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Fig. 1. Epidermal growth factor receptor (EGFR) ts and their exp (a) Structures of the various EGFR mutants. EGFR-W, wild-type human
EGFR; EGFR-Wt-Tr, kinase domain of EGFR with C-terminal truncation at amino acid 980; EGFR-D, EGFR with a 15-bp deletion from the tyrosine
kinase domain (delE746_A750); EGFR-D7F, 15-bp deletion of EGFR (delE746_A750) and substitution of seven tyrosi idues to phenylalanine (Y992F,
Y1068F, Y1045F Y1068F, Y1086F, Y 1148F, Y1173F); and EGFR-D-Tr, 15-bp deletion of EGFR (delE746_A750) with C-terminal truncation at amino acid 980.
EGFR-WI, EGFR-D, EGFR-D7F, and EGFR-D-Tr contained a myc-tag. EGFR-W-Tr contained a flag-tag. ECD, extraceliular domain; TK, tyrosine kinase; TM,

transmembrane. (b) Stable transfectants were lysed and cell lysates containing equal amounts of protein were immunoblotted
izing the llular domain of EGFR. A band with a molecular weight of =170 kDa was detected in the HEK293AWt, HEK293/D, and HEK293/D7F

with anti-EGFR antibody

cells, and lgbnnd of lower molecular weight was detected in the HEK293/D-Tr and HEK293/Wt-Tr cells. Modk, HEK293/Modk; W, HEK293/Wt WA-Tr, HEK293/

Wit-Tr; D, HEK293/D; D7F, HEK293/D7F; and D-Tr, HEK293/D-Tr.
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EGFR signal transduction. (a) The HEK293/Mock, I p-EGFR Y1068

D-Tr cells were lysed, and the cell lysates were
i bl | with anti-phospho-EGFR (p-EGFR
Y845, Y1068, Y1173), anti-EGFR (recognizing the
extracellular domain), anti-phospho-ERK, anti-ERK,
anti-phospho-Akt, and anti-Akt antibodies. (b) The
HEK293/Wt, HEK293/D, HEK293/DT7F, and HEK293/
D-Tr cells were incubated in 1% serum starve
medium for 12h, followed by treatment with
10 ng/mL epidermal growth factor for 10 min at
37°C. The cell lysates were immunoblotted. Mock,
HEK293/Mock; W, HEK293/Wt; D, HEK293/D; D7F,
HEK293/D7F; and D-Tr, HEK293/D-Tr.

and HEK293/D-Tr cells, as well as the HEK293/Wt and HEK293/
D cells. These results indicate that EGFR lacking the C-terminal
autophosphorylation sites (EGFR-D-Tr and EGFR-D7F) retained
signal transduction ability.

Transfectants with EGFR lacking C-terminal sites
retain their hypersensitivity to EGFR TKL, EGF stimulation increased
the growth of HEK293/Wt cells significantly but did not affect
their sensitivity to AG1478 (data not shown). To examine the role
of the C-terminal region of EGFR in cellular sensitivity to EGFR
TKI, the sensitivity of these transfectants was examined by growth-
inhibition assay (Fig. 3a). HEK293/Wt and HEK293/Wt-Tr cells
with normal EGFR in relation to the kinase domain were relatively
resistant to EGFR TKI, with ICy, values of 3.0 £0.97 and
8.1 £0.99 uM. On the other hand, HEK293/D (0.028 + 0.018 M),
HEK293/DTF (0.047 £ 0.030 uM), and HEK293/D-Tr (0.017 £
0.017 pM) cells were ~100 times more sensitive to AG1478
compared to HER293/Wt cells (Fig. 3a), suggesting that the
cells transfected with EGFR lacking C-terminal phosphorylation
sites retained hypersensitivity to EGFR TKI. There were no
differences in the proliferation rates of these cell lines under
the absence of drug exposure (data not shown).
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To elucidate the effect of EGFR TKI on the EGFR-triggered
signal cascade, the phosphorylation status of EGFR and ERK was
examined in the transfectants treated with AG1478 under the 1%
serum starve medium (Fig. 3b). AG1478 at a concentration of 20 1M
inhibited the phosphorylation of EGFR in HEK293/D cells, but
not in the other cell lines. The increased phosphorylation of ERK
observed in the HEK293/D, HEK293/DTF, and HEK293/D-Tr
cells was inhibited by AG1478 at 20 nM. These results suggest
that signal transduction from C-terminal-truncated EGFR to
downstream molecules allows sensitivity to EGFR TKI to be
retained, just like the deletion mutant of EGFR (delE746_A750).

Endogenous HER families are not involved in the dimerization of
EGFR-D-Tr and EGFR-D7F. We hypothesized that the signals from EGFR
lacking the C-terminal autophosphorylation sites were transduced
through heterodimerization with endogenous EGFR, HER2, or
HER3. No significant endogenous EGFR expression or its phos-

lation was observed in the HEK293/Mock cells (Fig. 4a). Very
low levels of intrinsic HER2 or HER3 expression were defected in the
HEK293 cells, and the expression levels seemed not to be involved
in significant drug sensitivity nor increased signal transduction
(Fig. 4b,c). Therefore, it is not likely that heterodimerization of

CancerSci | 2009 | 3
© 2009 Japanese Cancer Association



E

&
=]

0. HEKZELWA
8, HEKINMO
&, HEKNADTF
& HEWZ9MD-Ty
DO, HEMIEAWAT)

| S|

1008

% of control (0D value)

w0
o
— A

S

0

0.0001 0.001 0.0 0.1 1 0 100
AG1478 (M)
b o+ & s
(b) “\0" & Q S 05
il o, bl 2 T T T e 3L X4
e o . | p-EGFR Y1068

| -—- e e ---I EGFR

| “a & @ |pERK

| e =.=._:=.—-=...._.—|ERK

Fig. 3. Sensitivity of cell growth and downstream epidermal growth factor
receptor (EGFR) signaling to AG1478 in the mutant EGFR transfectants, (3)
The growth-inhibitory effect of AG1478 in HEK293/Wt, HEK293/Wt-Tr,
HEK293/D, HEK293/D7F, and HEK293/D-Tr cells. The seeded cells were
exposed to AG1478 for 72 h and the cellular proliferative activity was
determined by MTT assay, (b) The HEK293/W1, HEK293/D, HEK293/D7F, and
HEK293/D-Tr cells were incubated in 1% serum starve medium for 12 h,
followed by exposure to 20 or 200 nM AG1478 for 3 h at 37°C. The cell
lysates were immunoblotted with anti-phospho-EGFR (p-EGFR Y1068), anti-
EGFR (recognizing the extracellular domain), anti or anti-ERK
antibodies. Mock, HEK293/Mock; Wt, HEK293/Wt; Wt-Tr, HEK293/Wt-Tr; D,
HEK293/D; D7F, HEK293/D7F; D-Tr, HEK293/D-Tr,

EGFR lacking C-terminal auf lation sites with
HER contributes to the signal transduction. It is thus
speculated that homodimerization of EGFR lacking C-terminal
autophosphorylation sites transduces the signals to downstream
molecules. Indeed, the results of the chemical crosslinking assay
revealed clear homodimerized bands in the HEK293/Wt, HEK293/
D, and HEK293/DTF cells (Fig. 5a). In the HEK293/D-Tr cells,
homodimerized bands with lower molecular weights (indicated by
the black arrow) were detected (Fig. 5a) and these dimers were not
phosphorylated (Fig. 5b). Taken together, we speculate that EGFR
lacking C-terminal autophosphorylation sites form homodimers.
Despite a lack of C-terminal ion sites, transfected
cells retain their capacity for EGFR-dependent Shc phosphorylation.
Binding of adaptor proteins to the C-terminal region of EGFR is
essential for EGFR signal transduction. It is widely recognized
that tyrosines 1068 and 1086 are most important for Sos and Grb2
activation; EGFR-DT7F and EGFR-D-Tr lack these tyrosine residues.
Sos and Grb2 were coprecipitated with EGFR in the HEK293/Wt
and HEK293/D cells, but not in the HEK293/D7F or HEK293/D-
Tr cells (Fig. 6a). The bands were confirmed by reblotting of the
membranes used for immunoblotting (data not shown). Another
adaptor protein, She, also binds to the C-terminal region of EGFR,
and phosphorylation of She activates the ERK pathway. An increase
in phosphorylated p46 and p52 Shc was observed in the HEK293/
D, HEK293/D7F, and HEK293/D-Tr cells compared with the
HEK293/Mock and HEK/Wt cells (Fig. 6b). The phosphorylation
of Shc observed in the HEK293/D, HEK293/D7F, and HEK293/D-
Tr cells was completely inhibited by 20 nM AG1478 (Fig. 6¢). These
results suggest that EGFR lacking C-terminal au lation
sites activates She in a C-terminal-independent manner, and that
She-mediated signals may be involved in the hypersensitivity to
EGFR TKI of HEK293 cells expressing EGFR lacking C-terminal
autophosphorylation sites.

Discussion

In the present study, we investigated the relationship between
phosphorylation of tyrosine residues in the C-terminal region of
EGFR and cellular sensitivity to EGFR TKI. Increased phosphory-
lation of She and ERK was observed in HEK293/D7F and HEK203/
D-Tr cells, which expressed EGFR lacking autophosphorylation
sites in the C-terminal region. Previous reports have demonstrated
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Fig. 4. Heterodimerization of
growth factor receptor (EGFR) with
receptors of the HER family in mutant EGFR trans-
fectants. Expression of endog s EGFR and
response to epidermal growth factor stimulation.
HEK293/Modk, HEK293/Wt, HEK293/D, HEK293/DTF,
and HEK293/D-Tr cells were incubated in 1% serum
starve medium for 12 h followed by the addition
of 10 ng/mL epidermal growth factor for 10 min at
37°C. (a) The whole-cell lysates of HEK293/Mock and
HEK293W+ cells containing equal amounts of
were immunoblotted with anti-phospho-EGFR
{p-EGFR Y1068) and anti-EGFR (recognized extra-
cellular domain). (b,c) The lysates were immuno-
with anti-EGFR, anti-HER2, or anti-HER3
antibodies, and immunoblotted with anti-EGFR, anti-
HER2, anti-HER3, or anti-phosphotyrosine antibodies
to detect the dimerization and phosphorylation
of EGFR and endogenous HER2? or HER3. HER2,
HER2-introduced HEK293 cells as a positive control;
HER3, HER3-introduced HEK293 cells as a positive
control.
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Fig. 5. The cells under 1% serum starved medium were allowed to react with
2 mM of the chemical croslinking regent BS, before the crosslinking

was The cell lysates were immunoblotted

epidermal growth factor receptor (EGFR) (recognizing the extracellular
domain) and (b) anti-phosphoEGFR (p-EGFR Y1173) antibodies to detect
the dimerization and phosphorylation of wild-type and mutant EGFR. Black
arrow, EGFR dimer; open arrow, EGFR monomer. Mock, HEK293/Mock;
Wi, HEK293/Wrt; D, HEK 293/D; D7F, HEK293/D7F; D-Tr, HEK293/D-Tr. EGF,
epidermal growth factor,
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that cells ex; EGFR lacking C-terminal autophospholylation
sites retain EGF-induced mitogenic and transforming activity.®*
Our data and these previous reports suggest that there exist other
EGFR signaling pathways besides those mediated by the C-terminal
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tyrosine residues. In addition, these signaling pathways are operative
in the active EGFR mutant (delE746_A750) as well as wild-type
EGFR. The results of our growth-inhibition assay demonstrated
the hypersensitivity of HEK293/D7F and HEK293/D-Tr cells to
EGFR TKI, and lation of ERK and She in these cells
was also inhibited. These results suggest that this EGFR signaling
pathway contributes to tumor cell growth.

We demonstrated the hypersensitivity of the transfectants
(HEK293/D7F and HEK293/D-Tr cells) to AG1478. We previously
reported the hypersensitivity of transfectants ing mutant EGFR
to AG1478 as well as gefitinib, ZD6474, and erlotinib.®**" There-
fore, it can be easily speculated that the HEK293/D7F and HEK293/
D-Tr cells would also be hypersensitive to the clinically available
EGFR TKI and AG1478.

Somatic EGFR mutation in lung cancer has been reported, and
mwwdmmhawbemmﬁ““m LBS8R point
mutation in exon 21 of EGFR is a major point mutation (such as

in delE746_A750) that contributes to EGFR TKI hypersensitivity.™
Interestingly, we constructed cells that overexpressed EGFR-Wt-Tr
and EGFR-D-T¥, and a mutant truncated form of EGFR similar to
EGFR-W1-Tr was previously found in patients with glioblastoma.®"
The mutant was truncated at amino acid 958 of EGFR and the
frequency was relatively high in 7 of 48 patients. Therefore, it would
be of interest to determine in future studies whether this C-terminal-
truncated form of delE746_A750 EGFR, similar to EGFR-D-Tr,
might be identifiable in human materials in the clinical setting.

We attempted to clarify the signaling pathway from the C-
terminal region of EGFR. We observed the phosphorylation of
ERK and She in HEK293/D7F and HEK293/D-Tr cells, and these
phosphorylations were inhibited by exposure to AG1478. These

lations were not observed in HEK293/Mock, HEK293/W1,
or HEK293/Wt-Tr cells. Our results suggest that the constitutively
active mutant EGFR lacking C-terminal autophosphorylation sites
is sufficient for activation of the downstream pathway. However,
it remains unknown how signals are transduced from EGFR without
a C-terminal region to She, as no direct binding of Grb2 or She with
EGFR lacking the C-terminal region was detected in the HEK293/
D7F and HEK293/D-Tr cells (Fig. 6a). We attempted to identify the
mediator molecules binding to EGFR-D-Tr and EGFR-DTF by
mass analysis of immunoprecipitates; however, no clear mediator
molecules were identified. As a possible indirect mechanism,
Sasaoka ef al. postulated that ErtbB2-She signals from EGFR lacking
C-terminal lation sites.® However, we consider this
unlikely from the results of our experiments because no significant
expression of Erb2 was detected in the HER293 cells.

The results of the crosslinking assay demonstrated that a
complex of lower molecular weight was preseat in the HEK293/
D-Tr cells compared with the HER293/Wt cells, indicating
that truncated EGFR forms homodimers in the HEK293/D-Tr
cells. Thus, it can be speculated that homodimerized truncated
EGFR directly transduces signals downstream.

o AT bl s e b
receptor proteins.
The cells were cultured under normal conditions. (a)
The lysates of HEKZ93/MWt, HEK293/D, HEK293/DTF,
and HEK293/D-Tr cells were immunoprecipitated
with anti-myc tag lnM the precipitates were
immunoblotted with anti-son of sevenless homolog
(Sos) and anti-growth factor receptor-bound protein
{Grb) 2 antibodies, (b) Whole-cell lyzates containing
equal amounts of protein were immunoblotted

% 48 with anti-phospho-Src homolegy and collagen
o homaology (She) and anti-She antibodies. (¢) The cells

AGATE

- f-pF-2F-0f-24

incubated in 1% serum starve medium for 12h
were treated with 20 or 200 nM AG1478 for 3 h

e gy -y o

and then the lysates were immunoblotted with anti-

h
FSHE  hospho-She or anti-She antibodies. Mock, HEK293/

"'Qﬂ_--c.-——----_ She

Maock; Wt, HEK293/Wt; D, HEK293/D; D7F, HEK293/
D7F; D-Tr, HEK293/D-Tr. PY, anti-phospho-tyrosine.
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In conclusion, our results indicate that an as-yet-unknown
signaling pathway of EGFR exists that is independent of the
C-terminal region of EGFR, and these regions are not required
for cellular sensitivity to EGFR TKI.
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Epidermal growth factor receptor (EGFR), a member
of the ErbB [amily, is important in the regulation of
growth, differentiation and survival of various cell
types. Ligand binding to EGFR results in receptor
its tyrosine kinase and

dimerization, activation of

phosphorylation of its C-terminal tyrosine residues
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Alterations resulting in enhanced epidermal growth factor receptor (EGFR)
expression or function have been documented in a variety of tumors.
Therefore, EGFR-tyrosine a promising therapeutic target.
Although in virre and in vive studies have shown the anti-tumor activity of
EGFR-tyrosine kinase inhibitors against various tumor types, little is
known about the mechanism by which such inhibitors effect their anti-
tumor action. AGI478 is known to selectively inhibit EGFR-tyrosine
kinase. In this study, we showed that AG1478 caused apoptosis and apop-
tosis-related reactions such as the activation of caspase 3 in human non-
small cell lung cancer cell line PC-9. To investigate the signaling route
by which AG1478 induced apoptosis, we examined the activation of ¢-Jun
N-terminal kinase (JNK) and mitogen-activated protein kinase p38 in
AG1478-treated PC-9 cells. INK, but not p38, was significantly activated
by AG1478 as determined by both immunoblot analysis for levels of phos-
phorylated JNK and an in virro activity assay. Various types of stimuli
activated JNK through phosphorylation by the dual-specificity JNK
kinases, but the dual-specificity JNK kinases MKK4 and MKK7 were not
activated by AGI478 treatment. However, INK phosphatase, i.e. mitogen-
kinase phosphatase-1 (MKP-1), was constitutively
expressed in the PC-9 cells, and its expression level was reduced by
AG1478. The inhibition of JNK activation by ectopic expression of
MKP-1 or a dominant-negative form of INK strongly suppressed AG1478-
induced apoptosis. These results reveal that JNK, which is activated
through the decrease in the MKP-1 level, is critical for EGFR-tyrosine
kinase inhibitor-induced apoptosis.

kinase 1s

activated protein

The tyrosine-phosphorylated motifs of EGFR recruit
various adaptors or signaling molecules [1,2]. EGFR
is able to activate a variety of signaling pathways
through its association with these molecules. The mito-
gen-activited protein kinase (MAPK) pathway leading
to phosphorylation of extracellular signal-regulated

lun N-terminal kinase, MAPK. mitogen-activated




JNE activation is critical for AG1478-induced apoptosls

kinase (ERK) I/2 plays an essential role in EGF-
induced cell growth; and the phosphatidylinosi-
tol 3-kinase (Ptdlns3K) pathway is also important for
cell growth and cell survival. One way by which
PtdIns3K signals cells to survive is by activating pro-
tein kinase PDK1 which in turn phosphorylates Akt

EGFR gene mutations or EGFR gene amplification
is detected in various types of malignancy [1,2]; there-
fore, EGFR-tyrosine kinase is a promising therapeutic
target. Orally active small molecules against EGFR
(e.z. gefitinib and erlotinib) show evident anti-tumor
effects in patients with various cancers, particularly
non-small cell lung cancer (NSCLC) [3-5). Beneficial
responsiveness to  EGFR-targeting  chemicals  in
NSCLC patients is closely associated with EGFR
mutations in the kinase domain [6-8].

The induction of apoptosis has been considered as a
major mechanism for gefitinib-mediated anti-cancer
effects [9,10]. Lung cancer cells harboring mutant EG-
FRs become dependent on them for their survival and,
consequently, undergo apoptosis following inhibition
of EGFR tyrosine kinasc by gefitinib. Gefitinib has
been shown to inhibit cell survival and growth signal-
ing pathways such as the Ras-MAPK pathway and
PtdIns3K/Akt pathway, as a consequence of inactiva-
tion of EGFR [10-13]. The Piudlns3K/Akt pathway is
downregulated in response to gefitinib only in NSCLC
cell lines that are growth-inhibited by gefitinib [14]. So,
it is thought that the PtdIns3K/Akt pathway plays a
critical role in the gefitinib-induced anti-tumor action.
Furthermore, some reports have demonstrated that
blockage of the EGFR activity with gefitinib is able
to cause suppression of a downstream signaling
pathway through Ras-MAPK and/or PrdIns3K/Akt,
and induce apoptosis through activation of the
pro-apoptotic Bel-2 family protein Bad or Bax [9,15),

In mammals, three major groups of MAPK have
been identified [16-18). The c-Jun N-terminal kinase
(JNK), also known as stress-activated MAPK (SAPK),
represents a group of MAPKs that are activated by
treatment of cells with cytokines or by exposure of
cells to a variety of stresses [19-21]. INK activity has
been implicated in both apoptosis and survival signal-
ing and is tightly controlled by both protein kinases
and profein phosphatases [22-24]. Various types of
stimuli activate JNK through phosphorylation by the
dual-specificity kinase MKK4 or MKK7 [18,25]. By
contrast, any types of stimuli can inactivate JNK
through induction of the expression of JINK phospha-
tases, which include dual-specificity (threonine/tyro-
sinc) phosphatases [26-28].

PC-Y cells are gefitinib-sensitive human NSCLC cell
lines with a mutation (delE746-A750) in their EGFR,
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which allows the receptor to be autophosphorylated
independent of EGF. In this study, we investigated the
signaling route by which the EGFR tyrosine kinase
inhibitor AG1478 induces apoptosis in PC-9 cells.
There is a general agreement on the hypothesis that
the inhibition of ERK1/2 MAPK and/or PidIns3K/
Akt growth/survival signaling cascades leads to apop-
tosis of cancer cells. However, there are no studies
addressing the role of JNK in apoptosis induced by
EGFR 1yrosine kinase inhibitors. Here, we demon-
strate that JNK-phosphatase MKP-1 expression is con-
trolled by a signal downstream of EGFR and that if
this signal is abolished by an inhibitor of EGFR tyro-
sine kinase, the decreased MKP-1 activity can result in
JNK activation, leading 1o the induction of apoptosis.

Results

We first examined the effect of AG1478 on the viabil-
ity of human NSCLC cell line PC-9. Treatment of the
cells with AG1478 markedly suppressed the cell viabil-
ity, as determined by the results of a colorimetric assay
(Fig. 1A). Photographic observation of AGI1478-trea-
ted PC-9 cells revealed that AG1478 decreased the per-
centage of adherent cells in a time-dependent manner
(Fig. 1B). When AGI478-treated PC-9 cells were
stained with Hoechst-propidium iodide (PI), cells with
condensed chromatin and fragmented nuclei, which are
characteristic of the nuclear changes in apoptotic cells,
were seen in both adherent and non-adherent cell pop-
ulations (data not shown). To confirm whether this
AG1478-induced cell death resulted from apoptosis,
we examined caspase 3 activity after exposing the cells
to 500 am AGI1478. As shown in Fig. IC, caspase 3
activity was increased in a time-dependent manner. It
thus appears that AG1478 reduced the survival rate of
PC-9 cells by activating the apoptotic pathway.

It is important to know how AG1478 affecled the
survival rate of PC-9 cells, Many studies have shown
that enhanced INK activity may be required for initia-
tion of stress-induced apoptosis [29,30]. To examine
whether INK might be activated by AG1478, we trea-
ted PC-9 cells with AGI478 for various periods
(Fig. 2A). Activation of JNK was measured by
performing an immune complex kinase assay using
bacterially expressed GST-c-Jun as a substrate,
Phosphorylation of c-Jun appeared 1 h after AG1478
addition, with a maximum level at 24 h, We next
determined the phosphorylation of JNK in the pres-
ence of AGI478. PC-9 cells were incubated with
AGI1478 for several periods, and cell lysates were pre-
pared from these cells to determine the phosphorvla-
tion of JNK by immunoblotting (Fig. 2B). AG1478
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intensively stimulated phosphorylation of JNK on its
threonine 183 und tyrosine 185, and their phosphoryla-
tion levels continued to increase for at least 24 h.
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Fig. 1. Induction o apoptosis by AG1478. (A) PCH cells were
seaded nto & 96-well microplata, and treated with AG1478 at vark-
ous concentranons for 48 h. The vabiiity of cells was determined
by congucting WST-8 assays. Tha value of untrestad cells was con-
sidered as 100% wability. The data presenteq are the mean 2 SD
{n = 6). {B) PC9 calls were seeded at a density 3 x 10° calls per
60 mm dish and then teated with 500 ma AG1478. The phase-
contrast photomicrographs were takan 0 (a), 12 (b or 24 h (c) after
mcubation with AG1478. Scale bar, 100 ym. (C) PCO cells were
tregted with 500 ma AG1478 Lysates were prepared at the
indicated tima points after the AG1478 addition and analyzed for
caspase 3 activity by using a fluorometric substrate-based assay.
Each paint is the mean of triphicate samples. and the bar represents
the standard deviation. Similar results were obtamed fiom three
Separale sxpanments.

A AG1478 - 1 3 6 12 24 h
Phospho-c-Jun —>- e —
B AGi1478 - 1 3 6 12 24 h

Presproutic > L

T — e — —

s O S - - — —

3 6 12 24 h

c AG1478 - 1
Phospho-p38 >

Fig. 2. JNK activation by AG1478. PC-9 calls ware treated with
500 nm AG1478 and lysad on ice a1 the indicated time points. (Al
JNK—c-Jun complexes were collected by glutathione Suansterase—
c-Jun agarose beads and then assayed in witro for kinase activity by
using c-Jun as & substrate. The phospho-c-Jun product was

by imm g (B) The cell lysates weie normabized
for protein content and analyzed for phospho-JNK cantent (uppar),
as well as for JNK content {lower) (C) The cell lysates were ana-
lyzed tor phospho-p38 content (upper panel), as wel as for p38
flower) Similar results were obtaned from thies separats exper-
ments

However, the activation of p38, another MAFP kinase
sub-family member, was not evident up to 12 h after
AG1478 treatment; although an increase in the phos-
phorylation of p38 was detected at 24 h (Fig. 2C).
Phosphorylation of ERK1/2, prototypical MAPK, was
decreased by the treatment with AGI478 at the same
time as activation of JNK (data not shown).

Neither SB203580 nor PD98059, inhibitors of p38
and ERKI1/2, respectively, affected AG1478-induced
apoptosis in PC-9 cells (data not shown), suggesting
that neither p38 nor ERKI1/2 mainly transmit the
apoptotic signal of AGI478 in the PC.9 cells. If INK
plays an important role in AG1478-induced apoplosis,
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inactivation of JNK should suppress this AGI478-
induced apoptosis. To test this scenario, we stably
transfected PC-9 cells with @ mammalian expression
vector encoding a dominant-negative form of JNK,
and isolated two clones, J12AS and 112B6. The results
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Fig. 3. Expression of dominant-negative JNE prevenis AG1478-
induced apoptosis (Al Subconfluent PC-9 and J12A5 cells were
ncubated with 500 ny AG1478 for the indicated times. JNK activity
was determined as desctibed in Expernmental Procedures, (B)
PC-9, J12A5 and J12B6 cells were incubated with the indicatea
concentraions of AG1478 for 48 h. The wiability of cells was derer-
mined by conductng WST-8 assays. The reading obtained for
untreated cells was considered as 100% viability. The data pe-
sented are the mean £ 5D {n = 6). (C) Phase-contiast photomicro-
grsphs were taken 24 h after incubation with 500 nm AG1478
Scale bar, 100 prm. (D) PC-8 and J12A5 cells were treated with
500 nm AG1478. Lysates were prepared at the indicsled time
points after the AG1478 addition and analyzed for caspase 3 activ-
ity by using a fluoromaetric substrate-based assay. Each point is the
mean of the tnplicate samples, and the bar represents the standard
dewiation. Similar results were abtained from thres separate expen-
ments.

of a INK kinase assay confirmed that J12AS cells had
no detectable activity (Fig. 3A). A colorimetric assay
for cell viability, microscopic observation of cells, and
an assay for caspase 3 activity revealed that this
dominant-negative kinase efficiently blocked AG1478-
induced apoptosis (Fig. 3B-D), indicating that activa-
tion of INK mediated the AG1478-induced apoptosis.

A multitude of stimuli including osmotic stress acti-
vate JNK through phosphorylation of the JNK kinases
MKK4 and MKK7 [18,31]. To examine the mecha-
nism by which AG1478 induced JNK activation, we
incubated PC-9 cells in the presence of AGI478 for
several periods, and then prepared cell lysates from
these cells to determine the phosphorylation of MKK4
and MKK7 by immunoblotting (Fig. 4A). No phos-
phorylated MKK4 or MKK7 was observed in the
presence of AGI478, although phosphorylation of
both JNK kinases in response to osmotic stress could
be detected. Next, we determined the effect of AG1478
on the levels of MAPK phosphatases MKP-1 and
MKP-2. As shown in Fig. 4B, AG1478 decreased the
expression of the MKP-1 protein. As for the MKP-2
protein, however, AGI478 did not affect its expression
level.

To check the role of MKP-1 as an anti-apoptotic
signal molecule, we constitutively expressed MKP-1 in
PC-9 cells. The cells were transfected with a vector
directing the expression of MKP-1; and two clones,
MI1A4 and MI1B2, were isolated as cell lines over-
expressing MKP-1 (Fig. 5A). Using PC-9 and M1A4
cells, we examined the effect of AGI478 on the
amounts of dually phosphorylated INK (Fig. 5B). In
PC-9 cells, AG1478 treatment decreased the expression
of the MKP-1 protein and concomitantly stimulated
the phosphorylation of JINK. However, the expression
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Fig. 4. Effect of AG1478 on phosphorylation of MKK4 and MKK7?
and expression of MKP-1 and MKP-2. A, PC-8 celis were treated
with 500 nm AG1478 for the indicated periods, and cellular lysates
were anatyzed by SDS/PAGE and immuncblotting with snti-{phos-
pho SEK1/MEK4 (Ser254/The261)) lg and anti-lphospho MKKY
(Ser271/The275)] 1, respectively (upper). o=Tubulin levels were
examined as a control foi aqual loading llower). As & contral for
MKK4 ang MKK? activation, pafallel cultures ware treated with
0.5 M sorbitol for 30 min or with 0.5 M sodium chioride for 15 min,
IB} The cellular lysates wete prepared at the indicated hme points
alter AG1478 weatment. Total protein (40 pgl was subjected 1o
immunobloting. and the mambranes were hybndized with snt-
bodies against MKP-1 (upper) or MKP-2 {micalel. The egual loading
of the samples was chacked by using an sntibody sgainst a-tubulin
(lower). The expsiments corresponding to (A} and (B) were
repaated three times with similat results

level of MKP-1 in M1A4 cells remained high, in con-
trast to that in PC-9 cells; although MKP-1 expression
was lowered once at 3 h after AGI478 treatment. JNK
phosphorylation was extremely low in M1A4 cells. The
expression patterns of MKP-1 and phospho-JNK seen
in M1A4 were also abserved in M1B2 cells (data not
shown). The results of the JNK kinase assay indicated
that JNK was not activated in M1A4 cells, where the
MKP-1 expression level remained high even afier
exposure 1o AG1478 (Fig. 5C).

We next tested whether the expression level of
MKP-1 correlated with sensitivity to AG1478. As
shown in Fig. 6A,B, overexpression of MKP-1 resulted
in resistance 1o AGI478, We also examined whether
AG1478 could activate the effector caspase 3 in M1A4
cells (Fig. 6C). In PC-9 cells, activation of caspase 3
was observed with a maximal increase (480%) at 24 h
after AG1478 treatment; however, in M1A4 cells, only
a slight increase in caspase 3 enzyme activity (28%
and 39% at 12 and 24 h, respectively) was detected.
These results show that the MKP-1 expression level
correlated with the susceptibility to AGI478-induced
apoplosis.
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Fig. 5. Expression of MKP.1 prevents JNK activation. (A) Cellutar
lysates were mepaed from parent PC-9 calls and pcMKP1- ans-
fected PC-9 cells (M14A4 and M1B2). The lysates were snalyzed by
SDS/PAGE and immunobloting with specific antibody against
MEP-1 (upper) or o-tubulin {lowed). (B) Subconfluant PC-8 and
M1A4 ceils were incubated with 600 nm AG1478 for the indicated
times. The cells wete then harvasted, and egual aliquets of protein
extracts (40 pg per lane) were analyzed for phaspho-JNK (upper)
and MKEP-1 (lower) by immunablotting, Each membrane was rep-
robad with JNK (upper) or an a-ubulin antibody (lower). Similar
results were obtaned from three separate axperiments. (C) Call
lysates were praparad from PC-9 and M1A4 cells at the ndicated
tirne points after tresmment with 500 n AG1478. JNK actvity was
datermined as described in Expermental proceduies. The expei-
mants were repeated thiee times with similar results

Discussion

Gefitinib, an EGFR-tyrosine kinase ihibitor, has been
reported to inhibit cell survival and proliferation signal-
ing pathways such us MAPK and PtdIns3K/Akt path-
ways [10-13). Furthermore, some repoerts have shown
that gefitinib reduces Akt activity only in NSCLC cell
lines, in which it inhibits growth [14,32]. The ErbB fam-
ily of receptor tyrosine kinases includes four members,
namely, the EGFR (ErbBl1), ErbB2, ErbB3 und ErbB4.
Among these members, ErbB3 effectively couples to
the Ptdlns3K/Akt pathway. Therefore, it is likely that
ErbB3 serves to couple EGFR to the PtdIns3K/Akt
pathway and that ErbB3 expression serves as an effec-
tive predictor of sensitivity to gefitinib in NSCLC cell
lines [14]. In this study, we used PC-9 cells, which are
gefitinib-sensitive human NSCLC cells with a mutation
{delE746-A750) in their EGFR. In these PC-9 cells,
autophosphorylation of EGFR took place independent
of EGF, and it was suppressed by AGI478, Because
AG 1478 inhibited the phosphorylation of multiple
down-stream targets including ERK1/2 in the PC-9
cells, but its effect on Akt phosphorylation was not so
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Fig. 6. Expression of MKP-1 prevents AG1478-nduced apoptosis.
A, PC-9, M1A4, and M1B2 cells were incubated with the Indicated
concentrations of AG1478 for 48 h. Tha vability of cells was deter-
mined by conducting WST-8 assays The reading obtained for
untreated cells was considersd as 100% wviability, The data pre-
santed are the mean £ SO (n = B). (B) Phase-contrast photomicro-
araphs were taken 12 and 24 h after incubation with 500 nM
AG1478. Scala bar, 100 pm. (C) PC-9 and M1A4 cells were reated
with 500 nM AG14/8. Lysatas were prepared at the indicated time
points after the AG1478 addition and analyzed for caspase 3 activ-
ity by using a flumomamc substrate-based assay. Each point is the
mean of the viplicate samples, and the bat represents the standard
deviation. Similar 1esults wete obtained fram three separate experi-
ments
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significant (K. Takeuchi & F. Ito, unpublished data),
intracellular signaling pathways other than PtdIns3K/
Akt could be responsible for the AGI1478-induced
apoptosis in PC-9 cells.

Stress stimuli that induce apoptosis, including
UV- and y-irradiation, heat shock, protein synthesis
inhibitors, DNA-damaging agents and the proinflam-
matory cytokines, are potent activators of JNK.
Several anti-neoplastic agents such as cisplatin, etopo-
side, camptothecin and taxol, which are also strong
inducers of apoptosis, also activate the JNK pathway
[33). In this study, we found that AG1478 induced the
activation of JNK in PC-9 cells. Furthermore, a
dominant-negative form of JNK efficiently blocked
AG1478-induced apoptosis. It thus appears that
EGFR-tyrosine kinase inhibitors induce apoptosis in
PC-9 cells via activation of JNK.

ERK1 and ERK2, also known as pd4 and p42
MAPK, respectively, represent the prototypical MAPK
in mammalian cells. ERK MAP kinase catalytic acti-
vation was observed in PC-9 cells, and it was inhibited
by AGI1478. Increased phosphorylation of the other
MAPK lamily member, p38, was also observed at 24 h
after AGI478 treatment; but it was not observed at
12 h when apoptosis could be detected (FFigs 1A and
2C). Owr experiment indicated that neither SB203580
nor PD98059, inhibitors of p38 and ERK1/2, respec-
fively, affected AG1478-induced apoptosis in PC-9
cells. Taken together, our data indicate that JNK, but
not other MAPK family members such as p38 and
ERK1/2, mainly transmits the apoplotic signal of
AGI1478 in the PC-9 cells.

INK signaling can regulate apoptosis both positively
and negatively, depending on the cell type, cellular
context and the nature and dose of treatment [22,23],
Strong and sustained JNK activation is predominantly
associated with induction or enhancement of apopto-
sis, whereas transient JNK activation can result in cell
survival [23,24]. AG1478 induced strong und sustained
INK activation in PC-9 cells (Fig. 2A,B). This finding
strengthens the possibility that JNK is a mediator of
the apoptotic action of AGI478.

JNK activity in cells is tightly controlled by both
protein kinases such as MKK4 or MKK7 and protein
phosphatases such as MKPs. MKP-1, the first member
of the MKP family to be identified as an ERK-specific
phosphatase, is also able 1o inactivate JNK and p38
[34-38]. MKP-1 is an immediate-carly gene whose
expression is regulated by mitogenic, inflammatory
and DNA-damagmg stimuli [39-41). In this study,
we observed no activation of MKK4 or MKK7 in
AGl4784reated PC-9 cells (Fig. 4A). However, the
expression level of MKP-1, but not that of MKP-2,

FEBS Jouma (2008) © 2008 The Authors Journal comodation © 2009 FEBS



K Takeuch ef &

was significantly decreased by the AGI478 treaiment
(Fig. 4B), indicating that JNK activity in the PC-9
cells may be regulated by MKP-1. Another member of
the dual-phosphatase family of proteins, MKP-2 shows
a 60% sequence homology 10 MKP-1, and also similar
substrate specificity [42]. However, the expression level
of MKP-2 was not affected by AGI478 treatment,
indicating that the expression of MKP-1, but not that
of MKP-2, is controlled by signals via EGFRs.

Brondello et al. reported that activation of the ERK
cascade is sufficient to promote the expression of
MKP-1 and MKP-2 [43]. It has also been suggested
that MKP-1 expression is regulated by ERK-dependent
and -independent signals [44]. Because the ERK inhibi-
tor PD98059 did not affect MKP-1 expression or acti-
vation of JNK in PC-9 cells (K. Takeuchi & F. Ito,
unpublished data), MPK-1 expression in PC-9 cells
may be controlled in an ERK-independent manner.
Recently, Ryser er al. reported that MKP-1 transcrip-
tion is regulated in the transcriptional elongation step:
under basal conditions, a strong block to elongation in
the first exon regulates MKP-1 gene transcription [45].
Thus, EGFR-mediated signals may overcome this
block to stimulate MKP-1 gene transcription in PC-9
cells. Another possible mechanism responsible for
EGFR-mediated enhancement of MKP-1 expression is
that MKP-| degradation via the ubiquitin-proteasome
pathway is suppressed by EGFR activation. In fact,
some research groups have reported that the expression
level of MKP-1 is controlled via the ubiquitin-protea-
some pathway [46,47]. Our preliminary experiment also
indicated that AG1478-induced MKP-1 degrudation
was suppressed in the presence of proteasome inhibitors
such as MG-132 and ALLN (K. Takeuchi & F. lto,
unpublished data).

Gene disruption studies demonstrate that JNK is
required for the release of mitochondrial proapoptotic
molecules (including cytochrome ¢) and apoptosis in
response to UV radiation [48]. Bax and Bak (members
of the proapoptotic group of multidomain Bel-2-related
proteins) are essential for the JNK-stimulated release of
cytochrome ¢ and apoptosis [49). Other studies have
shown that 14-3-3 proteins are direct targets of JNK
and that phosphorylation of 14-3-3 proteins by JNK
results in dissociation of Bax from 14-3-3 proteins,
leading to apoptosis [50]. Because translocation of Bax
to mitochondria was observed in AG1478-treated PC-9
cells (K. Takeuchi & F. Ito, unpublished data), AG1478
may exert its apoptotic actions, at least in part, by pro-
moting the translocation of Bax to mitochondria.

Some reports have shown that the activation of the
Fas/FasL system may be one of the mechanisms
responsible for drug-induced apoptosis in a variety of
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cancer cells of different histotype [51). Chang er al.
recently reported that an increase in Fas protein
expression might be the molecular mechanism by
which gefitinib induces apoplosis in lung cancer cell
lines [52]. Furthermore, it has been reported that
c-Jun-dependent FasL expression plays a critical role
in the induction of apoptosis by genotoxic agents [53].
To understand the causal relationship between JNK
activation and AGI478-induced apoptosis, we need to
study whether AG1478 induces the expression of Fas
or FasL in PC-9 cells.

Overexpression of MKP-1 inhibited the AGI478-
induced JNK activation and also AG1478-induced
apoptosis. These results indicate that there is a link
between the decreased MKP-1 activity and AG1478.
induced apoptosis: MKP-1 expression is controlled by
signals downstream of EGFR, and it is downregulated
in the presence of an inhibitor of EGFR tyrosine
kinase. This downregulation could be followed by
INK activation, triggering the apoptosis pathway.

Understanding the molecular basis of responsiveness
to gefitinib is important to identify patients who will
have a positive response to this drug. The EGFR gene
in tumors from patients with gefitinib-responsive lung
cancer was recently examined for mutations, and clus-
tering of mutations was detected in the part of the
gene encoding the ATP-binding pocket. Screening for
such mutations may identify patients who will have a
positive response 1o the drug. However, this study
showed that NSCLC cell line PC-9 was dependent on
the MKP-1/INK pathway for its growth and survival,
Thus, sensitivity to gefitinib may be predicted from the
detailed analysis of the MKP-1/INK pathway as
described in this study. Although the MKP-1 level in
normal cells is low, an increased level of MKP-1 has
been found in human ovaran, breast, and prostate
cancer [54-56]. Our results suggest that MKP-1 may
be a candidate drug target in order to optimize
gefitinib-based therapeutic protocols.

Experimental procedures

Materials

EGF (ultra-pure) from mouse submaxillary glands was pur-
chased from Toyobo Co., Lid (Osaka, Jupan). Fetul calf
serum came from Gibeo (Grund Island, NY, USA). Phenyl-
methavesulfonyl fluoride, pepstatin A, aproumin  and
leupeptin were obtained from Sigma (St Louis, MO, USA).
RPMI-1640 medium was from Nissut Pharmaceutical Co
Ltd (Tokyo, Japan). Antibodies used and their sources were:
ERK1/2 (pT202/pY204) phospho-speafic antibody (clone
20A), JINKipT183/pY185) phospho-specific  untibody
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(clone 41), p38 MAPK (pT180/pY 182) phospho-specific anti-
body (clone 36), p3fa antibody (clone 27), MK P2 antibody
(clone 48) and pan-JNK/SAPKI antibody (clone 37), from
BD Transduction Laboratones (San Jose, CA, USA), MKP-1
antibody (C-19), from Santa Cruz Biotechnology (Sunta
Cruz, CA, USA); a-tubulin antibody (clone B-5-1-2) and
MAP kinase antibody, lrom Sigma; phospho-SEK I/MKK4
(Ser254/Thr261) antibody and phospho-MKK7 (Ser271/
Thr275) antibody, from Cell Signaling Technology (Danvers,
MA, USA); swine horseradish peroxidase (HRP)-linked anti-
rubbit 1g, from DAKO (Glostrup, Denmark); and sheep
HRP-linked anti-mouse Ig, from GE Healthcare UK Ltd
(Amersham, UK). Plasoud pcMKP1 was generated {rom
Homo sapiens dual-specificity phosphatase | ¢DNA, MGC
clone (ID 4794895) purchased from lnvitrogen (Carlsbud,
CA. USA). The MGC clone had been cloned into pBlu-
scriptR. This clone was digested with Aval, treated with T4
DNA polymerase, ligated to the pcDNA 3.1 mammalian
expression vector (Invitrogen) prepured by digestion with
EcoRV und treated with calf intestinal phosphatase to
produce pcMKP!. Plasmid DNA was prepared by standard
techniques (Chagen Plasmid Midi Kit). pBabePuro, a puromy-
cin-resistant vector, was kindly provided by K. Shuai (UCLA,
USA). pcDL-SRa296INK2(VPF), a dominant-negative INK
expression vector, was kindly donaled by E. Nishida (Kyoto
University, Japan).

Cell culture and transfection

Human non-small cell lung cancer cell line PC-9 was
cultured to  subconfluence in RPMI-1640 medium
supplemented with 5% fetal calf serum and used for all of
the experiments. PC-9 cells were plited 24 h before
transfection and co-transfected with 8.5 pg of pcDL-SRax
296JNK2(VPF) or pcMKP-1 and 1.5 pg of pBabePuro by
using the Lipofectamine reagent, and the transfected cells
were selected by exposure to 2.5 mg of puromyein (Sigma)
per mL of medium for 3 weeks. Empty vector and pBabeP-
uro were used for co-transfection as a negative control. The
expression of JNK protein and MKP-1 protein were
verified by immunoblot analysis using anti-(pan-JNK/
SAPK1 ual64-413) and antu-(MKP-1) (Sanma Cruz Biotech-
nology), respectively.

Determination of cell viability

The anti-prohiferative effect of AG1478 on PC-9 cells was
assessed by using ¢ Cell Counting Kit-8 (DOJIN, Kumam-
oto, Japan) according to the manufacturer's instructions.
The Cell Counting Kit-8 is a colorimetric method in which
the intensity of the dye is proportional to the number of
the viable cells. Briefly. 200 uL of a suspension of PC-9
cells was seeded into each well of a 96-well plate at a den-
sity of 2000 cellswell . After 48 h. the culture medium was
replaced with 100 pL of AGI1478 solution st various con-
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centrations. After incubation for 48 h at 37 °C, 10 pL of
WST-8 solution was added to cach well, and the cells were
mcubated for a further 40 min at 37 °C. Ays was measured
using 3 Bio-Rad microplate reader model 5530, Each experi-
ment was performed by using six replicate wells for each
drug concentration and was carried out independently three
times.

Preparation of cellular lysates and
immunoblotting

Preparation of cellular lysates and immunoblotting were
performed as described previously [57). Briefly, cells were
lysed with buffer A (20 mm Tris/HCL, pH 7.4, containing
137 mm NaCl, 2 mMm EGTA, 5 mm EDTA, 1% Nonidet
P-40. 1% Triton X-100. 100 pgmL ™" phenylmethunesul-
fonyl fluonde, | pgmL -1 pepstatin A, | pgmlL ™! p-toluene-
sulfonyl-L-arginine methyl ester, 2 pgmL ™" leupeptin, | mM
sodium orthovanadate, 50 mm sodium fluoride and 30 mm
NayP;04). Lysates were then incubated on ice for 30 min,
and the insoluble material was cleared by centrifugation,
Samples were normalized for protein content and separated
by SDS/PAGE, after which they were transferred to an
Immobiloo-P membrane (Millipore, Bedlord, MA, USA)
for immunoblotting with antibodies.

Caspase 3 activity assay

Caspase activity was assayed as described previously |57).
Briefly, cells were lysed with buffer A, and the protein con-
centration in each sample was adjusted to 100 pg-50 pL '
of buffer A. Fifty microliters of 2x Reaction Buffer (0.2 m
Hepes/NaOH, pH 74, containing 20% sucrose, 0.2%
Chaps and | mm dithiothreitol) was added to each sample,
which was then incubated with Z-DEVD-AFC substrate
(50 pM final concentration) at 37 °C for 1 h. The samples
were read in a fluorometer (VersaFluor; Bio-Rad) equipped
with a 340-380 nm excitation filter (EX 360/40) and 505-
515 nm emission filter (EM 510/10).

JNK assay

PC-9 cells were cultured in RPMI-1640 supplemented with
5% fetal call serum at a density of 6.0 x 10° per 100 mm
dish for 2days and then assayed for INK activity. JNK
assuys were performed by using a SAPK/INK Assay kit
(Cell Signuling Technology) according to the manufac-
turer's specifications. Tn brief, after various times of treat-
ment with AG1478, adherem cells and floating cells were
harvested by centnfugation and washed once in NaCl/P,
Subsequently, the cells were lysed with lysis buffer (consist-
ing of 20 mm Tris/HCL pH 7.4, containing 150 msM NaCl,
I mm EDTA, | mm EGTA. 1% Tnton X-100, 2.5 mm
NayP:05, | mm feglveerophosphate, | mm NagVO,, | om
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deltamethrin, 180 oM nodularin, 100 pgmL ™ phenyl-
methanesulfonyl fluoride, 25 ygmL ™" aprotinin, 25 pgmL "'
leupeptin and 25 pgmlL ' pepstatin), and scraped into
microcentrifuge tubes. Extracts were prepared by sonicating
each sample on ice (BRANSON SONIFIER 250, Danbury,
CT, USA). and insoluble matenal was removed by micro-
centrifugation. Soluble [ractions were mixed with 2 pg glu-
tathione S-transferase—c-Jun (1-89) agarose beads (Cell
Signaling Technology) and rotated overnight at 4 °C
JNK-¢-Jun complexes were collecied and washed with lysis
buffer followed by kinase buffer, consisting of 25 mM
Tris/HCl, pH 7.5, 5 mm p-glycerophosphate, 2 mm Cle-
land’s reagent, 0.1 mM Na;VO; and 10 mm MgCly The
in virro kinase reaction was initiated by the addition of
kinase buffer contnining 100 pM ATP, samples were incu-
bated at 30 °C for 45 min, and reactions were terminated
by the addition of SDS sample buffer and heating to 95 °C
for 5 min. Phosphorylated c-Jun was detected by western
blotting using a phospho-specific c-Jun antibody (Cell Sig-
naling Technology).

Hoechst- Pl staining

For the study of nuclear morphologic changes mduced by
AG1478, PC9 cells were seeded on coverslips, grown to
sub-confluence, and treated with AGI478 for the desired
times. After fixation with formalin solution, the cells were
stained with 10 pyM Hoechst33342 and 10 pm P1in 5% [etal
call serum/RPMI. Coverslips were mounted on slides by
using Dakocytomation Fluorescent Mounting Medium
(DPAKO) and observed under a fuorescence microscope
{Axioskop: Carl Zeiss, Jena, Germany ).
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Cancer Therapy: Preclinical

Addition of S-1 to the Epidermal Growth Factor Receptor Inhibitor
Gefitinib Overcomes Gefitinib Resistance in Non-small cell Lung
Cancer Cell Lines with MET Ampilification

Tokafumi Okabe,"*® lsamu Okamoto,' Sayaka Tsukioka,” Junji Uchida,” Erina Hatashita,' Yuki Yamada,’
Takeshi Yoshida,' Kazuto Nishio,2 Masahiro Fukuoka,® Pasi A. Janne,*5® and Kazuhiko Nakagawa'

Abstract Purpose: Most non -small cell lung cancer (NSCLC) tumors with activating mutations in

the epidermal growth factor receptor (EGFR) are initially responsive to EGFR tyrosine kinase
inhibitors (EGFR-TKI) such as gefitinib and erlotinib, but they almost invariably develop resistance
to these drugs. A secondary mutation in EGFR (T790M) and amplification of the MET proto-
oncogene have been identified as mechanisms of such acquired resistance to EGFR-TKIs.
We have now investigated whaether addition of the oral fluoropyrimidine derivative S-1 to gefitinib
might overcome gefitinib resistance in NSCLC cell lines.

Experimental Design: The effects of gefitinib on EGFR signaling and on the expression both
of thymidylate synthase and of the transcription factor E2F-1in gefitinib-resistant NSCLC cells
were examined by immunoblot analysis. The effects of S-1 (or 6-fluorouracil) and gefitinib on
the growth of NSCLC cells were examined in vitro as well as in nude mice.

Results: Gefitinib induced down-regulation of thymidylate synthase and E2F-1 in gefitinib-
resistant NSCLC cells with MET amplification but not in those harboring the T790M mutation of
EGFR. The combination of 5-flucrouracil and gefitinib synergistically inhibited the proliferation of
cells with MET amplification, but not that of those with the T790M mutation of EGFR, in vitro.
Similarly, the combination of $-1 and gefitinib synergistically inhibited the growth only of NSCLC
xenografts with MET amplification.

Conclusions: Our results suggest that the addition of $-1to EGFR-TKIs is a promising strategy to
overcome EGFR-TKI resistance in NSCLC with MET amplification.

The epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase that is abnormally amplified or activated in 2
variety of tumors, incuding non-small cell lung cancer
(NSCLC; refs. 1-3), and it has therefore been identified as an
important target in cancer treatment. Two inhibitors of the
tyrosine kinase activity of EGFR (EGFR-TKI), gefitinib and
erlotinib, both of which compete with ATP for binding to the
tyrosine kinase pocket of the receptor, have been extensively
studied in patients with NSCLC (4-7). Somatic mutations in
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the kinase domain of EGFR are associated with the response to
EGFR-TKIs in a subset of NSCLC patients (8~ 15). Deletions in
exon 19 of the EGFR gene (EGFR) and replacement of leucine
with arginine at codon 858 (L858R) account for ~ 90% of these
mutations (16-18). Despite the benefits of gefitinib and
erlotinib in treatment of NSCLC associated with EGFR muta-
tions, most, if not all, patients ultimately develop resistance to
these drugs. In ~ 50% of these individuals, acquired resistance
is associated with a secondary mutation, T790M, in EGFR
(19-21). A recent study further suggested that -20% of
patients who become resistant to gefitinib do so as a result
of acquired amplification of the proto-oncogene MET (22).
The identification of strategies or agents capable of overcom-
ing acquired resistance to ECFR-TKls is thus an important
clinical goal.

§-1 is an oral fluoropyrimidine derivative consisting of
tegafur (FT) and two modulators, 5-chloro-2,4-dihydroxypyr-
idine (gimeracil, CDHP) and potassium oxonate (oteracil,
oxo), in a molar ratio of 1:0.4:1 (23, 24). $-1 is currently under
evaluation for the treatment of NSCLC both as a single agent
and in combination with other drugs (25-27). We have
recently shown that combined treatment with §-1 and gefitinib
has a synergistic antiproliferative effect on NSCLC cells regard-
less of the absence or presence of EGFR mutations (28). The
gefitinib-induced down-regulation of thymidylate synthase
(TS), likely mediated by down-regulation of the transcription
factor E2F-1, was implicated in the synergistic antitumor effect

Clin Cancer Res 2009;15(3) February 1, 2009
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Translational Relevance

Most non —small cell lung cancer (NSCLC) tumors
with activating mutations in the epidermal growth factor
receptor (EGFR) are initially responsive to EGFR tyrosine
kinase inhibitors (EGFR-TKI) such as gefitinib and erotinib,
but they almost invariably develop resistance to these
drugs. S-1is an oral fluoropyrimidine derivative that
has exhibited marked antitumor activity in recent clinical tri-
als including patients with NSCLC. We have investigated
whether the addition of S-1 to gefitinib might overcome
gefitinib resistance in NSCLC cells. Gefitinib induced
down-regulation of both thymidylate synthase and the
transcription factor E2F-1 in gefitinib-resistant NSCLC
cells with MET amplification but not in those harboring
the T790M mutation of EGFR. The combination of -1 and
gefitinib exerted a synergistic antitumor effect only in
gefitinib-resistant cells with MET amplification both in vitro

and in vive. Our preclinical findings indicate that the
addition of S-1to EGFR-TKIs is a promising strategy to
overcome EGFR-TKI resistance.

of combined treatment with this EGFR-TKI and 5-1. We have
now examined whether treatment with gefitinib induces down-
regulation of TS in gefitinib-resistant cells with MET amplifi-
cation or the T790M mutation of EGFR. Moreover, we
investigated the possibility that the addition of §-1 to gefitinib
might overcome gefitinib resistance in NSCLC cells both in vitro
and in vivo.

Materials and Methods

Cell lines and reagents. The human NSCLC cell lines HCC827,
HCC827 GR5, HCC827 GR6, PC-9, PCH/ZD, and H1975 were
obtained as described previously (22, 29-31), HOC827, PC-9, PC-9/
ZD, and H1975 cells were cultured under a humidified atmosphere of
5% CO; at 37°C in RPMI 1640 (Sigma) supplemented with 10% fetal
bovine serum. HCC827 GR5 and HCCB27 GR6 cells were cultured in
RPMI 1640 supplemented 10% fetal bovine serum and 1 pmol/L
gefitinib. Cefitinib was obtained from AsiraZeneca, -1 was provided
by Taiho Pharmaceutical Co. Ltd., and S5-fluorouracil (5-FU) was
from Wako.

Immunoblot analysis. Cell lysates were fractionated by SDS-PACE
on 7.5% or 12% (TS) gels, and the separated proteins were transferred
to a nitrocellulose membrane. After blocking of nonspecific sites with
5% skim milk, the membrane was incubated ovemight at room
temperature with primary antibodies. Antibodies to phosphorylated
EGFR (pY1068), 1o extracellular signal-regulated kinase (ERK), to
phosphorylated AKT, and to AKT were obtained from Cell Signaling
Technology; those 1o EGFR were from Zymed; those to phosphorylated
ERK and 1o E2F-1 were from Santa Cruz Biotechnology: those to TS
were from Taiho; and those to P-actin (loading control) were from
Sigma. Immune complexes were detected by incubation of the
membrane for 1 h at room temperature with horseradish peroxi-
dase - conjugated goat antibodies 1o mouse or rabbit immuneglobulin
(Amersham Biosciences) and by subsequent exposure to enhanced
chemiluminescence (Perkin-Elmer).

Growth inhibition assay in vitro. Cells (2.0 % 10”) were plated in
96-well flat-bottomed plates and cultured for 24 h before incubation for
72 h in the presence of various concentrations of 5-FU and gefitinib
either alone or together at a ratio of 1:5, respectively. Cell Counting
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kit-8 solution (Dojindo) was then added to each well, and the cells
were incubated for 3 h at 37°C before measurement of absorbance at
450 nm. Data were analyzed by the median-effect method (CalcuSyn
software; Biosoft) to detenmine the drug concentrations resulting in
50% growth inhibition (ICso). The Chou and Talalay combination
index (CI), a well-established index reflecting the interaction of two
drugs (32), was calculated ar different levels of growth inhibition with
the use of CalcuSyn software. The CI for 50% growth inhibition (ICso)
was calculated as follows:

1Csq (5 — FU combination)
ICs0 (5 — FU alone)

1Cs(gefitinib combination)

ClatICy = 1Csp (gefitinib alone)

Cl values of <1, 1, and >1 indicate synergistic, additive, and
antagonistic effects, respectively.

Animals. Male athymic nude mice were exposed to a 12-h light,
12-h dark cycle and provided with food and water ad libitum in a
barrier facility. All experiments were done in compliance with the
regulations of the Animal Experimentation Committee of Taiho
Pharmaceutical Co. Ltd.

Growth inhibition assay in vive. Cubic fragmenis of tumor tissue
(~2 by 2 by 2 mm) were implanted s.c. into the axilla of 5- to 6-wk-old
male athymic nude mice. Treatment was initiated when tumors in each
group achieved an average volume of 50 to 150 mm”. Treatment groups
consisted of control, §-1 alone, gefitinib alone, and the combination of
§-1 and gefitinib, Each treatment group contained seven mice, §-1
(10 mg per kilogram of body mass) and gefitinib (3 or 50 mg/kg)
were administered by oral gavage daily for 28 d; control animals
received 0.5% (w/v) aqueous solution of hydroxypropylmethylcellulose
as vehicle. Tumor volume was determined from caliper measurements
of wmor length (L) and width (W) according to the formula LW?/2.
Both tumor size and body weight were measured twice or thrice
per week.

Statistical analysis. Data are p d as means + SE as indicated
and were analyzed by Student’s t test. A P value of <0.05 was considered
statistically significant.

Results

Effects of gefitinib on TS expression in gefitinib-resistant cell
lines with MET amplification. TS is an important target enzyme
for 5-FU (33, 34), with a reduced level of TS expression having
been associated with a higher rate of response to 5.FU - based
chemotherapy (35, 36), We first examined the effects of
gefitinib on the expression of E2F-1 and TS as well as on the
phosphorylation of EGFR and downstream signaling molecules
in three cell lines (HCC827, HCC827 GRS, and HCC827 GR6)
by immunoblot analysis, HCC827 cells harbor the E746_A750
deletion in exon 19 of EGFR; HCC827 GRS and HCCB827 GR6
cells are dones of HCCB827 that developed resistance to
gefitinib as a result of exposure to increasing concentrations
of the drug and which exhibit MET amplification. Gefitinib
(5 pmol/L) completely inhibited both the phosphorylation of
EGFR, of the protein kinase AKT, and of ERK as well as the
expression of E2F-1 and TS in the parental HCC827 cells in a
time-dependent manner (Fig. 1). In the resistant cells, gefi-
tinib substantially inhibited the phosphorylation of EGFR,
but it had no effect on that of AKT or ERK (Fig. 1), consistent
with previous observations (22). Gefitinib induced a time-
dependent decrease in the amounts of E2F-1 and TS in the
resistant cells (Fig. 1). These data thus showed that gefitinib
induced the down-regulation of TS expression, likely as a result
of a decrease in the abundance of E2F-1, in gefitinib-resistant
cells with MET amplification.
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Effects of gefitinib on TS expression in gefitinib-resistant cell
lines with the T790M mutation of EGFR. We next investigated
whether gefitinib might inhibit TS expression in gefitinib-
resistant cells harboring the T790M mutation of EGFR. We
examined three cell lines: PC-9, PC-9/ZD, and H1975. PC-9
cells contain the E746_A750 deletion in exon 19 of EGFR,
whereas PC-9/ZD cells are a gefitinib-resistant clone of PC-9
and also harbor the T790M mutation of EGFR; H1975 cells
possess both L858R and T790M mutations of EGFR. Gefitinib
completely or almost completely inhibited the phosphorylation
of EGFR, AKT, and ERK as well as the expression of E2F-1 and
TS in PC-9 cells in a time-dependent manner (Fig. 2). In
contrast, phosphorylation of EGFR. AKT, and ERK as well as the
expression of E2F-1 and TS were maintained in PC-9/ZD and
H1975 cells incubated in the presence of gefitinib (Fig. 2).
These findings thus showed that gefitinib failed 1o inhibit the
expression of TS in gefitinib-resistant cells with a secondary
T790M mutation of EGFR.

Effects of the combination of 5-FU and gefitinib on the growth
of gefitinib-resistant cell lines in vitro. We next investigated
whether the down-regulation of TS expression induced by
gefitinib in gefitinib-resistant cells with MET amplification
would render these cells sensitive to the synergistic antiproli-
ferative effect of the combination of S-1 and gefitinib. We
therefore first examined the antiproliferative activity of the
combination of 5-FU and gefitinib in the four gefitinib-resistant
cell lines (HCC827 GRS, HCC827 GR6, PC-9/ZD, and H1975)
in vitro. We used 5-FU instead of §-1 for in vitro experiments

because tegafur, which is a component of §-1, is metabolized to.

5-FU primarily in the liver. The combined effect of 5-FU and
gefitinib was evaluated on the basis of the CI. The combination
of 5-FU and gefitinib induced a synergistic growth-inhibitory
effect (C1 < 1) in cells with MET amplification, yielding CI
values of 0,87 and 0.78 at 50% growth inhibition for HCC827
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GR5 and HCC827 GR6 cells, respectively (Table 1; Fig. 3). In
contrast, an antagonistic interaction (CI > 1) between 5-FU and
gefitinib was apparent for cells harboring the T790M mutation
of EGFR, with Cls of 1.10 and 1.42 at 50% growth inhibition
for PC-9/ZD and H1975 cells, respectively (Table 1; Fig. 3). These
results thus showed that the combination of 5-FU and gefitinib
had a synergistic effect in gefitinib-resistant cells with MET ampli-
fication but not in those with the T790M mutation of EGFR.
Effects of combined treatment with S-1 and gefitinib on the
growth of gefitinib- resistant cell lines in vivo. We next
investigated whether combined treatment with S-1 and
gefitinib exhibited a synergistic effect on the growth of
gefitinib-resistant cells with MET amplification in vive. Doses
of the two agents were selected to ensure moderate indepen-
dent effects on wmor growth. When the tumors become
palpable (50-150 mm”®), mice were divided into four groups
and treated with vehicle, S-1, gefitinib, or the combination of
both drugs by oral gavage for 4 wk. Combination therapy with
$-1 and gefitinib inhibited the growth of tumors formed by PC-
9 cells to a significantly greater extent than did treatment with
5.1 or gefitinib alone (Fig. 4A). In contrast, no such synergistic
effect was observed with tumors formed by PC-9/ZD (Fig. 4B)
or H1975 (Fig. 4C) cells. Given that TS expression was
inhibited by gefitinib in PC-9 cells but not in the gefitinib-
resistant clone PC-9/ZD or in H1975 cells, these data suggested
that the down-regulation of TS by gefitinib was responsible, at
least in pant, for the synergistic antitumor effect of 5-1 and
gefitinib. We then examined the effects of -1 and gefitinib on
the growth of HCC827 GR5 tumor xenografis with MET
amplification. Neither 5-1 nor gefitinib alone had a substantial
effect on tumor growth (Fig. 4D). In contrast, administration of
the two agents together resulted in a synergistic and almost
complete inhibition of tumor growth (Fig. 4D). All of the
treatments were well-tolerated, with no signs of toxicity or
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weight loss during therapy (data not shown). These findings
suggested that combination treatment with S-1 and gefitinib
had a synergistic antitumor effect in vivo with gefitinib-resistant
xenografts manifesting MET amplification, but not with those
harboring the T790M mutation of EGFR, consistent with the
results obtained in vitro.

Discussion

‘We have previously shown that combination treatment with
5-1 and gefitinib had a synergistic antiproliferative effect on
NSCLC cells regardless of the absence or presence of EGFR
mutations, with down-regulation of TS by gefitinib contribut-
ing to its synergistic interaction with 5-1 (28). In the present
study, we examined whether gefitinib induces down-regulation
of TS expression in NSCLC cell lines with different mechanisms
of resistance 10 EGFR-TKIs. We used a gefitinib concentration of
5 umol/L for these in vitro experiments. The concentration of
gefitinib in tumor xenografis was previously shown to be 5 to

14 times that in plasma of mouse hosts treated with this drug
(37). Daily oral administration of gefitinib (250 mg) in patients
also gave rise to a drug concentration in tumor tissue that was
substantially higher (by a mean factor of 42) than that in
plasma (37). We previously showed that the maximal
concentration of gefitinib in plasma of patients with advanced
solid tumors had a mean value of 0.76 pmol/L at a daily dose of
225 mg (38). On the basis of these observations, a gefitinib
concentration of 5 pmol/L is similar 1o the achievable
concentration in tumor tissue of treated humans. We found
that gefitinib inhibited TS expression in association with E2F-1
down:regulation in gefitinib-resistant cells with MET amplifi-
cation but not in those with the T790M mutation of EGFR. One
possible explanation for this difference in response between
cells with MET amplification and those with the T790M
mutation of EGFR is that gefitinib inhibited EGFR phos-
phorylation in the former cells but not in the latter. The T790M
mutation is thought to inhibit the ability of gefitinib or
erlotinib to bind to the ATP-binding pocket of the catalytic

growth of NSCLC cells in vitro

Table 1. ICsp and CI values for the antiproliferative effects of gefitinib and 5-FU, alone or combined, on the

Alone ICs, (pmol/L) Combination ICg (umol/L)* CI at ICs,
Gefitinib 5-FU Gefitinib 5-Fu
HCCB27 GRS 11.64 2.83 5.56 1.11 0.87
HCCB27 GR6 14.44 4,90 7.11 1.42 0.78
PC9/ZD 9.13 B.66 B8.33 1.67 1.10
H1975 34.82 11.67 30.98 6.20 1.42

NOTE: Data are means of triplicates from a representative experime

nt.

"The concentrations of the two drugs needed to inhibit cell growth by 50% when gefitinib and 5-FU are combined.
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domain of the receptor (19, 20), with the result that these
agents are not able to suppress the phosphorylation of EGFR.
MET amplification confers EGFR-TKI resistance by activating
ErbB3 signaling in an EGFR-independent manner (22). Given
that the increased affinity of EGFR for gefitinib conferred by
primary EGFR mutations is maintained in cells with MET
amplification, gefitinib is still able to inhibit EGFR phosphot-
ylation in such cells (22). These observations raise the
possibility that gefitinib-induced down-regulation of TS is
determined by modulation of EGFR phosphorylation. On the
other hand, the phosphorylation of AKT and ERK was not
blocked by gefitinib in cells with the T790M mutation of EGFR
or those with MET amplification, suggesting that the expression
of TS might be regulated by an EGFR signaling pathway other
than that mediated by AKT and ERK.

We evaluated the effects of combined treatment with §-1 and
gefitinib on the proliferation of NSCLC cells with the two
different types of gefitinib resistance mechanism. We found
that $-1 (or 5-FU) and gefitinib exerted a synergistic anti-
proliferative effect in NSCLC cells with MET amplification both
in vitro and in vive, but that no such effect was apparent with
cells harboring the T790M mutation of EGFR. These observa-
tions were consistent with the gefitinib-induced down-regula-
tion of TS cbserved in the former cells but not in the latter.
The active metabolite of 5-FU, fluoro-dUMP, forms a covalent
complex with TS, resulting in inhibition of DNA synthesis
(33, 34). TS is thus an important therapeutic target of 5-FU. An
increase in TS expression and activity has been viewed as a
mechanistic driver of 5-FU resistance in cancer cells (39-41).
Down-regulation of TS would thus be expected 1o enhance the
cytotoxicity of 5-FU as a result of the decrease in the amount of
its protein target (42). Indeed, predinical studies have shown
that the down-regulation of TS by antisense oligonucleotides or
other means enhances the efficacy of 5-FU (43 - 46), supporting

the notion that gefitinib-induced down-regulation of TS
contributes to its synergistic interaction with §-1 in gefitinib-
resistant NSCLC cells with MET amplification.

A tecent dinical study showed that most patients with ac-
quired resistance to gefitinib or erlotinib manifested a worsen-
ing of lung cancer symptoms and an increase in tumor size after
discontinuation of these agents (47). However, most of these
individuals showed stabilization or improvement in symptoms
and a decrease in tumor size on resumption of EGFR-TKI
treatment (47). These clinical findings suggest the possibility
that tumors with acquired resistance 1o EGFR-TKIs continue to
require signaling through EGFR for their survival. Indeed, a
preclinical study found that the combination of gefitinib and
an inhibitor of the tyrosine kinase activity of MET, but neither
agent alone, induced substantial growth inhibition in gefitinib-
resistant NSCLC cells with MET amplification (22). These obser-
vations support the notion that the continuation of treatment
with gefitinib or erlotinib might be of value even after the
development of acquired resistance to these drugs. Our present
results indicate that the addition of $-1 to EGFR-TKIs might
overcome EGFR-TKI resistance in patients whose resistance is
attributable to MET amplification.

The T790M mutation of EGFR and MET amplification
account for — 60% to 70% of all cases of acquired resistance
to gefitinib or erlotinib (19-22). A signaling pathway
dependent on the insulin-like growth factor receptor was also
recently implicated in resistance to EGFR-TKIs (48)., The
mechanisms of ECFR-TKI resistance other than that mediated
by the T790M mutation of EGFR may thus be dependent on the
activation of receptor tyrosine kinases that are not directly
targeted by these drugs. Given that gefitinib would be expected
to inhibit EGFR phosphorylation in all gefitinib-resistant cells
with such a mechanism of resistance, treatment with this drug
might also be expected to induce the down-regulation of TS
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