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The mechanisms underlying cellular drug resistance have
been extensively studied, but little is known about its
regulation. We have previously reported that activating
transcription factor 4 (ATF4) is upregulated in cisplatin-
resistant cells and plays a role in cisplatin resistance.
Here, we find out a novel relationship between the
circadian transcription factor Clock and drug resistance.
Clock drives the periodical expression of many genes that
regniate hormone release, cell division, sleep-awake cycle
and tumor growth. We demonstrate that ATF{ is a direct
target of Cleck, and that Clock is overexpressed in
cisplatin-resistant cells. Furthermore, Clock expression
significantly correlates with cisplatin sensitivity, and that
the downregulation of either Clock or ATK4 confers
sensitivity of AS549 cells to cisplatin and etoposide.
Notably, ATF4-overexpressing cells show multidrug
resistance and marked elevation of intracellular glu-
tathione. The microarray study reveals that genes for
glutathione metabolism are generally downregulated by
the knockdown of ATF4 expression. These results suggest
that the Clock and ATF4 transcription system might play
an important role in multidrug resistance through
glutathione-dependent redox system, and also indicate
that physiological potentials of Clock-controlled redox
system might be important to better understand the
oxidative stress-associated disorders including cancer
and systemic chronotherapy.
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Introduction

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

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

We herein investigate the molecular regulation of
ATF4 gene expression and drug resistance. Interestingly,
a database search revealed an E-box in the core
promoter region of ATF4, and we show that the
essential circadian regulator Clock binds to this E-box
and is overexpressed in cisplatin-resistant cells. It has
been reported previously that Clock/BMALI hetero-
dimers activate transcription from E-box elements
(Gekakis et al., 1998); therefore, ATF4 is thought to
be regulated by circadian transcription factors. Down-
regulation of either Clock or ATF4 using small
interfering RNAs (siRNAs) was shown to confer cell
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sensitivity to anticancer agents. Furthermore, ATF4-
overexpressing cells showed multidrug resistance and
marked elevation of intracellular glutathione. Knock-
down of ATF4 expression lead to downregulation of
glutathione metabolism. Our findings indicate an
important contribution of both Clock and ATF4 to
chemosensitivity.

Resnlts

Overexpression of Clock in cisplatin-resistant cells

We have shown previously that the transcription factor
ATF4 is overexpressed in cisplatin-resistant cell lines
(Tanabe er al., 2003). As an E-box is located in the core
promoter region of ATF4, we examined the expression
levels of the E-box-binding proteins c-Mye, upstream
stimulatory factor 1 (USF1), and Clock. Western
blotting analysis revealed that the Clock protein was
overexpressed in cisplatin-resistant cell lines (Figure 1a).
No significant alteration of c-Myc and USF1 expression
was observed between parental and cisplatin-resistant
cells. As the Clock/BMALI1 complex regulates the
expression of circadian genes (Gekakis et al., 1998), we
analysed the BMALI expression. However, the BMAL1
expression was not upregulated in cisplatin-resistant
cells (data not shown). Northern blotting analysis
revealed that Clock messenger RNA (mRNA) was also
overexpressed in cisplatin-resistant cells (Figure 1b),
suggesting that Clock might be involved in the
transcriptional regulation of ATF4 by binding to its
promoter E-box.

ATF4 is a direct target of Clock

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

Cellular expression of Clock correlates with

cisplatin sensitivity

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

Multidrug resistance in ATF4-overexpressing cell lines
In addition to our two previously established ATF4-
overexpressing cell lines (Tanabe ef al, 2003), we
derived two new cell lines that overexpressed ATF4
(AS49/ATF4-5 and A549/ATF4-6) at levels 10-20-fold
higher than vector-alone transfectants (A549/pcDNA-1
and A549/pcDNA-2) (Figure 4). The ATF4-overexpres-
sing cell lines showed increased resistance to cisplatin,
doxorubicin, etoposide, SN-38, and vincristine, but not
to 5-FU (Table I). To our knowledge, this is the first
transcription factor that can induce multidrug-resistant
phenotypes.

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

It has been reported that ATF4* cells demonstrate
impaired glutathione biosynthesis (Harding et al., 2003),
whereas an increased level of glutathione has been
shown to be involved in drug resistance (Lai et al., 1989;
Tew, 1994), Therefore, intracellular glutathione levels
were evaluated in ATF4-overexpressing cell lines, and
were found to be approximately 12.7-fold higher than in
control cells (Figure 3a). This increase was abolished
when cells were treated with the y-glutamylcysteine
synthetase inhibitor: buthionine-sulfoximine (BSO)
(10uM). To examine whether Clock and ATF4 are
involved in glutathione biosynthesis, AS49 cells were
transfected with Clock-directed, ATF4-directed, or
control siRNA oligomers. Downregulation of both
Clock and ATF4 was found to reproducibly suppress
intracellular glutathione levels to 75-80% of the control

. levels (Figure 3b).
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It has been shown that resistant cells against cisplatin
often upregulate both glutamate-cysteine ligase catalytic
subunit (GCLC) and glutathione S-transferase =
(GSTx) (Saburi et al., 1989; Yao et al., 1995). On the
other hand, the resistant cells against topoisomerase-
targeted drugs often downregulate DNA topoisomerase
(Takano et al., 1992). We, therefore, examined drug
resistance-related gene expressions in ATF4-overexpres-
sing cells (Figure 4). Although ATF4-overexpressing
cells were resistant to etoposide and SN-38, the
expressions of DNA topoisomerase I and Ila were not
downregulated. As we expected, the expressions of
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{b) Total RNA {20 ;ig) prepared from the indicated cells was separated on a 1% formaldehyde-agarose gel and transferred to a Hybond
N+ membrane. Northern blotting analysis was performed with a Clock cDNA probe. Gel staining with ethidium bromide is also
shown. (c) A CRIP assay of the PC3 cells was performed with antibodies against Clock or goat IgG. Immunoprecipitated DNAs (anti-
goat IgG in lanes 3 and 4, and anti-Clock IgG in lanes 5 and 6) were amplified by PCR using specific primer pairs for the ATF¢
promoter region. The templates used for PCR were as foltows: I pl (lane 2) of genomic DNA from cell lysate, and 1 i (Janes 3 and 5)
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above. pGL3-B.V. indicates pGL3 basic vector. The results are normalized to f-galactosidase activity and are representative of at least
three independent experiments. Bars = +s.d. () MCF7 cells were transfected with 50 nM control or Clock siRNAs. The following day,
they were transfected with the indicated reporter plasmids. The results were normalized to p-galactosidase activity and pGL3 promoter
vector (Promega). All values are the mean of at least three independent experiments. pGL3-PV and pGL3-BV indicate pGL3 promoter
vector and pGL3 basic vector, respectively. Bars= +s.d. (f) Indicated siRNAs were transfected into PC3 cells. Whole-cell extracts
(75 ng) for Clock and nuclear extracts (100 yg) for ATF4 were subjected to SDS-PAGE, and Western blotting analysis was performed.
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Figure2 Clock expression correlates with cisplatin resistance and ATF4 expression. (a) Western blotting analysis was performed with
100 g nuclear extracts for ATF4 expression and 75 g whole-cell extracts for Clock and ¢-Myc expressions in 11 human lung cancer
cell lines. Gel staining with CBB is also shown. (b) and (c) Expression levels of Clock and ATF4 (whole band) were determined by NIH
imaging using Figure 2a, and were normalized by each CBB stain. The maximum expression levels of Clack or ATF4 were set to 100,
and the ICsg of each cell line was calculated from the concentration-response curves for cisplatin. (d) Downregulation of either Clock
or ATF4 confers sensitivity of A549 cells to cisplatin and etoposide. Cells were transfected with the indicated siRNAs, and exposed to
various concentrations of cisplatin, etoposide, and 5-FU for 7 days. The colony number in the absence of drugs corresponded to 100%.
Allvalues are the mean of at least three independent experiments. Bars = +s.d. (¢) P/CDP6 cells were transfected with 5¢nM control or
Clock siRNAs. The following day, various concentrations of cisplatin were treated. After 72 h, cell survival was analysed with a WST-8
assay. Cell survival in the absence of cisplatin corresponded 1o }100%. All values are the mean of at least three independent
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GCLC and GSTxz were upregulated in ATF4-over-  molecules involved in apoptosis such as Bcl-2, Bel-X,,
expressing cells. Drug resistance is also modulated by Bax and BAK. However, we could not detect the
the expression of both anti-apoptotic and apoptotic  significant alteration between drug-resistant cells and
molecules. We then examined the expression of several ~ ATF4-overexpressing cells (data not shown). To explore
Oncogene
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Table I Drug sensitivity (half~maximal inhibitory concentration
[ICso]) and relative resistance of ATF4-overexpressing cell lines

Cell line
Drug AS549/pcDNA3* AS549/ATF4 Relative resistance®
5-FU (ym) 1.38 (£0.04) 1.35 (£0.21) 10
Cisplatin (M) 0.67 (£0.04) 2.11 (+0.02) 3.1
Doxorubicin (uM) 0.03 (£0.01} 0.14 (+0.04) 3.6
Etoposide (uM) 0.39 (+£0.01) 2.02 (+0.64) 52
SN-38 (nM) 5.25(£1.06) 19.0 (£1.41) 3.6
Vincristine (nM) 2.75(£0.78) 6.10 (£1.56) 22

*Control cell lines A549/pcDNA3-1 and AS49/pcDNA3-2. *"ATF4-
overexpressing cell lines AS49/ATF4-5 and A549/ATF4-6. <IC50 ratio
of ATF4-overexpressing cell lines to control cell lines. The cell viability
after drug exposure was analysed with a WST assay. In the absence
of drugs, the viability was 100%. The ICsq of each cell line was calcula-
ted from the concentration-response curves. All values indicate
the mean+standard deviation (s.d.). 5-FU, S-fluorouracil; SN-38,
7-ethyl-10-hydroxycamptothecin.

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

Microarray analysis of ATF4-regulated genes

Because the available information regarding the tran-
scriptional regulation by ATF4 was limited, we used
microarray technology to enable the simultaneous
analysis of large numbers of genes. To confirm further
transcriptional changes by the ATF4 siRNA, oligonu-
cleotide microarray study was carried out in A549 cells
treated with or without ATF4 siRNA (0.3 nM of ATF4
siRNA downregulated the cellular expression of ATF4
to 50%). Data analysis identified 121 genes, which were
downregulated more than 2.5-fold and only eight genes
which were upregulated (Supplementary Information).
Among downregulated genes, only glutathione per-
oxidase 2 (GPX2) gene was identified in relation to
glutathione metabolism. Then, we analysed the subset
of genes for glutathione metabolism. As shown in
Figure 6a, the genes for glutathione metabolism were
generally downregulated by ATF4 knockdown includ-
ing GCLC, glutamate-cysteine ligase modifier subunit
(GCLM), y-glutamyltransferase 1 (GGTI1), y-glutamyl-
transferase 2 (GGT2), glutamic pyruvate transaminase 2
(GPT2), GPX2, glutathione S-transferase M4 (GSTM4)
and microsomal glutathione S-transferase 2 (MGST2).
The ATF4-binding site was found in the proximal
promoter region of these eight genes (data not shown).
It was reported that GCIL.C was a key enzyme to
determine the cellular glutathione levels and often
involved in drug resistance (Tipnis et al., 1999). To
evaluate the microarray study, we carried out Western
blotting analysis and revealed that the GCLC expression
was downregulated by the ATF4 siRNA (Figure 6b). As
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sing cell lines (A549/ATF4-5, 6) and control cell lines (A549/
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ATF4 siRNAs, and intracellular glutathione levels were measured.
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siRNA. All values are the mean of at Jeast three independent
experiments. Bars = +s.d.

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

The expression of the ATP-binding cassette

transporter family

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

4753
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Figure 4 Cellular expressions of drug resistance-related genes in
ATFé4-overexpressing cells (A549/ATF4-5 and A549/ATF4-6) and
control cells (A549/pcDNA3-1 and A549/pcDNA3-2). Whole-cell
extracts (75ug) for GCLC, GSTxn, YB-1 and nuclear extracts
(100 ug) for ATF4, Topol, Topollx from ATF4-overexpressing
cells were subjected to SDS-PAGE, and Western blotting analysis
was performed with the indicated antibodies.

P-glycoprotein. Interestingly, both expressions of MRP2
and BCRP were significantly upregulated in the ATF4-
overexpressing cells, but MRP1 was not (Figure 7a). We
could not detect the P-glycoprotein in these cells at all.
However, the ATF4-binding site was not in the
promoter region of both MRP2 and BCRP genes,
suggesting that both genes were not direct targets of
ATF4. We confirmed the expression levels of ABC

transporters were not reduced when cells were treated

with BSO (Figure 7b). We next investigated whether
downregulation of BCRP or MRP2 expressions over-
come etoposide or cisplatin resistance in ATF4-over-
expressing cells. We prepared the specific siRNAs for
both BCRP and MRP2 (Figure 7c and d). As shown in
Figure 7e, we found that downregulation of BCRP
significantly decreased the ICs, value of etoposide. On
the other hand, downregulation of MRP2 significantly
decreased the ICs, value of cisplatin (Figure 7f).

Discussion

We have previously shown that the transcription factor
ATF4 can be induced by cisplatin, and that over-
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expression of ATF4 confers cisplatin resistance to cells
(Tanabe et al., 2003). We have also shown that ATF4
expression is a possible predictor for sensitivity to
cisplatin (Tanabe et al., 2003; Kohno et al., 2005). The
current analysis explored the molecular mechanism of
ATF4 expression and drug resistance.

Both expression and function of ATF4 have been
reported to be regulated by the post-transcriptional
pathways (Blais e al., 2004). Phosphorylation of the «
subunit of translation initiation factor (eIF2«) promotes
translation of ATF4 and ATF4 phosphorylated by
RSK2 increases transactivation ability (Yang et al.,
2004). We initially examined the cellutar expression
levels of elF2a kinase PERK, which was activated by
endoplasmic reticulum stress, in cisplatin-resistant cells.
However, we could not find the significant difference of
PERK expression in cisplatin-resistant cells (data not
shown). Moreover, mRNA level of ATF4 was increased
in cisplatin-resistant cells (Tanabe et al., 2003) then, we
investigated the transcriptional regulation of ATF4. The

‘core promoter region of ATF4 contains an E-box, so we

analysed the cellular expression levels of E-box-binding
proteins. Among these proteins, only Clock was over-
expressed in cisplatin-resistant cell lines that were
independently established (Figure 1a and b). It has been
shown that the extent of phosphorylation can determine
the cellular localization and stability of Clock proteins
(Lee et al, 2001). However, Clock mRNA is also
overexpressed in cisplatin-resistant cells. This indicates
that cellular Clock might be involved in the transcrip-
tional regulation in these cell lines. We confirmed the
role of Clock in the regulation of ATF4 gene expression
by three independent approaches: ChIP with an anti-
Clock antibody, E-box-dependent promoter activity in
reporter gene assays, and the downregulation of Clock
using a siRNA strategy (Figure lc~f). We also demon-
strated the positive correlation of Clock expression with
sensitivity to cisplatin and ATF4 expression (Figure 2b
and c). To investigate more clearly whether cellular
expression of Clock and ATF4 contribute to chemo-
sensitivity, siRNA oligomers were used to knockdown
the expression of these transcription factors. Transfec-
tion of both Clock and ATF4 siRNAs in A549 cell led to
sensitization to cisplatin and etoposide, but not to 5-FU
(Figure 2d).

It has been shown that the Per2-mutant mouse
demonstrates increased sensitivity to y-radiation (Fu
et al., 2002). As the Per2 gene is regulated by Clock, it
is possible that the expression of this protein might be
involved in DNA damage-induced apoptosis. The
analysis of the expression profile showed that several
DNA damage-inducible genes such as members of the
growth-arrest and DNA damage (GADD) family that
block cell-cycle progression (Liebermann and Hoffman,
2002) and cyclin genes were controlled by circadian
regulators (Fu et al., 2002). Taken together, these results
indicate that the cell cycle-regulating mechanism in
cisplatin-resistant cells is regulated by Clock.

The second aim of our current work was to investigate
the molecular mechanisms of drug resistance regulated
by the Clock and ATF4 transcription system. Although
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with or without 10um BSO. After 72h, cell survival was analysed with a WST-8 assay. Cell survival in the absence of drugs
corresponded to 100%. All values are the mean of at least three independent experiments. Bars = +s.d.

we were unable to establish Clock-overexpressing cells,
we successfully derived two ATF4-overexpressing cell
lines. These cells were resistant to various anticancer
agents, such as cisplatin, etoposide, doxorubicin, SN-38,
and vincristine, but not to 5-FU suggesting that ATF4
contributes to the multidrug resistance of human cancer
cell Iines.

Another important finding was the elevation of
intracellular glutathione levels in these cell lines. This
was consistent with the report that the ATF4* cells
showed impaired glutathione biosynthesis (Harding
et al., 2003). Elevated glutathione clearly contributes
to drug resistance, because the depletion of glutathione
by BSO was able to reverse the resistance in ATF4-
overexpressing cell lines. Western blotting analysis
showed that GCLC and GSTzn expressions were
upregulated in ATF4-overexpressing cells. Microarray
data also revealed that genes for glutathione metabolism
were generally downregulated in ATF4 siRNA-treated
cells, suggesting that glutathione metabolism may be a
key role involved in drug sensitivity. It has been
reported that BSO overcomes Bcl-2-mediated drug
resistance and hypothesized that BSO could possess an
unique activity via mitochondria-independent pathway
(Yoshida et al., 2006). However, there are no significant

86

changes in the expression of apoptosis-related genes
(data not shown). DNA-binding activity of Clock and
BMALL is regulated by the redox state of NAD
cofactors (Rutter et al,, 2001). It would be interesting
to examine the possible involvement of glutathione in
regulating Clock/BMAL1 and ATF4 transcriptional
activity. The oxidation-reduction status of the cell is
an important regulator of various metabolic functions,
and glutathione is one of the main compounds involved
in reducing oxidative stresses (Dickinson and Forman,
2002). Furthermore, glutathione S-transferases (GSTs)
are ubiquitous enzymes that play an important role in
drug resistance by conjugating drugs to glutathione. The
genes for biosynthesis of the antioxidant glutathione
were regulated by Clock and ATF4 transcription system
(Figures 3b and 6b). Thus, the cellular protection
against oxidative stresses and hepatic function for drug
metabolism could be regulated by the circadian rhythm,
with the involvement of the transcription factor, Clock.
Our findings will provide some clue that may be helpful
to understand the oxidative stress-associated disorders
including cancer and systemic chronotherapy.
Membrane transporters of the ABC superfamily
function as a pump, and can lead to resistance against
multiple anticancer agents (Gottesman et «l., 2002;
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Figure 6 The genes for glutathione metabolism are regulated by
ATF4. (8) The graph shows gene expression changes of glutathione
metabolism subset mediated by ATF4 siRNA. The data were
obtained from normalized and log 2-transformed microarray
expression signal intensities. The samples were collected from
AS49 cells transfected with ATF4 siRNA (50 or 0.3nM) and
control siRNA (50 or 0.3 nM) in duplicate. Eight GeneChips were
used for analysis and duplicated GeneChip data was averaged for
each of the four conditions. The subset of genes was further
selected if fold change marked > 1.5 between averaged ATF4
siRNA and control siRNA samples. (b) Whole-cell tysates (50 ug)
from AS549 cells transfected with indicated siRNAs were subjected
to SDS-PAGE, and Western blotting analysis was performed
with anti-GCLC antibody. Gel staining with CBB is also shown.
(c) Western blotting analysis with whole-cell lysates (50 ug) from
cisplatin sensitive/resistant cells was performed with anti-GCLC
and anti-GSTn antibodies.

Szakacs et al, 2006). Among these transporters,

- P-glycoprotein and the MRP families have been exten-

sively studied (Annereau et al, 2004). MRP2-over-
expressing cells show cross-resistance to anticancer
agents such as cisplatin, doxorubicin and epirubicin
(Cui et al., 1999). BCRP can transport diverse anti-
cancer agents, including etoposide, doxorubicin and
SN-38 (Deeley et al., 2006; Krishnamurthy and Schuetz,
2006). It has been reported that both MRP2 and GCLC
are coordinately expressed in acquired drug-resistance
cell lines (Ishikawa et al., 1996; Kuo er al., 1998).
Although the molecular mechanism of this is unknown,
a significant correlation was found between the glu-
tathione content and drug resistance (Fojo and Bates,
2003). Interestingly, in our studies, both MRP2/ABCC2
and BCRP/ABCG2 were upregulated in ATF4-over-
expressing cells. These two ABC transporters partially
contribute to drug resistance in ATF4-overexpressing
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cell lines. Downregulation of BCRP partially reverse
etoposide resistance but not cisplatin resistance. On the
other hand, downregulation of MRP2 reverse cisplatin
resistance but not etoposide resistance. These data are
consistent with the previous reports that cisplatin is one
of the substrates of MRP2 (Cui et al, 1999), and
etoposide is one of the substrates of BCRP (Deeley
et al., 2006; Krishnamurthy and Schuetz, 2006). Micro-
array analysis showed that BCRP was downregulated
by the ATF4 knockdown (data not shown). High level
of intracellular glutathione might be involved in the
function of transcription factors, which regulate the
expression of these genes. However, the regulatory
mechanism of ABC transporter expression in ATF4-
overexpressing cells remains unclear.

Microarray analysis is a powerful tool to identify the
target genes for transcription factors. Classification
according to the function suggests that ATF4 mainly
medijate the cellular physiological process and metabo-
lism (Supplementary Information). Identification of the
ATF4-binding site in the 5’ upstream from these genes
and functional analysis of the promoter activity are now
in progress.

In conclusion, we describe here a novel mechanism of
multidrug resistance. Two transcription factors, Clock
and ATF4, were unequivocally demonstrated to cause
multidrug resistance in human cancer cell lines. Clock
has been identified as a protein with regulating function
of circadian rhythmicity, which is primary through
actions at suprachiasmatic nucleus and the supraoptic
nucleus (Moore, 1997). The systemic circadian rhythm
is known to be important for the clinical treatment
of cancer patients (Canaple et al.,, 2003; Gorbacheva
et al., 2005), and our results imply that cellular rhy-
thm can modulate cellular sensitivily to anticancer
agents. Further study is required to prove the funda-
mental issue how cellular rhythm at a single cell level
contributes to systemic chemotherapy. Regulation of
Clock gene expression and Clock-targeted genes in
cancer cells will be an important question to address
in future work. Further, elucidation of the molecular
network regulating transcription factor genes in multi-
drug-resistant cells should improve the understanding of
genomic responses against anticancer agents and drug
resistance.

Materials and methods

Cell culture

Human epidermoid cancer KB cells and human prostate
cancer PC3 cells were cultured in Eagle’s minimal essential
medium. Human breast cancer MCF7 cells were cultured in
Dulbecco’s modified Eagle medium. These mediums were
purchased from Nissui Seiyaku (Tokyo, Japan) and contained
10% fetal bovine serum. The cisplatin-resistant KBfCP4 and
P/CDPS cells were derived from KB and PC3 cells as described
previously (Murakami et al., 2001) and found to be 23-63-fold
more resistant to cisplatin than their parentat cells (Fujii ez al.,
1994). Vincristine-resistant KBfVI300 cell derived from
KB was generated as described previously (Kusaba et al.,
1999). Eleven lung cancer cell lines and newly generated
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Figare 7 Cellular expressions of ABC transporter families in ATF4-overexpressing cells (A549/ATF4-5 and A549/ATF4-6) and
control cells (A549/pcDNA3-1 and AS549/pcDNA3-2) (a) Whole-cell extracts (100 ug) from the indicated cell lines were subjected 1o
SDS-PAGE, and Western blotting analysis was performed with the indicated antibodies. (b) ATF4-overexpressing cells and control
cells were treated with or without 10 uM BSO for 96h. Whole-cell extracts (100 pig) were subjected to SDS-PAGE, and Western
blotting analysis was performed with the indicated antibodies. Gel staining with CBB is also shown. (¢) and (d) ATF4-overexpressing
cells (AS549/ATF4) were transfected with the indicated siRNAs (50 nM). Whole-celi extracts (100 ug) were subjected to SDS-PAGE,
and Western blotting analysis was performed with the indicated antibodies. Gel staining with Coomassie Brilliant Blue (CBB) is also
shown. (e) and (f) Both control cells (A 549/pcDNA3) and ATF4-overexpressing cells (A 549/ATF4) were transfected with the indicated
siRNAs (50 nM) and exposed to various concentrations of cisplatin or etoposide for 72 h. The ICsp values were determined by WST-8
assay. Open column and closed column indicate control cells (AS49/pcDNA3) and ATF4-overexpressing cells (A549/ATF4),
respectively. All values are the mean of at least three independent experiments. Bars= ts.d.

ATFd4-overexpressing cell lines were described previously
(Tanabe et al., 2003). Cell lines were maintained in a 5%
CO, atmosphere at 37°C.

Antibodies and drugs

Antibodies against c-Myc (sc-764), Clock (5¢-6927), USF1 (sc-
8983), ATF4 (sc-200), Topol (sc-5342), Topolla (sc-5346),
GCLC (yGCSc, s¢c-22755), Stat3 (sc-482) and donkey anti-goat
1gG (sc-2020) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti-BCRP (MAB4146) and MRP2

(MAB4150) antibodies were purchased from Chemicon
(Temecula, CA, USA). Anti-MRP1 and anti-P-glycoprotein
antibodies were purchased from MONOSAN (Netherlands)
and Fujirebio Diagnostic (Malvern, PA, USA), respectively.
Anti-YB-1 (Ohga et al., 1996) and anti-GSTz (Saburi et al,
1989) antibodies were prepared as described previously.
Cisplatin, vincristine, 5-FU), etoposide, BSO) were purchased
from Sigma (St Louis, MO, USA). Doxorubicin was pur-
chased from Kyowa Hakko Kogyo Co. Ltd, (Tokyo, Japan).
7-Ethyl-10-hydroxycamptothecin (SN-38) was kindly gifted by
Yakult Co. Ltd. (Tokyo, Japan).
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Plasmid construction

To obtain the full-length complementary DNA (cDNAs) of
Clock and BMALI1, polymerase chain reaction (PCR) was
carried out on a SuperScript cDNA library (Invitrogen Life
Technologies, CA, USA) using the following primer pairs
(single underlining indicates the start codons): ATGTTGTT
TACCGTAAGCTGTAG and CTACTGTGGTTGAACCT
TGGAAG for Clock; and ATGGCAGACCAGAGAATG
GAC and TTACAGCGGCCATGGCAAGTC for BMALL.
These PCR products were cloned into the pGEM-T easy
vector (Promega, Madison, WI, USA). To construct mamma-
lian expression plasmids, the Nodd Clock cDNA fragment and
the EcoR1 BMALI] cDNA fragment were ligated into the
pcDNA3 vector (Invitrogen). The core promoter and the
partial first exon (-94 to +81) of ATF4 were amplified by
PCR using the placenta DNA and the following primer pairs:
AGATCTGAGACGGTCACGTGGTCGCGGC and AAG
CTTGGCCGTGGACCCTGAGGGC. PCR was also per-
formed to obtain the E-box-mutant promoter of the ATF4
using the following primer pairs: AGATCTGAGACGGTC
CTTGGGTCGCGGC and AAGCTTGGCCGTGGACCCT
GAGGGC. Single and double underlining indicate the wild-
type and mutated E-box, respectively. These PCR products
were cloned and ligated into the Bg/II-Hindlll site of the
pGL3-basic vector (Promega). ATF4-WT-Luc and ATF4-
MT-Luc plasmids contain a wild-type and mutated E-box,
respectively.

Northern blotting analysis

Northern blotting analysis was performed as described
previously (Uramoto et al., 2002). RNA samples (20 ug/lane)
were separated on a 1% formaldehyde-agarose gel and
transferred to a Hybond N* membrane (Amersham Bio-
sciences, Piscataway, NJ, USA) with 10 x SSC. After prehy-
bridization and hybridization with radiolabeled cDNA
fragment of Clock, signal intensities were quantified using a
bio-imaging analyzer (BAS2000, Fuji Filtm, Co. Ltd, Tokyo,
Japan).

Western blotting analysis

Whole-cell lysates and nuclear extract were prepared as
described previously (Uramoto et al., 2002). The indicated
amounts of whole-cell lysate or nuclear extract were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). Immunoblotting analysis was performed with
an appropriate dilution of the antibodies, and the membrane
was developed using a chemiluminescence protocol (Amer-
sham Biosciences).

Chromatin immunoprecipitation assay

The ChIP assay was performed as described previously
(Uramoto et af., 2002). Soluble chromatin from 1 x 10¢ cells
was incubated with 2ug anti-Clock antibody or anti-goat
immunoglobulin G (IgG). The purified DNA was dissolved
with 20 ul dH,0. The DNA (1 or 3 pl) was then used for PCR
analysis with the following primer pairs for the ATF4
promoter region (-241-+ 38): GACTCTGATCATAGAAGC
CTAG forward primer and GCAGAGAAAACTACAT
CTGTGG reverse primer. The PCR products were separated
by electrophoresis on a 2% agarose gel and stained with
ethidium bromide.

Transient transfection and luciferase assay

Transient transfection and a luciferase assay were performed
as described previously (Uramoto et al., 2002). The indicated
anounts of the ATF4 reporter plasmid and the expression
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plasmid were co-transfected using Superfect reagent (Qiagen,
Hilden, Germany). After transfection, the cells were cultured
for 48 h. Luciferase activity was detected by a Picagene kit
(Toyoinki, Tokyo, Japan), and the light intensity was
measured with a luminometer (Luminescencer JNII RAB-
2300; ATTO, Japan). All of the cells were co-transfected with
pCH110 as a control for transfection efficiency. The results
shown are normalized to f-galactosidase activity and are
representative of at least three independent experiments.

Knockdown analysis using siRNAs

The following double-stranded RNA 25 base pair oligonucleo-
tides were generated from Stealth Select RNAi (Invitrogen): 5'-
UAAAGUCUGUUGUUGUAUCAUGUGC-3 and 5-GCA
CAUGAUACAACAACAGACUUUA-3 for Clock; 5-UU
CAGUGAUAUCCACUUCACUGCCC-¥ and 5-GGGCA
GUGAAGUGGAUAUCACUGAA-3¥ for ATF4; 5-UAAU
GAUGUCCAAGAAGAAGUCUGC-3' and 5-GCAGACU
UCUUCUUGGACAUCAUUA-3’ for BCRP/ABCG2; 5'-
CUAUAAAUAACCAUCAUCAAGGCUG-3' and 5-CAG
CCUUGAUGAUGGUUAUUUAUAG-3' for MRP2/4B
CC2. siRNA transfections were performed according to the
manufacturer’s instructions (Invitrogen) with modification.
Ten microliters of Lipofectamine 2000 (Invitrogen) was diluted
in 250 ul Opti-MEM I medium (Invitrogen) and incubated for
5min at room temperature. Next, 250 pmol of Clock, ATF4,
and inverted control duplex Stealth RNA (Invitrogen) diluted
in 250 yl Opti-MEM 1 were added gently and incubated for
20min at room temperature. Oligomer-lipofectamine com-
plexes and aliquots of 1x 10° AS549 cells in 500l culture
medium were combined and incubated for 10min at room
temperature. Aliquots of 300 cells were used for a colony-
formation assay as described below. The remaining cells were
seeded in 100mm dishes with 10ml culture medium and
harvested after 96h culture for Western blotting analysis as
described above.

Cytotoxicity analysis by colony formation and WST-8 assays
For the colony-formation assay, 300 cells transfected with
siRNAs were seeded in 35mm dishes with 2ml culture
medium. The following day, the cells were treated with the
indicated concentrations of cisplatin, etoposide and 5-FU.
Seven days post-transfection, the numbers of colonies were
counted. For the water-soluble tetrazolium salt (WST)-8 assay,
1.5 x 10° ATF4-overexpressing cells or 4 x 10° P/CDP6 cells
transfected with indicated amounts of siRNAs were seeded in
96-well plates. The following day, the indicated concentrations
of the drugs were applied. After 72 h, the surviving cells were
stained with TetraColor ONE (Seikagaku Corporation,
Tokyo, Japan) for $0min at 37°C according to the manufac-
turer’s instructions. The absorbance was then measured at
450 nm. For the WST-8 assay with BSO, 10uM BSO were
treated when ATF4-overexpressing cells were seeded, and the
following day the indicated concentrations of the drugs were
applied.

Quantitative analysis of intracellular glutathione

Aliquots of 5x 10° ATF4-transfected cells treated with or
without 10 uM BSO for 72 h, and siRINA-transfected A549 cells
were washed twice with phosphate-buffered saline. Then,
10 nmolft HCl was added to the cells and they were rapidly
freeze—thawed twice. Next, 5% sulfosalicylic acid was added
and the cell lysates were centrifuged at 8000 g for 10min at
room iemperature. The intracellular glutathione concentration
of the supernatants was measured using the Total Glutathione



Quantification Xit (Dojindo Molecular Technologies, Kumamoto,
Japan) according to the manufacturer’s instructions.

Oligonucleotide microarray study and microarray analysis

A microarray procedure was performed as described pre-
viously (Arao et al., 2006). In brief, total RNA extracts were
collected from A549 cells transfected with ATF4 siRNA (50 or
0.3nM) or control siRNA (50 or 0.3nM) in duplicate. Eight
GeneChips (Affymetrix, Santa Clara, CA, USA) were used for
analysis. The microarray analysis were performed using the
BRB Array Tools software ver. 3.3.0 (http:/flinus.nci.nih.gov/
BRB-ArrayTools.html) developed by Dr Richard Simon and
Amy Peng. In brief, a log base 2 transformation was applied to
the microarray raw data, and global normalization was used to
median over entire array. Genes were excluded if percent of
data missing or filtered out exceeds 20%. We analysed subset
of genes including glutathione metabolism subset (based on
KEGG PATHWAY Database, hitp://www.genome.jp/kegg/
pathway.html). The selected genes were further selected if fold
change marked > 1.5 between averaged ATF4 siRINA sampie
and control siRNA samples. Next, the 129 genes that fold
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BACGKGROUND. RBecause the investigalion of epidenmat growth factar recepror
gene (EGFR) status as a predictor of gefitinib efficacy in Japanese patients has
shown promise, the authors evaluated EGFE mutations and gene amplification in
biopsy specimens [ram Japanese patients with nonsmall cell lung cancer
(NSCILC) who received treatment with gefitinib 1o analyze the correlation
between FGPR gene status and clinical outeome. '
METHODS. Fifty-nine patients were enrolled in this study. EGFR gene amplifica-
tion was evaluated by fluorescence in sita hybridization (FISH), and EGFR muia-
tions in exons 18, 19, and 21 were analyzed by polymerase chain reaction and
direet sequencing.

RESULTS. EGFR mutations were detected in 17 patients (28.8%). FISH-positive
results were observed in 26 paticnts [48.1%). The response rate was significantly
higher in the patients with FGFR matations than in the patients without muta-
tions (38.8% vs 14.3%; P =.0005). No significant differenee in 1he response
1ate was observed hetween FISH-positive patients axd FISt-negative patients
(31.8% vs 21.4%; P = 4339}, EGFR mutalion was coteefated with hath a longer
tiine ta progression (TTP) (7.3 manths vs 1.8 wonths; P = .0030) and longer over-
all survival (OS) (18.9 maonths vs 64 months; P = .0092). No significant dif-
ferences in TTP or QS were ohserved between FISH-positive patients and
F1S1-negative patients, The resulis from a multivariate analysis  indicated
that EGFR mutations maintained a signiftcant association with longer TTP and
longer OS.

GONCLUSIONS. The results of this study suggested that EGFR mutations may
serve as predictors of response and sivival and that the role of EGFR gene
ammplification is not a predictor of gefitinib efficacy in japanese patients with
NSCLC. Cancer 2007:109:1836-44. €& 2007 Awmerican Cancer Snciefy.

KEYWORDS: gefitinib, epldehnal growth factor receptor gene, mutations, gene
amplification, fluorescence In silu hybridization, Japanese.

pidermal growth factar receptor (EGFR) is a tyrosine kinase recep-

tor that helongs to the EthB family and has been implicated in
cell proliferation and survival. The FGFR gene (EGFR) frequently is
overexpressed in many solid tumors, inchiding nonsmall cell lung
cancer (NSCLC).! Gefitinib (Iressa; Astra Zeneca) is a targeted agent
that inhibits the tyrosine kinase activity of EGFR by competitively
blocking the adenosine triphosphate binding site. Two Phase 11 rials
(‘TTTE Tressa Dose Bvaluation in Advanced TLung Cancer [IDEAL] | and
1DEAL 2 studies) confirmed that gefitinib was active in from 10% (o

Published onling 26 March 2007 ¢ Wiley interScience feavw.interscience.wiley.cam).
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20% of paticnts with NSCLC who had failed on stand-
ard therapy,™ and both trials revealed significant vari-
ability in response to gefitinib. Objective responses (o
gefitinib frequently are observed in women, never-
smokers, and patients with adenocarcinoma histol-
ogy,™* and molecular predictors of response o gefiti-
nib have been investigated. Protein expression of
EGFR and its downstrcam molecules have been stud-
jed widely immunohistachemically, but the results
have not heen consistent.” "

In 2004, 3 groups reported that tumors with so-
matic mutations in the kinasc domain of EGFR were
associated with gefitinib sensitivity.™"" Several retro-
spective studies have revealed that EGFI mutations
are obscrved more {requently in women, never-smo-
kers, patients with adenocarcinoma histology, and
East-Asian patients' ! and that mmiations are asso-
ciated with objective response (o gefitinib and a pro-
longed lime to progression (TTP). A survival benefit of
gefitinib treatment has been observed in many East-
Asian patients with EGFR mutations, but no such hen-
efit has been reported in Caucasian patients wilh
GGFR mutations, ™ 1213151819

Cappuzzo et al. investigated EGFR gene amplifica-
lion by fluorescence in situ hybridization (FISH) in
paticnts with NSCLC who received treatment wilh
gelitinib, and their results indicated that EGFR gene
amplification was associated  with an  objective
response Lo gefitinib, a Jonger TTE and a longer over-
all survival (08).'"*" Those authors alse demonstrated
that EGFR gene amplification assesscd by FISIT was a
mare teliable biomarker for predicting a survival hen-
clit of gefitinib therapy in Caucasian patients with
NSCLC than EGFR mutation status. IHowever, it is
imclear whether EGFR gene amplification assessed by
FISH is an elfective predictor of gelitinib efficacy in
Japanese patients with NSCLC, who frequently have
GGFR mutations and in whom the mutations scem to
he reliable predictors of gefitinib efficacy. In the cur-
rent study, we evaluated the EGFR mutation status
and gene amplification in biopsy specimens from Jap-
anese patients with advanced NSCLC to assess their
predictive value in regard to the efficacy of gefitinib in
this population. )

MATERIALS AND METHODS

Patignts

This was a retrospeetive study and was conducted at 5
institutions; Kanazawa University Hospital, Ishikawa
Prefectural Central Hospital, Kousciren Takaoka Tlos-
pital, Houju Kinen Hospital, and Kanazawa Municipal
Hospital. Gefitinib therapy in the enrolled paticnts
was started between July 2002 and October 2005. The
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patients were chosen for this study based on the fol-
lowing cligibility criteria: histologically confirmed
NSCLC weated with gefitinib (250 mg per day), the
ability 10 obtain tumer samples from cach instinuion
afler recciving approval from the institution’s review
board and the paticnt’s written informed consery, and
the ahilily to ohtain complete clinical information
and physical examination records, including informa-
tion on Eastern Cooperative Oncology Group per-
formance status (P$).%°

Patienls who received treatment with gefitinib
were cvaluated for response every 4 weeks according
1o the Response Evaluation Criteria in Solid Tumors
(RECIST) guidelines.® Tumor response was assessed
by computed tomography (CT), and a confirmatory
evaluatlion was repeated afier 4 weeks in patients who
had a compleie response (CR), a partial responsc
{PR), or stable disease (SI)}. TTP was calculated (rom
the date gefitinib therapy was starled to the date of
discase progression or the date of last contact. 08 was
calculated from the date gefitinib therapy was started
10 the date of death or the most recent date on which
the patient was known Lo be alive. Some patients in
this study had been enrolled in our previous study,
which was a Phase IT fria) that evaluated the clinical
henefit of gefitinib in chemotherapy-naive patienis
with NSCLC.# The investigators who examined the
biopsy specimens were blinded to the clinical out-
come,

Tissue Preparation

The tumor specimens were fixed in formalin and em-
bedded in paraffin wax. Serial sections that contained
representative malignant cells were deparafiinized in
xylene washes and dehydrated in 100% ethanol. No
specimens were microdissected.

EGFR Mutations
IDNA was extracled from 5 serial, 10-pan-thick sections
by using the QJAamp DNA Mini kit (Qiagen, Tokya, Ja-
pan) according to the protocol deseribed in the manu-
facturer's instructions. The DNA obtained was eluted
in 50 ul. of bulfer AL, and the concentration and pu-
rity of the extracted DNA were assessed by spectro-
photometry. The extracted DNA was stored at -20°C
unlil it was used. EGFR mulations were detecied hy
polymerase  chain  reaction  (PCR)-based  direct
sequencing of exons 18, 19, and 21. PCR amplification
was performed in 100 ng of genomic DNA with the
TaKaRa Ex Taq 1ot Start Version kit (TaKaRa, Tokyo.
Japan). The following primers were used: exon 18, 5

CCTTGTCTCTGTGTITCTTGT-3 (forward)  and  5'-
CTGCOGOGCCCAGCCOAGAGGC-3 (reverse); exon 19, 5'-

CATGTGGCACCATCTCACA-3 (forward) and 5'-CCA-
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CACAGCAAAGCAGAAAC-3' (reverse); and exon 2], §'-
CAGGGTCITCTCTGTTTCAG-3 (forward) and 5'-TAA-
AGCCACC TCCTTACTTT-3 (reverse). DNA was ampli-
fied for 35 cycles at 95°C for 30 seconds, at 61°C for
30 scconds, and at 72°C for 60 scconds followed by
7 minutes of extension at 72°C. Sequencing was per-
formed with a 3100 Genetic Analyzer (Applied Biosys-
tems, Tokyo, Japan), and the results were analyzed by
using Sequencer 3.11 sofllware (Applicd Biosystems,
Foster City, Calif) 10 compare vaviations. The sc-
quences were compared with the GenBank sequence
for human EGFR (accession number AF288738).

EGFR Amplification
Fach slide was deparalfinized in xylene washes and
dehydrated in 100% cthanol. Afier incubation in 0.2 N
HCL at room temperature for 20 minutes and in a pre-
treatment reagent (NaSCN; Vysis, Tokyo, Japan) at 80°C
for 30 minuies, the slides were digested with a protein-
ase reagent at 37°C for 10 to 60 minutes. Slides were
relixed in 10% necutral buffered formalin at room tem-
peratre  for 10 miputes and rinsed twice in
2 % standard saline civrate ($5C), pH 7.3, at room tem-
perature for 5 minutes each. The stifles were incubated
in 70% formamide/2 > SSC, pi1 7.0 to 8.0, at 72°C for 5
mimues to allow the chromosomes o denalure and
were then dehydrated in a series of increasing concen-
trations of cthanol solutions (70%, 85%, and 100%). The
EGFRIchromosome 7 centromere (CEP7) probe set
(Vysis) was applied to an avea that was sclected based
on the presence of wimeor foci on each slide, and the
hybridization area was covered wilh a cover glass and
scaled with rubber cement. The slides were incubated
in a humidificd chamber at 37°C (or 20 10 24 howrs
to allow hybridization to occur. A posthybridization
wash was performed in 2 x SSC/0.3% NP-40 at 73°C
for 2 minutes and then in 2 X SSC at room temperature
for 5 minutes. Finally, 4'.6-diamidino-2-phenylindole
was applied to the target area, which then was covered
with a coverslip.

The patients were classified into the following
6 categories according to EGFR gene copy numbers
per cell and {requtency of tumor cells with a specific
copy number of the EGFR gene and CEP?, as described'®
by Cappuzzo ct al.: disomy (<2 copics in >90% of
cells), low trisomy (<2 copies in 240% of cells, 3
copies in 10-10% of cells, >4 copies in <10% of cells),
high trisomy (<2 copies in >10% of cells, 3 copies in
240% of cells, >4 copies in < 10% of cells), low polys-
omy (>4 copies in 10-40% ol cells), high polysomy
(>4 copies in 240% of cclls), and high gene copy
number (delined as the presence ol tight EGFR gene
clusters and a ratio of EGFR gene to chromosome of
>2 copies or >15 copies ol EGFR per cell in 210% of
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cells) (Fig. 1A-D). FISH analysis was performed inde-
pendently by 2 investigators who were blinded 1o the
patients’ clinical characteristics and all other molecu-
Jar variables. Patients with high polysomy or high
gene copy numbers were classified as FIST-positive,
and the remaining groups {with disomy, low trisomy,
high uisomy or low polysomy) were classified as
FISlI-negative.

Statistical Analysis

Assnciations helween response to gefitinib and other
variables, including sex, hisinlogy, smoking history,
EGFR mutations, and EGFR gene amplilication, were
analyzed for independence by using the chi-square
test. A logistic regression model was used to identily
which independent factors had a joint significant
influence on the rate of objective response Lo gefitinib.
TTP and OS were calculated by using the Kaplan-
Meier method, and differences between patient groups
according to EGFR mutations or FISH analysis were
compared hy using the log-rank test. A Cox propor-
tional-hazards model was used for the multivariate
analysis of survival. A P value of .05 was regarded as
statistically significant, unless stated otherwise, and
all comparisons were 2-sided. StatView 5.0 statistical
software was used to perform all analyses.

RESULTS

Patient Characteristics .

The characteristics of the paticnis are shown in Ta-
ble 1. Tumor samples were collected [rom 59 patients.
We were able 10 obtain complete clinical information
on 1} patients with NSCLC who received treatment
with gefitinib at the 5 institutions. It was impossihle
to obtain tumeor samples from 37 of 101 patients;
because, in 22 patients, the diagnosis was made cyto-
logically, and the 15 other palients already had been
diagnosed at ather hospitals before their admission to
1 of our institutions. Response o gefitinib was not
cvaluated in 5 patients, because they did not have
lesions that could be evaluated.

In total, 59 tumor samples, 46 from primary
tumors (29 obtained by transbronchial lung biopsy, 3
oblained by percutaneous hung biopsy, and 14
ohtained ar surgery) and 13 samples from lung tumor
metastases Lo other sites (5 in lymph nodes, 5 in the
brain, 1 in the small bowel, 1 in bone, and 1 in mus-
cle) were obtained. All rescelions were performed for
histologic diagnaesis or palliative therapy. Twenty-four
of 59 patients (10.7%) were women, and 21 patients
(35.0%) were never-smokers. According to histologic
type, there were 44 adenocarcinomas (73.3%; includ-
ing 2 that contained bhronchioloalveolar carcinoma
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FIGURE 1. Fluorescence in situ hybridization of nonsmall cell lung cancer cells. The chromosome 7 centromere (CEP7) signals are green, and the epldermal
growth factor receptor gene (EGFR) signals are red. A disomy; B, low trisomy; C, high palysomy; D, high gene copy number.

components), 11 squamous ccll carcinomas, 3 large
cell carcinomas, and ! adenosgquamous cell carci-
noma. Thirly-six patients (61.0%) had a good PS (0 or
1). Fifty-four patients (91.5%) had stage IV discase at
the start of gefitinib therapy.

- Twenty-five patients had been treated with chem-
otherapy, and 34 patients were chemotherapy-naive. A
PR was achicved in 16 patients (27.1%), 20 patients
had SD (33.9%), and 23 patients had progressive dis-
ease (PD) (39.0%). The overall response rale was
27.1% (95% confidence interval, 15.8-38.5%), and the
response rate was significantly higher among women,
patients with adcnocarcinoma, and never-smokers
(Table 1).

Fifteen patients were alive at the time of the analy-
sis, and 5 of those patients still were recciving geliti-
nib therapy without tumar progression. The median
follow-up was 9.9 months, the median TTP was 3.1
months (range, 0.2-34.8 months), and the median OS
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was 7.6 months (range, 0.7-38.8 months). The median
duration of gefitinib therapy was 3.5 months. The TTP
and OS were significantly longer among women (TTP:
4.3 months vs 1.1 months; P =.0084; OS: 18.2 months
vs 6.4 months; P =.0022), amang patients with adeno-
carcinoma (TTP: 3.7 months vs 1.1 months; P =.0024;
0S: 10.2 months vs 6.1 months: P =.0025), and
among never-smokers (TTP: 6.5 months vs 3.3
months; P —.0013; OS8: 18.2 months vs 6.1 months;
P =.0003). There were no differences in TTP or 0§
between patients who reccived gefitinib as first-line
therapy and patients who received gefitinib as sec-
ond-line therapy (TTP 3.3 months vs 2.6 months,
respectively; P = 3287; 0S: 8.2 months vs 6.2 months,
respectively; P = .2689).

EGFR Mutations
EGFR mutations of exons 18, 19, and 21 were analyzed
in every patient were detected in 17 patients (28.8%).
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TABLE 1
Patlent Characteristics and Objective Response
No. of No. of Response
Variahle |ratients respanders rate, % 14
All patients 59 16 274
Sex
Women 4 n 108 0074
Men 35 5 143
Histelogy
Adenacarineira A4 13 ni 0301
Nanadenocaninnina 15 1 6.7
Smaking history
Never 21 [¥] 5710 oeal
Currenti/ormer 8 4 16.5
PS
0-1 16 9 25,0 4470
-3 2 7 .4
Stage
i 5 i W00 TR
3% o4 15 278
Prior chemotherapy
Presem 25 7 280 i
Absent 14 9 6.5
EGFR mulation
Mistalion 17 W e R() 4
Fxon 1§ i} 0 ~
Fson 19 12 7 8.3 RINNY
Exon 21 q 3 60.0
Wild type 42 6 143
EGFR gene amplification”
FISH positive 26 8 ki3] 4430
FISH negative 2 [ 214

P inclirates performarnce statay EGER, epidenal growth factor weepton MSK, Buntescence o sitn
hybridization.

* P aalue e camgarison of watatons in exons 19 and 20

PIGFR peae amplificaticn conld not he ovzlusted in 3 paticnts beanse of the siall siee of the
fissue specimen

The mutations consisted of in-frame deletions in exon
19 (n - 1 patients), an in-[rame deletion with point
rautation in exon 19 (n = 1 patient), and peoint muta-
tions in exon 21 (n == 5 palients). EGFR mulations
were significantly more frequent ameng women (12 of
24 women; 50.0%; 5 of 35 men, 14.3%; P = .0028) and
never-smokers (10 of 21 never-smokers; 47.6%; 7 of 38
smokers; (8.4%; P —.3177). Mutations [requently were
detected in adenocarcinomas (11 of 44 tumors;
31.8%); they were detected in 2 squamous cell carci-
nomas and in 1 large cell carcinoema, but none of the
differences according (o bistologic sublype were sta-
tistically significant {Table 2).

EGFR Amplification

LGER gene amplification was assessed by FISIT in 54
patients. The tissue specimens in the other 5 paticnts
were small and inadequate for FISIT analysis. Disomy
for the EGFR gene was present in 5 patients (9.3%),
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TABLE 2
Epidermal Growth Factor Receptor Gene Mutations,
Gene Amplification, and Patlent Characteristics

No. of No. of
patients FISH-
with EGFR positive
Varialile mutations % p patients % »
Al patients 17454 288 26094 A
Sex
Wainen 12124 50 M0 12 524 46195
Men 505 14.2 15/33 455
Histology
Adenorascinoma 14/44 e w210 9% RES
Nonadenocarcinoma 315 20 Al 88
Smoking status
Never 10124 ATH 0T e 4.7 38
Curenttommer 7R 184 13437 A0S

EGFR indicates epidermad prowth fector receptor gese. 1154, Quorescance in site hybrdizatinn.

low trisomy was present in 5 patients {9.3%), high tris-
omy was present in 0 patients {0%), low polysomy
was present in 18 patients {33.3%), high polysomy was
present in 5 patients (9.3%), and high gene copy num-
bers were present in 21 patients (38,9%). Twenty-six
palicnts (4B.1%} were FISIT-positive, and 28 patiens
(5L.9%) were FISH-negative. FISH-positive results
were observed frequently among patients with adeno-
carcinoimas and among never-smokers, but the differ-
ences were not statistically significant. FISIT status
was not associated with sex (Table 2)., FISH-positive
results were observed in 62.5% of patients with EGFR
multations (10 of 16 palients) and in 12.1% of patients
without EGFR mutations (16 of 38 patients). The rate
of FISH-positive results was not correlated with the
presence of EGFR mutations (P =<.1708). The clinical
characteristics of the patients with EGFR mutations
and their classification according 1o EGFR gene ampli-
fication in are summarized in Table 3.

EGFA Mutations and Gene Amplification As Predictors

of Gefitinib Efficacy

The response rate among patients with EGFR muta-
tions was significantly higher than the response rate
among patients witheut multations (58.8% vs 14.3%;
P - .0005) (Table 1), but there was little difference in
the response rate between FISH-positive patients and
FISIE-negative patients (30.8% vs 21.4%, respectively;
P~ 4339) {Table 1). A mullivariate analysis of res-
ponse to gefitinib that included the variables sex, his-
tology, smoking status, and EGFR genc status revealed
that BGFR mutation was the only factor that contri-
buted significantly toward a response to gefitinib
(P = .0196) (Table 1.
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TABLE 3
(linical and Molecular Fealures of Patients With Epidermal Growth Factor Receptor Gene Mutations
Palt  Sex  Histology  Smokingstatus  Response lo gefitinih  Mediin OS, mo Median TTR, e EGHi gene amplification  EGFI mutation
3 A\ ADC _ Never PR 14 65 HGCN 1 838R
8 M ADC Smokes PR n7 24 4 L&58R
9 W ADC Newver PR 182 7.9 1P drl E746-A750
15 W ADC Never PR 128 43 HGCN drd EM6-A750
1] M ADC Smoker R 188 18.3 HGCN del EZ6-A750
13} W ADC Smoker D 114 14.4 ip ded 1.747.5752, E746]
30 W ADC Newer D 133 13.3 HGCN 14580
1 W ADC Never iR 224 83 [k dr] 1.747-8732
14 M seC Smoke; rp 21 79 T del E746-AT0
17 W A Nexver N 116 Y HGUN 1581
18 M 1C Sranket 2y 54 I np ded E746-A730
9 w ADC Never PR 0 12.9 [k ded E746-A740
12 W ADC Never PR 97 77 HGCN §ieid]
" M S Stioker N 68 1.l 1GEN ded E746-A750
19 W ADC Never M 66 686 i del E746-A750
54 W ADC Smoker D 36 3 HGCN ded EM6-A750
58 w ADC Never R 189 153 NE del E746-A750

08 inueates everall sunival; TI time (o progression; EGFR, epidsimal grewsh fasins seomplor gene, W, wenten; 20X, adenocazciinma; PR, panial respanies, HGN, high gene copy aumber; M. men, B, disomy;
112 b polyzomy; SO, stable diseawe; SOC sapamsas eel] atcinoma; I, gengressive divace; X, Tange-coliearcinama: HE ligh polysomy; 1T, low trisumy: NE, ot evaluzble.

TTP and QS were significantly longer in patients
with EGFR mwations than in paticnts without CGFR
mulations (TTP: 7.3 months vs 1.8 months; P ~.0030)
(Fig. 2A) (OS: 184 months vs 6.4 months; ' —.0092)
(Fig. 2B), bul no significant dilference in the median
_TTP ar OS was observed between FiSH-positive

patients and FiSI-negative patients {TTP: 1.8 months
vs 2.6 months, respectively; P ==.8535) (Fig. 2C) (0S:
6.4 months vs 8.2 months, respectively, P =9121)
(Fig. 2D). Five variables (sex, histology, smoking sta-
tus, EGFR mutation, and EGFR FISH-positive results)
were included in a Cox hazards model ia define which
variahles were predictive of longer survival, The
results showed that EGFR mutation was the only fac-
ior associated with both Jonger TTP and longer OS
(Table 4). The median OS of patients with mutations
in cxon 21 was longer than of patients with exon 19
deletion mutations (23.0 months vs 18.2 months;
P - .0271), but there was no dilfercnce in response
rate or TTP between patients with mutations in exon
19 and patients with mutations in exon 21 (response
rate: 60.0% vs 58.3%, respectively; P = .9493; TTR:
8.3 months vs 6.4 months, respectively; P~ .5158),
TTP and OS were significantly langer in the 10 respon-
ders with mutations than in the 6 responders without
mutations (TTP: (5.3 menths vs 3.3 months;
P =.0022; 08: 20.0 manths vs 7.7 months; P~ 0007).

DISCUSSION
The results of this study showed that EGFR mutation
was Lhe only factor significanily associated with a bet-
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TABLE 4
Multivariable Analysis for Response to Gefitinib and Survival
OR for 1R for HR for
Varizhle response. I m P 08 14
Sex
Women n515 6274 1677 2071519 4322
Men i ! i !
Iistology
Adenacarcinoma 2150 SBL D648 2933 G656 2869
Nonadenacarcinoma 1 i 1
Smoking datus
Never 12,765 {876 0443 i35 17342 145
Corrent! former { I i
CGFR muation
Mutation 5.880 a2 08 onos 0339 0125
Wild ype i 1 |
EGFt gene amplification
FISH positive 0.773 KoL WA A1 1678 1696
FISH negative 1 1 1

OR fndicates abls ratio; IR, h2zard rzbio; VIR, Gme to progression; (8, oaveak sunvival [GIR, indie
cztes epidemat growih factos receptor goue: FISH, Muvesconce in situ hybsidizating.

ter responsce Lo gefitinib, longer TTEH and longer 0§
in Japanese patients with NSCLC. A multivariate anal-
ysis revealed that EGFR mutation was a more reliable
predictor of gelitinib efficacy than sex, histology,
smoking stawus, or EGFR gene amplilication. All
hiopsy specimens were examined successfully for
ECGFR mutations, and the results were comparable
with those from previous studies in which surgical
specimens were used,'*' ! even though the amount
of tumor tissue available in the biopsy specimens
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FIGURE 2. Kaplan-Meicr cstmates of time-to-progression and overall survival grouped by epidermat growth faclar gene (FGFR) mutation (A8} and by EGFR
amgplification {C,0).The solid and open dols represent censored patients. FISH indicates fluorescence in situ ybnd:zation,

was limited. The resulis-suggested that gefitinib efti-
cacy in Japancse patients with NSCLC can be pre-
dicted by detccting EGFR mutations in biopsy
specimens.

Several recent studies produced higher response
rates in paticnts with mutations in cxon 19 of EGFR
than in patients with LA58R in cxon 21 and demon-
strated that TTP and OS were langer in patients with
the deletion than in the patients with L858R.2*2* TTow-
ever, our current results showed no  difference in
responsc or TTP between patients with exon 19 mula-
tions and paticents with exon 21 mulations, and patienis
with the L858R point mutation in exon 21 had a ltonger
median OS than patients with a point mutation in exon
19. We cannaot explain why our results were not in line
with the those obtained in previous studies.™?* Qur
study was not designed investigate the differences in
gelitinib efficacy between patients with mtations in
exon 19 and patients with mutations in exon 21, and
the sample size of the study was too small to detect a
statistically significant dilfference.

The small number of patients is a clear limitation
of this study. A large-scale, single-arm study of Wes-
lern NSCLC reported that both EGFR mulations and
gene amplification were associated with response rate
Lo gefitinih, longer TTE and longer OS, and that study
also demanstrated a significant correlation between
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FISH-positive results and the presence of EGFR muta-
tions in paired specimens.’ Results from samples in
prospective, placcho-controlled, Thase 11T studies
were published subsequently, and the usefulness of
EGFR gene amplification as a prediclor of gelitinib ef-
ficacy was validated in a Phase 11}, placebo-controtiod
study, the Iressa Survival Evaluation in Lung Cancer
(ISEL) trial.*® The results of that prospective study
indicated that high EGFR gene copy numbers were a
predictor of a better response to gefitinib and a sur-
vival benefit.”® The results from the current study con-
flict with the results from the ISEL trial and do not
demonstrate any association between gene amplilica-
tion and the efficacy of gefitinib therapy.

One possible explanation for the discrepancics
between findings from the studies described above
and our own (indings is the dilference in EGFR gene
status according 1o cthnicity. Han et al. investigated
EGFR gene mutations, gene amplilication, K-ras
multation, and Akt phesphorylation in tumor sumples
from East-Asian patients with NSCLC* and demon-
strated that FGFR mutation was an independent pre-
dictor of response and survival in a maltivariate
analysis that included EGFR gene amplification. Those
authors alse demonstrated that FISH-positive results
were assaciated with a hetter response rate the same
as EGFR mutation in (he univariale analysis but was



