per total p44/42 MAPK. C) Histogram of the degree of AKT activation expressed as
phospho-AKT per total AKT.
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Fig. 4
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Figure 4. Phosphorylation of EGFR, p44/42 MAPK, and AKT by other ligands. The transfected cells were exposed or not
exposed to EGF, TGF-a, and HB-EGF for 10 min under serum-starved conditions. After two washes with ice-cold PBS(+),
monolayer cells were lysed. Equivalent amounts of protein were separated by 2-15% gradient SDS-PAGE for EGFR or

10-20% for p44/42 MAPK, phospho-p44/42 MAPK, AKT, and phospho-AKT, and then subjected to immunoblot analysis.
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