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Gefitinib versus cisplatin plus docetaxel in patients with
non-small-cell lung cancer harbouring mutations of

the epidermal growth factor receptor (WJTOG3405):

an open label, randomised phase 3 trial
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Summary
Background Patients with non-small-cell lung cancer harbouring mutations in the epidermal growth factor rccep(or
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(EGFR) gene respond well to the EGFR-speclﬁc kinase inhibi h

b. However, wi is
better than dard plati doublet ch herapy in selected by EGFR mutation is uncertain.

P

Methods We did an open label, phase 3 study (W] TOG3405) with recruitment between March 31, 2006, and June 22,
2009, at 36 centres in Japan. 177 chemotherapy-naive patients aged 75 years or younger and diagnosed with stage
IIIB/IV non-small-cell lung cancer or pos(operauve recurrence halbourlng EGFR mutations (either the exon 19
deletion or L858R point ion) were rand igned, using a mi technique, to receive either gefitinib
(250 mg/day orally; n=88) or cisplatin (80 mg/m2, m(ravenously) plus docetaxel (60 mg/m2, intravenously; n=89),
administered every 21 days for three to six cycles. The primary endpoint was progressnon-free survival. Survival
analysis was done with the modified i to-treat 1 This study is d with UMIN (University
Hospital Medical Information Network in Japan), number 000000539

Findings Five patients were excluded (two patients were found to have thyroid and colon cancer after randomisation,
one patient had an exon 18 mutation, one patient had insufficient consent, and one patient showed acute allergic
reaction to docetaxel). Thus, 172 patients (86 in each group) were included in the survival analyses. The gefitinib
group had significantly longer progression-free survival compared with the cisplatin plus docetaxel goup, with a
median progression-free survival time of 9-2 months (95% CI 8-0-13-9) versus 6-3 months (5-8-7-8; HR 0-489,
95% CI0-336-0-710, log-rank p<0-0001). Myelosuppression, alopecia, and fatigue were more frequent in the cisplatin
plus docetaxel group, but skin !oxlclty, lwer dysfunctmn and diarrhoea were more frequent in the gefitinib group.
Two p in the gefitinib group d P itial lung disease (incidence 2-3%), one of whom died.

Interpretation Patients with lung cancer who are selected by EGFR mutations have longer progression-free survival if
they are treated with gefitinib than if they are treated with cisplatin plus docetaxel.

Funding West Japan Oncology Group (WJOG): a non-profit organisation supported by unrestricted donations from
several pharmaceutical companies.

Introduction

Lung cancer is a major cause of cancer-related mortality
worldwide. However, current standard platinum doublet
therapy seems to have reached a therapeutic plateau,’
although it has recently been shown that patients with
non-squamous histology who are treated with pemetrexed
disodium have better survival than if they are treated
with older drugs.

Targeted therapies are actively being developed to
improve efficacy in selected patient populations.*
Small-molecule tyrosine kinase inhibitors (TKIs) that
target the epidermal growth factor receptor (EGFR),
such as gefitinib and erlotinib, are the first targeted
drugs to enter clinical use for the treatment of lung
cancer. Subgroups of patients of east-Asian origin,
female sex, adenocarcinoma, and no history of smoking

www thelancet.com/oncology Vol11 February 2010

have been shown to be significantly associated with a
favourable response to EGFR TKIs.* In 2004, researchers
noted that activating mutations of the EGFR gene
present predominantly in patients with the
above-mentioned clinical characteristics, and determine
sensitivity to EGFR TKIs.* EGFR mutations are present
in the first four exons of the tyrosine kinase domain of
the EGFR gene, and about 90% of these EGFR mutations
are either short in-frame deletions in exon 19, or point
mutations that result in a substitution of arginine for
leucine at aminoacid 858 (L858R).™ Subsequent
retrospective and prospective trials confirmed that the
response rate to gefitinib or erlotinib in patients with
EGFR mutations is about 70-80%."" Furthermore,
patients with EGFR mutations have a significantly longer
survival than those with wild-type EGFR when treated
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with EGFR TKIs.""* We proposed that the absence of any
survival advantage conferred by gefitinib monotherapy
in previous studies'™ is due at least in part to a lack of
patient selection, and that gefitinib would confer a
survival advantage compared with platinum doublet
chemotherapy in a first-line setting if eligible patients
were selected on the basis of EGFR mutation status. To
address this issue, we did a phase 3 trial that compared
gefitinib with cisplatin plus docetaxel in patients with an
EGFR mutation.

Methods

Patients

This study (WJTOG 3405) was a multicentre, randomised,
open-label, phase 3, trial of first-line treatment with
gefitinib versus cisplatin plus docetaxel for patients with
advanced or recurrent non-small-cell lung cancer
(NSCLC) harbouring an activating mutation of the EGFR

337 patients screened inthe
central laboratory

219 patients excluded
16 patients not evaluable
for EGFR gene test
1withdrew consent
202 patients without
EGFR mutation

A
118 patients with EGFR mutation
12 withdrew consent

71 patients with EGFR mutation
detected at the commercial
dinical laboratorics.

177 patients randomised

88 allocated to gefitinib
87 received gefitinib
1did not receive gefitinib

89 allocated to cisplatin/docetaxel
88 received cisplatin/docetaxel
1did not receive cisplatin/
(double cancer found after docetaxel (double cancer found
randomisation) after randomisation)

¥ ¥

57 discontinued gefitinib
40disease progression
14 adverse event
3other
30 continuing study treatment

26 early termination of protocol
treatment
7 disease progression
11 adverse event
8other
59 completed protocol treatment
3 continuing study treatment

[87 analysed for safety ] I 88 analysed for safety 7
86 analysed for efficacy 86 analysed for efficacy excluding

excluding 1 exon 18 mutation 1allergic reaction to docetaxel

and 1insufficient consent

Figure 1: Trial profile

gene. We recruited patients between March 31, 2006, and
June 22, 2009, at 36 centres in Japan. All centres were
members of the West Japan Oncology Group (W]JOG),
which is a Japanese non-profit organisation for
oncological clinical trials (formerly the West Japan
Thoracic Oncology Group, or WJTOG).

Initially, only patients with postoperative recurrence
were eligible, because these surgical specimens were
expected to ensure good sample quality. However,
because of the initial slow accrual, the protocol was
amended on July 10, 2006, to include patients with stage
IIB/IV disease. Patients were eligible if they had
histologically or cytologically confirmed NSCLC,
harbouring activating EGFR mutations (either exon 19
deletion or L858R in exon 21), were aged 75 years or
younger, had WHO performance status 0-1, had
measurable or non-measurable disease according to the
Response Evaluation Criteria in Solid Tumours (RECIST),
and had adequate organ function. Patients with
postoperative recurrence, treated with adjuvant therapy
other than cisplatin plus docetaxel, were included when
the interval between the end of adjuvant chemotherapy
and registration exceeded 6 months for platinum-doublet

Gefitinib Cisplatin plus
(N=86) docetaxel
(N=86)
Sex
Male 27 26
Female 59 60
Age (years; median; range) 64-0(34-74) 640 (41-75)
Histological type
Adenocarcinoma 83 84
Adenosquamous carcinoma 0 1
Squamous-cell carcinoma 1 0
Non-small-cell lung cancer; not 2 1
otherwise specified
Smoking history
Never 61 57
Former/current 25 29
Performance status
0 56 52
1 30 34
Stage
Postoperative recurrence 35 36
With postoperative adjuvant 19 23
chemotherapy
Without postoperative adjuvant 16 13
chemotherapy
s 10 9
v 41 41
EGFR mutation
Exon 19 deletion 50 37
L858R 36 49
Table 1: d baseli f the modified
intention-to-treat population
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therapy and more than 1 month for oral tegafur plus
uracil therapy. Patients were not eligible if they had
received previous drug therapy that had targeted EGFR,
had a history of interstitial lung disease, severe drug
allergy, active infection or other serious disease condition,
symptomatic brain metastases, poorly controlled pleural
effusion, pericardial effusion or ascites necessitating
drainage, active double cancer, or severe hypersensitivity
to drugs containing polysolvate 80. Patients in pregnancy
or lactation, or whose participation in the trial was judged
to be inappropriate by the attending doctor, were not
eligible. All patients provided written informed consent.
Study approval was obtained from independent ethics
committees at every institution. The study was undertaken
in accordance with the Declaration of Helsinki.

Procedures

Patients were randomly assigned in a 1:1 ratio to receive
gefitinib (250 mg/day, administered orally), or docetaxel
(60 mg/mz2, administered intravenously over a 1 h period)
followed by cisplatin (80 mg/m?, administered
intravenously over a 90-min period), with adequate
hydration, in cycles of once every 21 days for three to
six cycles.Treatment continued until progression of the
disease, development of unacceptable toxic effects, a
request by the patient to discontinue treatment, serious
non-compliance with the protocol, or completion of three
to six chemotherapy cycles. Further therapy after
progression of the disease was at the physician’s
discretion. The primary endpoint was progression-free
survival. Secondary endpoints included overall survival
and response rate. Tertiary endpoints were disease
control rate, safety, and mutation-type-specific survival.

Initially, patients were screened for EGFR mutation in a
central laboratory at the Department of Molecular
Diagnostics, Aichi Cancer Centre Hospital, Nagoya, Japan.
The exon 19 deletion mutation was screened by fragment
analysis and the L858R point mutation was screened by
the Cycleave method, as described previously,” followed by
confirmation by direct sequencing. On Feb 16, 2008, the
protocol was amended to allow outsourcing of EGFR
genetic testing from each institution to commercial clinical
laboratories, either at SRL in Tokyo (direct sequencing),
Mitsubishi Chemical Medience in Tokyo (peptide nucleic
acid-locked nucleic acid PCR clamp®), or BML in Tokyo
(PCR invader®), as this amendment would further facilitate
patient accrual. The sensitivity of direct sequencing was
anticipated to be less than that of other methods; however,
false negativity was not a problem in this trial, since
patients judged to lack EGFR mutations were not randomly
allocated to a treatment.

Progression-free survival was assessed from the date of
randomisation to the earliest sign of disease progression
as determined by CT or MRI imaging using RECIST
criteria, or death from any cause. Overall survival was
assessed from the date of randomisation until death from
any cause. Tumour response was assessed every 2 months

www.thelancet.com/oncology Vol 11 February 2010

A
100 Median (95% C) progression-free survival
—— Gefitinb ~ (n=86) 92 months (8.0-13.0)
— Cisplatinand (n=86) ~ 6:3 months (5:8-7-8)
docetaxel
£ 80+
<
§
g
g 60
&
s
2 p<0:0001
§
£
g
g
£ 204
T T T 1
Number at risk
Gefitinib 86 63 2 un 4 3 2 2 0
Cisplatinand 86 49 11 7 3 0 0 [ 0
docetaxel
B
100 — — Gefitinib (n=35) 137 months (7:2-20'5)
— Cisplatinand (n=36) 81 months (62-10-2)
docetaxel
F 80—
£
2
g
g 60—
&
H
2
£ w0
s
£
5
3
& 20—
Number at risk
Gefitinib 35 23 13 8 3 2 2 2 0
Cisplatinand 36 27 9 6 3 0 0 0 0
docetaxel
C
100 — —— Gefitinib (n=51) 84 months (7:8-9.9)
—— Cisplatinand (n=50) 53 months (4-4-6-4)
docetaxel 5
~ 80+
)
=
s
& 60
2
£
2 p<0-0001
5 0
]
€
g
8 20—
&
T T T )
0 10 20 30 40
Number at risk Months since randomisation
Gefitinib 51 40 9 3 1 1 0 0 0
Cisplatinand 50 2 2 1 0 0 0 o 0
docetaxel
Figure 2: Progression-free survival in the overall (A), in pati
(B), and in patients with stage IlIB/IV disease (C)
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Hazard ratios and 95% CI
Female (n=119) ——— 0418 (0267-0.654)
Male (n=53) —_— 0-671(0337-1:334)
Never smoker (n=118) ——— 0466 (0-297-0732)
Former or current smoker (n=54) —_— 0-575 (0294-1123)
Postoperative recurrence (n=71) ——————H 0574 (0:313-1-052)
Stage llIB/IV (n=101) — 0333 (0:203-0-544)
Exon 19 del (n=87) ———— 0453 (0268-0.768)
LBSBR (n=85) e 0514 (0-294-0-899)
Central laboratory (n=103) ——.—— 0558 (0-361-0-861)
Commercial laboratory (n=69)  —————@——t 0342 (0162-0722)
All patients (n=172) — 0-489 (0-336-0-710)
T T T
025 050 10 20
Favours gefitinib Favours cisplatin and docetaxel
Figure 3: Hazard ratios for r p analysis in the overall population

The shaded band represents the 95% Cl of the hazard ratio fm me overall population of patients.

Univariate analysis Multivariate analysis

HR (95% C1) P HR (95% CI) P
Group (gefitinib/cisplatin plus 0-489 (0-336-0-710) 0-0002 0-258(0-385-0-575)  <0-0001
docetaxel)
Sex (male/female) 0935(0-625-1398) 0742 0628(0361-1092) 0099
Age (<65 years /265 years) 1091(0757-1572) 0641 1183(0-813-1721) 0380
Smoking history (never/former ~ 0-801(0-541-1186) 0268  0-646(0378-1105) 0111
or current)
Stage (recurrence/IlIB-IV) 0463(0220-0.976)  0-043 0433 (0290-0-649)  <0-0001
Mutation (exon 19 del/L858R)  1.001 (0-694-1-444) 0996 1135 (0-777-1-658) 0514
Table 2: nd multi lysis of ion-fi ival

ly P
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during the first year after randomisation, every 3 months
between 12 and 18 months, and thereafter the interval of
assessment was at the physician’s discretion. Safety and
tolerability were assessed according to National Cancer
Institute Common Terminology Criteria (CTC) for Adverse
Events, version 3.0. All events were confirmed via
source-document verification at site visits to each
participating institution by members of the WJOG data
centre and the investigators.

Randomisation and masking
The investigator provided the necessary information to
personnel at the WJOG data centre by fax. After an
eligibility check, patients were allocated at the WJOG data
centre to each treatment group using a desktop computer
programmed for the minimisation method.” In this way,
patient allocation was concealed from the investigator.
Because of the nature of treatment in each group, the
study was open label. Stratification factors were: institution;
postoperative adjuvant chemotherapy (presence vs
absence); interval between surgery and recurrence (=1 vs

<1 year) for patients with postoperative recurrent disease;
and institution; stage (I11B vs IV); and sex (male vs fernale)
for patients with stage I11B/IV disease.

Statistical analysis

In previous studies the progression-free survival of
patients harbouring EGFR mutations and treated with
gefitinib was reported as 12-6 months," compared with
6-6 months for patients harbouring EGFR mutations
treated with carboplatin plus paclitaxel.” Assuming a
progression-free survival for gefitinib and platinum
doublet chemotherapy of 12-5 and 7 months, respectively,
would yield a hazard ratio (HR) of 0-56. Taking this HR
into consideration, 146 patients would be required to
achieve 90% power to show superiority with a=0-05 (two-
sided). Therefore, sample size was initially set at
200 patients. While this trial was ongoing, the results of
the Iressa Pan-Asia Study (IPASS) were presented at the
annual meeting of the European Society for Medical
Oncology (Stockholm, Sweden, Sept 12-16, 2008), and
were later published.” Subgroup analysis of patients with
EGFR mutations using about a third of the patients
showed that the HR of gefitinib compared with
carboplatin plus paclitaxel for progression-free survival
was 0-48. Similarly, the HR of gefitinib compared with
carboplatin plus paclitaxel for progression-free survival
in patients with EGFR mutations was 0-36 in the study
done by the North East Japan (NEJ) 002 Gefitinib Study
Group, which was presented at the annual meeting of the
American Society of Clinical Oncology (Orlando, FL,
USA, May 29-June 2, 2009).” NEJ 002 was a phase 3 trial
that analysed 198 patients with EGFR mutation
randomised either to gefitinib or carboplatin plus
paclitaxel. 177 patients had been randomised in our trial
as of June 13, 2009, and 79 events had been noted during
the regular monitoring done in March, 2009. The number
of events needed to detect a conservative HR of 0-48 was
calculated to be 78, based on normal approximation of
the logarithm of the hazard ratio under a=0-05 (two-
sided) and 90% power. Therefore, further accrual of
patients was considered to be futile and potentially
unethical. Although interim analysis was originally
planned to analyse progression-free survival, this analysis
was not done. Instead, the steering committee held on
June 13, 2009, proposed the amendment of the sample
size and the final analyses be done using available data.
This proposal was approved by the independent data and
safety monitoring committee on Aug 28, 2009. The data
were locked on June 30, 2009. Patient follow-up for safety
and survival will continue until 1.5 years after the last
patient entry, as originally described in the study
protocol.

Progression-free and overall survival were analysed for
the modified intention-to-treat population as defined
previously.* They were analysed using the Kaplan-Meier
method, and were compared using the log-rank test.
Hazard ratios in the overall population and in patient
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subsets were calculated using the Cox proportional
hazards model. The 2 test was used to compare
proportions. Differences were considered significant at a
two-sided p value of 0-05 or less. All statistical analyses
were done with SAS version 9.1. This study is registered
with UMIN (University Hospital Medical Information
Network in Japan), number 000000539.

Role of the funding source

There was no sole study sponsor for this trial. The W]OG
designed and did the trial independently of any
pharmaceutical company. The report was written by the
corresponding author, who had unrestricted access to the
study data and is responsible for the accuracy and
completeness of the reported analyses. The corresponding
author had final responsibility for the decision to submit
for publication.

Results

118 patients were positive for EGFR mutation at the
central laboratory, 106 of whom were randomly allocated
a treatment together with 71 patients with EGFR
mutations who were tested at the commercial laboratories,
giving a modified intention-to-treat population of
172 patients (figure 1). Baseline characteristics were well
balanced between the two treatment groups (table 1),
with the exception that the gefitinib group had an excess
of exon 19 deletion mutations (50 of 86; 58-1%) compared
with the cisplatin plus docetaxel group (37 of 86; 43-0%).
Most of the patients had adenocarcinoma. 71 of
172 (41-3%) patients had postoperative recurrent disease,
and 54 of 172 (31-4%) of the patients had a history of
smoking. At the data collection cut-off time, the median
follow-up was 81 days (range 74-1253 days), the median
exposure to gefitinib was 165 days (range 22-1100 days),
and the median number of cycles of cisplatin plus
docetaxel chemotherapy was four, or 64 days (range one
to six cycles, or 1-106 days).

Median progression-free survival was 9-2 months
(95% CI 8-0-13-9) in the gefitinib group and 6- 3 months
(5-8-7-8) in the cisplatin plus docetaxel group (p<0-0001;
figure 2A). Gefitinib treatment resulted in significantly
longer progression-free survival than cisplatin plus
docetaxel (HR 0-489; 95% CI 0-336-0-710; p<0-0001).
Progression-free survival can be affected by the schedule
of clinic visits and the interpretation of evidence of
disease progression. We were able to confirm that the
time schedule for clinic visits was almost the same in
the two treatment groups (data not shown). In our trial,
71 patients had postoperative recurrent disease, and the
remaining 101 patients had stage I1IB/IV disease. In both
patient subsets, progression-free survival in the gefitinib
group was longer than that in the cisplatin plus docetaxel
group (figure 2B, 2C), although this was not a pre-specified
analysis and was non-significant for those patients with
postoperative recurrence. We noted that curves for each
treatment group in the postoperative recurrence
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subgroup (figure 2B) overlapped during the first
6 months, while the separation was clear during this time
in the stage I1IB/IV group (figure 2C).
Patientstreated with gefitinibhad better progression-free
survival than patients treated with cisplatin plus docetaxel
in all subgroup analyses (figure 3). Additionally, gefitinib
was better than cisplatin plus docetaxel, irrespective of
where EGFR genetic testing was done. Exploratory
analyses for progression-free survival showed that, in
addition to the treatment group, patients with
postoperative recurrent disease had a significantly better
prognosis than those with stage I1IB/IV disease (table 2).
We did a pre-planned comparison of exon 19 deletion
with L858R in each treatment group. As shown in
figure 4, mutation type was not prognostic. Therefore,

B Cisplatin and docetaxel

A Gefitinib
100 Median (95% Cl) progression-free survival
— Exon19deletion  (n=50) 9-0 months (6.7-13.0)
— 1858R (n=36) 9.6 months (8.0-13.8)

£ 80—
& Hazard ratio 1130 (95% C1 0.631-2.025), p=0.681
5
g 60
H
£
H
§ 40
€
2
£

20— L

0

T T T =1
Number at risk
Bon1y 50 36 13 7 3 3 2 2
L858R 36 27 9 4 1 0 o 0

100 — —— Exon 19deletion  (n=37) 6.0 months (53-79)
— L858R (n=49) 67 months (5:2-7.9)
F 80+
§ Hazard ratio 1231 (95% I 0-752-2.013), p=0-405
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§ 40
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204
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Nomber at risk Months since randomisation
EBxon19 37 20 3 2 1 0 0 [ 0
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Figure 4: Progression-free survivalin (A) the gefitinib group and (B) the cisplatin plus docetaxel group

according to type of the EGFR mutation
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Figure 5: Overall survival in the overall population
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Gefitinib (n=87) Cisplatin plus docetaxel
(n=88)
Al (TCgrade23 Al CTCgrade23

Non-haematological toxicity

Rash* 74 2 7 0

AST* 61 14 17 1

ALT* 61 24 35 2

Dryskin* 47 0 3 0
Diarrhoea 47 1 35 0

Fatigue* 4 2 B2
Paronychia* 28 1 10
Stomatitis 19 0 13 0

Nausea* 15 1 83 3
Constipation* 14 0 39 0
Alopecia* 8 o 67 o
Sensorydisturbance* 7 1 23 o0
Haematological toxicity

Leucocytopenia* 13 0 82 43
Thrombocytopenia* 12 0 29 0
Neutropenia* 7 0 81 74
Anaemia* 33 0 79 15
AlT=alanine AST=aspartat CTC=National

Cancer Institute Common Terminology Criteria. *p<0.001

Table 3: Adverse events occurring in more than 10% of either of the

L treatment groups listed according to incidence in the gefitinib group

imbalance of mutation types was not likely to affect the
interpretation of the overall results.

The objective response rate in the overall population
with measurable disease (n=117) was 62-1% (36 of
58 patients) in the gefitinib group and 32-2% (19 of

59 patients) in the cisplatin plus docetaxel group
(p<0-0001). The difference was significant (29-99%, 95% CI
12-6-47-1%; p<0-0001). The disease control rate was also
higher in the gefitinib group (54/58, 93-1%) than in the
cisplatin plus docetaxel group (46/59, 78-0%; difference in
disease control rate 15-1%, 95% CI 2.7-27-6, p=0-020;
webappendix). Because of frequent and detailed
postoperative follow-up, which is standard practice in
Japan, only 28 of 71 patients were found to have recurrent
disease that met criteria for RECIST—ie, greater than 1cm
in the largest diameter. At the data cut-off, only 27 patients
(15-7%) had died. Therefore, data for overall survival were
immature, with follow-up still ongoing; 17 events (deaths)
in the gefitinib group versus 10 events in the chemotherapy
group—with an HR for gefitinib of 1.638 (95% CI,
0-75-3-58; figure 5). 51 patients in the chemotherapy
group received an EGFR-TKI after they completed the
study; 17 patients in the gefitinib group received
post-protocol platinum doublet chemotherapy.

Adverse events occurring in more than 10% of either of
the treatment groups are listed (table 3). The most common
adverse event in the gefitinib group was skin rash followed
by liver dysfunction, dry skin, and diarrhoea. However,
adverse events with CTC grade 3 or more were infrequent,
with the exception of liver dysfunction. By contrast, the
most common adverse events in the cisplatin plus docetaxel
group, which occurred in more than half of patients, were
nausea, myelosuppression, fatigue, and alopecia.

Other potentially treatment-related toxicities included
allergic reaction (one in gefitinib group, four in cisplatin
plus docetaxel group) and oedema (one in gefitinib
group, seven in the cisplatin plus docetaxel group). Two
patients in the gefitinib group developed interstitial lung
disease. There was one treatment-related death in the
gefitinib group due to interstitial lung disease; there were
no deaths in the cisplatin plus docetaxel group. There
were no other serious adverse events.

Discussion

Our results show that first-line treatment with gefitinib
conferred longer progression-free survival than treatment
with cisplatin plus docetaxel in a molecularly defined
(ie, EGFR mutation positive) group of patients with
NSCLC.

In the IPASS study for patients with lung adeno-
carcinoma with no or former light smoking history, the
progression-free survival of patients treated with gefitinib
was significantly longer.” However, the curves crossed at
the 6-month timepoint (initially chemotherapy was better,
while gefitinib was better later). Molecular analysis for
about a third of the patients suggested that the benefit of
gefitinib was limited to patients with EGFR mutations
with an HR of 0-48 (95% CI 0-36-0-64) and that gefitinib
treatment was detrimental for patients without mutations
(HR 2-85).* This result might seem similar to ours;
however, the primary objective of the IPASS study was to
assess gefitinib treatment in clinically selected patients,
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Patient group N Median progression-free survival (months) Median overall survival (months)
Gefitinib  Chemotherapy  HR (95% CI) Gefitinib  Chemotherapy
Non-randomised pooled analysis
1-CAMP™ Japanese, EGFR mutation 148 107 6.0 0-35(0:23-0-52) 277 257
Subset analyses of the phase 3 trials for patients selected according to dlinical backgrounds
IPASS™ East Asian, light-non-smoker, adenocarcinoma 261 9.5 63 048 (0:36-0-64) ~20 ~20
First SIGNAL®  Korean, non-smoker, adenocarcinoma 42 84 67 061(0:31-122) 306 265
Phase 3 trials of patients selected according to EGFR mutation status
NEJ 002" Japanese, EGFR mutation 194 104 55 0-357(0-252-0-507) 280 236
WJTOG3405  Japanese, EGFR mutation 172 92 63 0-489 (0-336-0-710)
Table 4: Recent clini assessing EGFR ions as predi of efficacy of gefitinib compared with chemotherapy

and not in molecularly selected patients, as was the case in
our trial. In this context,a HR of 0- 36 (95% CI 0-25-0-51)*
for gefitinib compared with carboplatin plus paclitaxel in
patients selected by EGFR mutation is highly relevant.
Furthermore, our pooled analyses based on individual
patient data from seven Japanese phase 2 studies that
assessed prospectively the efficacy of gefitinib for patients
with EGFR mutations (I-CAMP study)" and the pooled
analysis of 1006 patients enrolled in a phase 3 trial of
gefitinib” also showed similar progression-free survival of
about 10 months for patients harbouring an EGFR
mutation who were treated with gefitinb, while the median
progression-free survival of patients treated with
chemotherapy was 6-0 months (table 4)." These results
strongly suggest that the presence of EGFR mutations,
and not the clinical background of patients, determines
clinical efficacy, and this knowledge should lead to
molecularly based, personalised treatment of lung cancer.
Since the median duration of each treatment was quite
different (165 days for gefitinib compared with 64 days for
chemotherapy), one interpretation might be that a
maintenance effect of gefitinib therapy contributed to the
positive progression-free survival outcome, at least in part.
Indeed, the progression-free survival curves of both groups
in IPASS were initially similar, and then separate at about
the time that chemotherapy stops. However, this was not
the case in our trial, especially in patients with stage
IIB/IV disease. Furthermore, the SATURN® and the
FAST-ACT" trials that tested maintenance erlotinib after
chemotherapy showed that progression-free survival (both
trials) and overall survival (SATURN) was prolonged. The
benefit was much greater in patients with an EGFR
mutation than in those without it in the SATURN trial #
According to analyses of five US and European clinical
trials that assessed first-line TKI treatment,” patients
with the exon 19 deletion have a significantly longer
progression-free and overall survival than patients with
L858R (30-8 vs 14-8 months; p<0-0001). A similar trend
was shown in a recent Spanish study.” In IPASS, the HR
for progression-free survival for gefitinib versus
chemotherapy was 0-38 (95% CI 0-25-0-56) in the
subgroup of patients with exon 19 deletions, and
0-55 (95% CI 0-35-0-87) in the L858R mutation
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subgroup, although a direct comparison between exon 19
deletion and L858R in the gefitinib group was not done.”
However, recent Japanese trials, including I-CAMP" and
this study, did not detect any difference. The reason for
this discrepancy is not clear, although it might be
attributable to ethnic differences or difference of EGFR-
TKI used between study populations.

Two patients in the gefitinib group (2-3%) developed
interstitial lung disease, one of whom died. This incidence
was low compared with previous Japanese reports of 4-0%
(59/1482)" and 3-5% (70/1976). Selecting patients
according to EGFR mutation status is expected to reduce
the risk of interstitial lung disease, because risk factors for
interstitial lung disease include smoking, male sex, and
squamous histology, all of which are negative predictors of
the presence of EGFR mutations.""

Our study indicates that EGFR genetic testing is feasible
and should be done when possible. Although patients
without EGFR mutations were not included in our study,
potential harm of first-line gefitinib therapy compared with
chemotherapy for patients without EGFR mutation shown
in the IPASS* and the First-SIGNAL" study indicate the
necessity of patient selection by EGFR mutation.

Clinical background might help identify patients who
have a higher chance of carrying EGFR mutations.
However, it should be noted that in a previous study,’
eight of 37 (22%) patients with lung adenocarcinoma
with a history of heavy smoking (>50 pack-years)
harboured EGFR mutations.”

In conclusion, gefitinib significantly prolonged the
progression-free survival of patients with NSCLC who
carry EGFR mutations compared with cisplatin plus
docetaxel. It is not yet known whether the prolonged
progression-free survival conferred by gefitinib will
translate into prolonged overall survival; we will continue
to carefully follow-up our patients to determine its
long-term effects. Considering the efficacy and toxicity of
gefitinib, it is a reasonable option for the first-line
treatment of patients with activating EGFR mutations.
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FOXQ1 Is Overexpressed in Colorectal Cancer and Enhances
Tumorigenicity and Tumor Growth
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Abstract

Forkhead box Q1 (FOXQI) is a member of the forkhead transcription factor family, and it has recently
been proposed to participate in gastric acid secretion and mucin gene expression in mice. However, the
role of FOXQI in humans and especially in cancer cells remains unknown. We found that FOXQI mRNA
is p d in clinical of colorectal cancer (CRC; 28-fold/colonic mucosa). A microarray
analysis revealed that the knockdown of FOXQI using small interfering RNA resulted in a decrease in
p21°PWAFL oxpression, and a reporter assay and a chromatin immunoprecipitation assay showed that
p21 was one of the target genes of FOXQL. Stable FOXQl-overexpressing cells (H1299/FOXQ1) exhibited
elevated levels of p21 expression and inhibition of apoptosis induced by doxorubicin or camptothecin.
Although cellular proliferation was decreased in H1299/FOXQI cells in vitro, H1299/FOXQl cells signifi-
cantly increased tumorigenicity [enhanced green fluorescent protein (EGFP): 2/15, FOXQI: 7/15] and en-
hanced tumor growth (437 + 301 versus 1735 + 769 mm® P < 0.001) in vivo. Meanwhile, stable p21
knockdown of H1299/FOXQI cells increased tumor growth, suggesting that FOXQI promotes tumor
growth independ of p2l1. Mi analysis of H1299/EGFP and H1299/FOXQI revealed that FOXQI
overexpression upregulated several genes that have positive roles for tumor growth, including VEGFA,
WNT34, RSPO2, and BCLIIA. CD31 and terminal deoxynucleotidyl transfer: diated dUTP nick end
labeling staining of the tumor specimens showed that FOXQI over diated the angiogeni
and antiapoptotic effect in vivo. In conclusion, FOXQI is overexpressed in CRC and enhances tumorige-
nicity and tumor growth p bly through its i ic and iapoptotic effects. Our findings show
that FOXQI is a new member of the cancer-related FOX family. Cancer Res; 70(5): 2053-63. ©2010 AACR.

Introduction

The forkhead box (Fox) gene family is a large and diverse
group of transcription factors that share certain characteris-
tics of a conserved, ~100 amino acid DNA-binding motif
known as the forkhead or winged helix domain; over 100
proteins with forkhead domains have been identified, com-
prising at least 17 subclasses to date (1). The Fox gene family
plays various important roles, not only in biological pro-
cesses including develop metaboli i 1
and senescence but also in cancer development (2, 3).
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Forkhead box Q1 (FOXQI, also known as HFH1) is a
member of the FOX gene family and contains the core
DNA binding domain, whereas the flanking wings of FOXQ1
contribute to its sequence specificity (4). As a transcription
factor, FOXQ1 is known to repress the promoter activity of
smooth muscle-specific genes, such as telokin and SM22a,
in Al0 vascular muscle cells (5), and FOXQ1 expression is
regulated by Hoxal in embryonic stem cells (6). The bio-
logical function of Foxgl has been clearly identified in hair
follicle differentiation in satin (sa) homozygous mice (7); in-
terestingly, satin mice also exhibit suppressed natural killer
cell function and T-cell function, suggesting a relation with
immunology. Satin mice have provided evidence that
Hoxcl3 regulates foxql expression and that “cross-talk”
occurs between Homeobox and Fox (8). Foxql mRNA is
widely expressed in murine tissues, with particularly high

levels in the h and bladder (5). Recently,
two important findings have been reported regarding its in-
volvement in stomach surface cells. Foxql-deficient mice
exhibit a lack of gastric acid secretion in response to vari-
ous secretagogue stimuli (9). On the other hand, Foxql reg-
ulates gastric MUC5AC synthesis, providing clues as to the
lineage-specific cell differentiation in gastric surface epithe-
lia (10). Despite accumulating evidence supporting the bio-
logical function of the murine foxql gene in hair follicle
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morphogenesis and gastric epithelial cells, no data regard-
ing the cellular and biological functions of human FOXQI,
especially in cancer cells, are available.

p21CPVWAFL (hereafter called p21) is a member of the cip/
kip family of cyclin kinase inhibitors, and initial reports have
shown that p21 functions as a G, cyclin kinase inhibitor
(11, 12) and a downstream molecule of p53 (13). p21 pos-
sesses a variety of cellular functions, including the negative
modulation of cell cycle progression (14), cellular dlﬂ'erenn-

Patients and samples. Paired CRC and noncancerous co-
lonic mucosa samples were evaluated using a microarray
analysis in the first consecutive 10 patients. These samples
and another 36 CRC samples were analyzed using real-time
reverse transcription-PCR (RT-PCR). The RNA extraction
method and the quality check protocol have been previously
described (20). This study was approved by the institutional
review board of the National Cancer Center Hospital, and
written informed consent was obtained from all the patients.

Plasmid construction, viral production, and stable

tr The cDNA fragment encoding human full-

ation (15), and the 1 of p53-dep antiap
(reviewed in ref. 16). The exp of p21 is regul red by fe
both p53-d dent and p53-indep hani at

the transcnptlonal level. Other regulamry mechanisms of
p21 expression involve pr dd di
mRNA stability, alterations in the epigenetic sllencmg of
the p21 promoter, and secondary decreases resulting from
viral activity targeting p53, such as the activities of human
papilloma virus and hepatitis C virus (17). However, its
expression is considered to be regulated mainly at the tran-
scriptional level (18). Accumulating data indicate that many
molecules from diverse signaling pathways can activate or
repress the p21 promoter, including p53, transforming
growth factor-p3 (TGF-3), c-jun, Myc, Sp1/Sp3, signal trans-
ducers and activators of transcriptions, CAAT/enhancer
binding protein-a (C/EBP-a), C/EBP-B, basic helix-loop-helix
proteins, and myogenic differentiation 1 (reviewed in ref. 19).
Thus, p21 is integrally involved in both cell cycle and apopto-
sis; therefore, identifying its regulatory molecules is of great
importance.

We performed a microarray analysis of clinical samples of
paired colorectal cancer (CRC) specimens and normal colon-
ic mucosa specimens to identify genes that were over-
expressed in CRC. Our results revealed that FOXQ! gene
expression was ~28-fold higher in CRC than in normal colon-
ic mucosa, and we hypothesized that FOXQ1 may play a role
in CRC. In the present study, we investigated the biological
function of FOXQI.

ion

Materials and Methods

Antibodies. The following antibodies were used: anti-p21,
anti-p53, anti-cdk2, anti-cdk4, anti-cyclin D, anti-phos-
phorylated Rb, anti-poly(ADP-ribose) polymerase (PARP),
anti-cleaved PARP, anti-caspase-3, anti-cleaved caspase-3,
secondary antibodies, and Myc-tag mouse antibody (Cell Sig-
naling), as well as anti-B-actin (Santa Cruz Biotechnology).
A mouse anti-CD31 monoclonal antibody was purchased
from BD Biosciences.

Cell lines and cultures. The DLD-1, MKN74, H1299,
SBC3, and U251 cell lines were cultured in RPMI 1640
(Sigma). The WiDr, CoL0320DM, and human embryonic
kidney cell line 293 (HEK293) cell lines were cultured in
DMEM (Sigma), and the LoVo cell line was cultured in
Ham/F12 medium [Life Technologies Bethesda Research
Laboratories (BRL)]. All media were supplemented with
10% heat-inactivated fetal bovine serum (Life Technologies
BRL), and the cell lines were maintained in a 5% CO,-
humidified atmosphere at 37°C.

length FOXQI was isolated using PCR and Prime STAR
HS DNA polymerase (TaKaRa) with 5’-GGG AAT TCG
CGG CCA TGA AGT TGG AGG TCT TCG TC-3' and 5'-
CCC TCG AGC GCT ACT CAG GCT AGG AGC GTC TCC
AC-3' sense and antisense primers, respectively. The meth-
ods used in this section have been previously described
(21). Short hairpin RNA (shRNA) targeting p21 was con-
structed using oligonucleotides encoding small interfering
RNA (siRNA) directed against p21 and a nonspecific target
as follows: 5-CTA AGA GTG CTG GGC ATT TTT-3’ for p21
shRNA and 5'-TGT TCG CAG TAC GGT AAT GTT-3’
for control shRNA. They were cloned into an RNAi-Ready
PSIREN-RetroQZsGreen vector (Clontech) according to
manufacturer’s protocol. The stable transfectants expressing
enhanced green fluorescent protein (EGFP) or FOXQ1 or
FOXQ1 with shRNA targeting p21 for each cell line were
designated as HEK293/EGFP, HEK293/FOXQl, CoL0320/
EGFP, CoL0320/FOXQl, H1299/EGFP, H1299/FOXQl,
H1299/F0XQl/sh-control, and H1299/FOXQ1/sh-p21. The
FOXQ1 human cDNA was tagged at the NH, terminus with
the myc epltope using the pCMV-Myc vector (Clontech) for
in precipitation (ChIP) assay.

SiRNA fection. Two different of siRNA tar-
geting human FOXQI and negative control siRNA were pur-
chased from QIAGEN. The sequences of FOXQ1 and control
siRNA were as follows: FOXQ1#1 sense, 5'-CCA UCA AAC
GUG CCU UAA A-3' and antisense, 5'-UUU AAG GCA CGU
UUG AUG G-3'; FOXQI1#4 sense, 5'-CGC GGA CUU UGC ACU
UUG A-3' and antisense, 5'-UCA AAG UGC AAA GUC CGC
G-3'; control siRNA (scramble) sense, 5-UUC UCC GAA
CGU GUC ACG U-3’ and antisense, 5'-ACG UGA CAC GUU
CGG AGA A-3'; control siRNA (GFP) sense, 5-GCA AGC UGA
CCC UGA AGU UCA U-3' and antisense, 5-GAA CUU CAG
GGU CAG CUU GCC G-3'. The methods of transfection have
been previously described (22).

Real-time RT-PCR and Western blot analysis. The meth-
ods used in this section have been previously described
(21). The primers used for real-time RT-PCR were pur-
chased from Takara as follows: FOXQ1 forward, 5'-CGC
GGA CTT TGC ACT TTG AA-3’ and reverse, 5-AGC TTT
AAG GCA CGT TTG ATG GAG-3'; p21 forward, 5'-TCC
AGC GAC CTT CCT CAT CCA C-3’ and reverse, 5'-TCC
ATA GCC TCT ACT GCC ACC ATC-3'; glyceraldehyde-3-
phosphate dehydrogenase (GAPD) forward, 5-GCA CCG
TCA AGG CTG AGA AC-3' and reverse, 5'-ATG GTG GTG
AAG ACG CCA GT-3'. The experiment was performed in
triplicate.
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Luciferase reporter assay. The human p21 promoter
reporter vector was constructed according to a previously
described method (13). The p21 promoter fragment was
cut between the Kpnl and Xhol restriction sites and was
transferred into the luciferase reporter vector pGL4.14 (Pro-
mega). All sequences were verified using DNA sequencing.
The empty and p21 promoter-containing reporter vectors
were designated as pGL4.14-mock and pGL4.14-p21, respec-
tively. All the samples were examined in triplicate.

ChIP. ChIP was carried out using the ChIP-IT Express
Enzymatic kit (Active Motif) according to manufacturer's
protocol. HEK293 cells were transfected with empty vector
(Myc) or Myc-tagged FOXQI vector. The putative region of
the p21 promoter (-2264 to -1971) was amplified with the
following primers: 5'-TTG AGC TCT GGC ATA GAA GA-3'
(forward) and 5’-TAC CCA GAC ACA CTC TAA GG-3' (re-
verse). As a negative control, the glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) second intron promoter was am-
plified with the following primers: 5'-AAT GAA TGG GCA
GCC GTT AG-3' (forward) and 5'-AGC TAG CCT CGC TCC
ACCTGA C-3’ (reverse).

Xenograft studies. Two separate xenograft studies were
performed independently. Nude mice (BALB/c nu/nu;

6-week-old females; CLEA Japan, Inc.) were used for the
in vivo studies and were cared for in accordance with the re-
commendations for the Handling of Laboratory Animals for
Bi dical R b iled by the Cq on Safety
and Ethical Handling Regulations for Laboratory Animals
Experiments, Kinki University. The ethical procedures fol-
lowed and met the requirements of the United Kingdom
Coordinating Committee on Cancer Research guidelines
(23). To assess tumorigenicity, suspensions of 1 x 10°
H1299/EGFP or H1299/FOXQI cells (in 0.1 mL PBS) were
s.c. injected into the left or right flanks of nude mice (n =
15), respectively. To evaluate tumor growth, a suspension
of 6 x 10° H1299/EGFP, H1299/FOXQl, H1299/FOXQ1/sh-
control, and H1299/FOXQ1/sh-p21 cells (in 0.1 mL PBS) were
s.c. inoculated (n = 10) into nude mice. The tumor volume
was calculated as length x width® x 0.5. The tumor formation
was assessed every 2 to 3 d. At the end of the experiment, the
mice were sacrificed and the xenografts were resected, fixed
in 10% buffered formalin for 6 to 10 h, and processed for
histologic analysis.
I :

histochemi

l and i ofluorescence
staining. The methods used in this section have been
previously described (24, 25).
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Figure 1. FOXQ1 expression in CRC. A, mRNA expression of FOXQ1 obtained from a microarray analysis of 10 CRC and paired normal mucosa specimens.
The values indicate the normalized signal intensity. B, the mRNA expression levels of FOXQ1 were determined using real-time RT-PCR for 10 paired
and an additional 36 CRC samples. C, the mRNA expression levels of FOXQ1 were determined using a real-time RT-PCR analysis of human normal tissue
(left) and 30 human cancer cell lines, HEK293, and human umbilical vascular endothelial cell (HUVEC) cell lines (right). GC, gastric cancer; LC, lung

cancer; Rel mRNA, normalized mRNA expression levels (FOXQ1/GAPD x 10%).
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Figure 2. FOXQ directly regulates p21 transcription. A, FOXQ1-targeting siRNA (FQ#1 and FQ#4) suppressed FOXQ1 expression in DLD-1 cells. The mRNA
expression levels of FOXQ1 were determined using real-time RT-PCR. B, microarray analysis of DLD-1 cells transfected with control-siRNA or
FOXQ1-siRNA. The longitudinal axis indicates the mRNA expression of FOXQ1-siRNA transfected cells and the horizontal axis indicates that of
control-siRNA. Arrow, FOXQ1 or p21 expression. Each point indicates the normalized and log base 2 transformed microarray data. C, induction of p21
promoter activity by FOXQ1. Luciferase vectors with either an empty or p21 promoter (pGL4.14-mock or pGL4.14-p21) were transiently cotransfected with a
mock or FOXQ1 expression plasmid (pcDNAS.1-mock or pcDNA3.1-FOXQ1) expressing B-galactosidase as an intemal control. The results were

to idase activity and are

of at least three independent experiments. D, ChIP of FOXQ1 on the promoter of p21. HEK293

cells were transiecled with empty vector (Myc) or Myc-tagged FOXQ1 vector. Agarose gel shows PCR amplification (35 cycles) of the p21 promoter
using inputs (1% of chromatin used for ChIP) or ChIPs as templates. Primers to the GAPDH promoter were used as the negative control.

Microarray analysis. The microarray procedure and anal-
ysis were performed according to the Affymetrix protocols
and BRB Array Tools software, Ver. 3.3.0, developed by
Dr. Richard Simon and Dr. Amy Peng, as reported previously
(21, 26).

Statistical analysis. The statistical analyses were per-
formed using Microsoft Excel (Microsoft) to calculate the
SD and to test for statistically significant differences between
the samples using a Student's ¢ test. A P value of <0.05 was
considered statistically significant.

Results
FOXQI1 mRNA was overexpressed in CRCs. A microarray
analysis for 10 paired CRC samples identified 30 genes as be-

ing significantly upregulated by >10-fold in CRC (P < 0.001;
Supplementary Table S1). FOXQI, an uncharacterized tran-

* http://linus.nci.nih.gov/BRB-ArrayTools.html

scription factor, was upregulated by 28-fold in the CRC speci-
mens (Fig. 1A), exhibiting the fourth highest level of upregu-
lation [after interleukin-8, matrix metalloproteinase-1 (MMP),
and MMP-3]. Real-time RT-PCR for the 10 paired samples
and an additional 36 CRC samples showed that FOXQI
mRNA was markedly overexpressed in the CRC samples
but was only expressed at a very low level in noncancerous
colonic mucosa (P < 0.001; Fig. 1B). The average levels of
FOXQI expression were 299 + 326 and 4.0 + 5.0 (x10*/GAPD),
respectively.

FOXQI expression in normal tissues and cancer cell
lines. To investigate the expression of FOXQI, we analyzed
the mRNA expression levels of FOXQI in panels of human
normal tissues and cancer cell lines using real-time RT-
PCR. High levels of FOXQI expression were observed in the
stomach, salivary gland, prostate, trachea, and fetal liver
among the 24 normal tissues that were examined (Fig. 1C,
left). Relatively weak expression levels were detected in
brain-derived tissues, kidney, lung, placenta, and thyroid
gland. These results were consistent with those of a previous
report (27).
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In the cancer cell line panel, the mRNA expression levels of
FOXQI were higher in gastric cancer, CRC, and lung cancer
cell lines than in the other cancer cell lines, indicating that
the expression of FOXQI varies among specific cancers
(Fig. 1C, right). Interestingly, the overexpression of FOXQI
in CRC arose from normal colonic mucosa with very low
expression levels during carcinogenesis.

P21 is a target gene of FOXQI. To examine the function
of FOXQL as a transcription factor and to explore its target
genes, we performed a microarray analysis using a CRC cell
line, DLD-1, transfected with FOXQl-targeting siRNA or
control siRNA. Two sequences of FOXQI-siRNA, FQ#1 and

FQ#4, were used to exclude the off-target effect of siRNA.
Real-time RT-PCR showed that both sequences of FOXQI-
siRNA suppressed FOXQ! mRNA expression by ~80% in
DLD-1 cells (Fig. 2A); thus, FQ#4 was used as the FOXQI-
siRNA in the following experiments. A microarray analysis
showed that 19 genes were downregulated by FOXQ1-siRNA
(Fig. 2B; Supplementary Table S2); p21 was the fifth most-
downregulated gene. Because p21 is a key regulator of cell
cycle and apoptosis, we focused on p21 as a target molecule
of FOXQl.

To confirm the microarray data, p21 downregulation by
FOXQ1-siRNA was examined using real-time RT-PCR and a
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Figure 3. p21 induction by FOXQ1 and p53 status in cancer cells. The seven cell lines were transfected with control-siRNA or FOXQ1-siRNA for 24 h,
and the cells were exposed to doxorubicin at a final concentration of 0.5 or 1 pmol/L for a further 24 h to enhance p21 induction. Western blot
analyses for p21 and p53 were performed in three p53-wild type cell lines (A), three p53-mutant cell lines (B), and one p53-null cell line (C). The experiment
was performed in duplicate. D, immunofiuorescence p21 staining and 4',6-diamidino-2-phenylindole (DAPI) staining for H1299 cells transfected

with control-siRNA (top) or FOXQ1-siRNA (bottom) for 48 h. Scr, scramble-siRNA (control); FQ#4, FOXQ1-targeting siRNA. B-Actin was used as an

internal control.
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FOXQ1, H1299/FOXQ1. *, P < 0.05.

Western blot analysis in DLD-1 cells. The results indicated
that both sequences of FOXQ1-siRNA (FQ#1 and FQ#4)
downregulated p21 expression at both the mRNA and pro-
tein levels. In addition, we confirmed the downregulation
of p21 by FOXQI-siRNA in other cell lines (WiDr and
HEK293), obtaining similar results (Supplementary Fig. S1).
FOXQI directly increases the transcription activity of
p21. We performed a luciferase reporter assay to determine
whether FOXQI regulates p2l expression at the transcrip-
tional level. A 2.4-kb section of the p21 promoter region

was subcloned into a luciferase vector according to a
previously described method (13, 28). The p21 promoter
activity was increased by >8-fold when cotransfected with
a FOXQI expression vector, compared with an empty vector
(Fig. 2C). To determine whether FOXQI directly binds to
p21 promoter, we transfected Myc or Myc-tagged FOXQ1
vectors into HEK293 cells and then conducted ChIP experi-
ments. A segment of the p2] promoter containing putative
FOXQI binding site (-2264 to -1971) is precipitated with
specific antibody, only if, FOXQI was induced (Fig. 2D).
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The result indicates that FOXQI binds to the p2I promoter
and upregulates p21 transcriptional activity.
p53-independent p21 indi by FOXQI in cancer
cells. Because p53 is the most important regulatory mole-
cule of p21, we examined the downregulation of p21 by
FOXQ1-siRNA in several cell lines with p53-wild type,
p53-mutant, or p53-null statuses. These cell lines were
transfected with control-siRNA or FOXQI-siRNA, and p21
induction was enhanced by doxorubicin (29-31). The
experiments were performed using three p53-wild type cell
lines, three p53-mutation cell lines, and one p53-null cell
line (Fig. 3A-C). Without doxorubicin exposure, all seven
cell lines showed that p21 expression was downregulated
by FOXQI-siRNA. Notably, with doxorubicin exposure,
considerable p21 downregulation by FOXQ1-siRNA was
observed in the p53-mutation and p53-null cell lines,
compared with in the p53-wild type cell lines. In the p53-
null H1299 cell line, FOXQ1-siRNA completely suppressed

p21 expression. These results suggest that p21 induction
by FOXQI is p53 independ An i fl
study of p21 in H1299 cells also showed that p21 was
completely downregulated by FOXQ1-siRNA (Fig. 3D).

Overexpression of FOXQI increases p21 expression and
exhibits an antiapoptotic effect in cancer cells. Next, we
established a stable FOXQI-overexpressing cell line to con-
firm the induction of p21 expression by FOXQI and to detect
any changes in the cellular phenotype of the cancer cells.
FOXQ1 pression induced p21 exy (both mRNA
and protein) in HEK293 and CoL0320 cells (Supplementary
Fig. S1). Notably, p21 protein expression was markedly in-
duced by >10-fold in the H1299/FOXQI cells (Supplementary
Fig. S1). These results indicated that FOXQI robustly induces
p21 with the findings of the siRNA
study.

p21 induces an antiapoptotic effect and exerts a protec-
tive role against apoptosis induced by DNA damage. To
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and tumor growth in vivo. A, cellular growth and immunoblotting analysis of H1299 cell lines

stably expressing EGFP or FOXQ1 (H1299/EGFP, H1299/FOXQ1). A total of 2 x 10° cells of each cell line were seeded in 96-well plates and evaluated
after 0, 24, 48, and 72 h using MTT assay. Eror bars, SD. Protein levels of H1299/EGFP and H1299/FOXQ1 cells were examined by Westem blotting
using specific antibody to p21, Cdk2, Cdk4, cyclin D, and phosphorylated Rb (pRb) protein. B-Actin was used as an internal control. EGFP, stable
EGFP-overexpressing cells; FOXQ1, stable FOXQ1-overexpressing cells. B, H1299/EGFP and H1299/FOXQ1 cells were evaluated for their tumorigenicity
in vivo. Mice (n = 15) were s.c. inoculated with a total of 1 x 10° cells. The numerical data indicate the number of mice. A total of 6 x 10° H1299/EGFP
or H1299/FOXQ1 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth in vivo (n = 12). Representative H&E
staining of tumor specimens was also shown. C, stable p21 knockdown or control cells obtained from H1299/FOXQ1 cells (H1299/FOXQ1/sh-control
and H1299/FOXQ1/sh-p21) were evaluated for cellular growth and immunoblotting analysis. D, a total of 6 x 10% H1299/FOXQ1/sh-control or
H1299/FOXQ1/sh-p21 cells were s.c. inoculated into the right flank of each mouse to evaluate the tumor growth (n = 10). *, P < 0.05.
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elucidate the role of apoptosis induced by FOXQI in
cancer cells, we examined the apoptotic effect in H1299/
EGFP and H1299/FOXQ1 cel.ls usmg anticancer drugs The

of FOXQ1 for and tumor growth. *, P < 0.05.

proliferation compared with control cells in vitro (Fig. 5A).
Expressions of Cdk4, cyclin DI, and Cdk2 were decreased
by FOXQ1 expressnon in H1299/FOXQ1 cells and resulted in

xpression of FOXQI i d the d

ad of phosphorylated Rb expression (Fig. 5A). To

by doxorubicin (H1299/EGFP: 7.9 + 1.9%. H1299/FOXQ1:
2.7 + 0.7%; Fig. 4A). Similarly, camptothecin-induced
apoptosis was also inhibited in FOXQI-overexpressing cells
(H1299/EGFP: 7.4 + 2.1%, H1299/FOXQI: 2.5 + 1.0%; Fig. 4B).
Western blotting revealed that FOXQ1 overexpression
decreased the levels of cleaved caspase-3 and cleaved PARP
induced by doxorubicin (Fig. 4C). These results are consis-
tent with those obtained using flow cytometry.
Overexpression of FOXQI decreases cellular prolifera-
tion but enhances tumorigenicity and tumor growth
in vivo. Stable H1299/FOXQI cells showed decreased cellular

examine the hmlogica.l functions of FOXQIl overexpression
in vivo, we evaluated tumorigenicity and tumor growth using
HI1299/EGFP or H1299/FOXQI1 cells. H1299/FOXQ1 cells ex-
hibited a significantly elevated level of tumorigenesis in vivo
(GFP 2/15, FOXQ1 7/15, P < 0.05; Fig. 5B). In addition, the
tumor volume was markedly larger in H1299/FOXQI cells
than in H1299/EGFP cells (EGFP: 437 + 301, FOXQL: 1735 +
769 mm®, P < 0.001; Fig. 5B) on day 25.

p21 does not contribute to FOXQI-mediated tumor
growth in vivo. Because emerging evidence has indicated
that p21 may have dual functions with regard to tumor
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progression and the suppression of cancer cells (32, 33), the
shRNA targeting p21 or shRNA control viral vectors were fur-
ther introduced into the H1299/FOXQI cells to elucidate the
involvement of p21 in increased FOXQl-mediated tumorige-
nicity and tumor growth in vivo. Stable H1299/FOXQ1/sh-p21
cells were slightly increased in cellular proliferation in vitro
(Fig. 5C). In addition, tumor growth of H1299/FOXQ1/sh-p21
cells was increased compared with control cells in vivo (Fig.
5D). The results clearly indicate that p2l has negative roles
for cellular proliferation and tumor growth in FOXQ1-overex-
pressing cells, suggesting that p21 does not contribute to
FOXQI-mediated tumor growth in FOXQI-overexpressing
cells in vivo.

Overexpression of FOXQI1 promotes angiogenesis and
antiapoptosis in vive. To gain an insight into the mecha-
nism by which FOXQ1 enhances tumor growth in vivo, we
performed the microarray analysis on H1299/EGFP and
H1299/FOXQ1 cells. Fifty-two genes were upregulated over
4-fold by overexp of FOXQI including several genes
that have positive roles for tumor growth, such as VEGFA,
WNT3A, RSPO2, and BCL1IA (Fig. 6A). Overexpression of
FOXQI upregulated the VEGFA expression for 4.4-fold, sug-
gesting the possibility of enhanced angiogenesis. Real-time
RT-PCR for these cells and vascular endothelial growth factor
(VEGF) staining of tumor specimens confirmed the result
(Fig. 6B). Furthermore, CD31 staining of the tumor spe-
cimens showed that FOXQI overexpression significantly
increased the angiogenesis in vivo.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labeling (TUNEL) and p21 immunostaining of the
tumor specimens showed that p21 expression was increased
and apoptosis was inhibited in H1299/FOXQI cells (Fig. 6B).
These results strongly suggest that FOXQ1 promotes tumor-
igenicity and tumor growth with its angiogenic and antia-
poptotic properties in vivo (Fig. 6C).

Discussion

FOX transcription factors are an evolutionarily conserved
superfamily that control a wide spectrum of biological pro-
cesses. Several Fox gene family members are involved in the
etiology of cancer. Only the FOXO family has been regarded
as bona fide tumor suppressors that promote apoptosis and
cell cycle arrest at G, (34, 35). The loss of FOXO function ob-

The p21 p region ins several definitive DNA
regulatory elements, such as the p53-binding domain, E-box,
Smad binding element, and TGF-f response elements. In the
case of the other FOX family member FOXO, a recent report
showed that the p21 promoter contains a consensus fork-
head binding element (GGATCC) immediately upstream of
the first Smad binding element and that the FOXO and Smad
complexes activate p21 expression, whereas the FOXG1 pro-
tein binds to FOXO and blocks p21 induction (38). On the
other hand, the consensus binding sequence (5'-NA(A/T)
TGTTTA(G/T)(A/T)T-3') has been defined for human FOXQ1
(4). The p21 promoter region contains several putative
FOXQI binding sites according to its consensus binding se-
quence. Indeed, we have shown that FOXQ1 binds to a éeg~
ment of the p21 promoter, indicating that FOXQ1 directly
transactivates the p21 gene expression.

The initial descriptions of p21 were thought to indicate a
tumor suppressor-like role, and p21 was almost solely re-
garded as a modulator with the principal function of inhibit-
ing a cyclin-dependent kinase activity and, hence, cell cycle
progression, because it was originally identified as a media-
tor of p53-induced growth arrest. However, emerging evi-
dence has indicated that p21 may have dual functions with
regard to tumor progression and the suppression of cancer
cells, with examples of other genes with dual functions in-
cluding TGF-3, Notch, Runx3, E2F, and p21 (32). Besides its
growth inhibitory role, p21 is known to have a positive effect
on cell proliferation (39-41). A more recent study on leuke-
mic stem cells showed a p21-dependent cellular response
that leads to reversible cell cycle arrest and DNA repair;
such data clearly illustrate the oncogenic potential of p21
(33). We have shown that p21 has negative roles for tumor
growth using FOXQI-over ing cells with knockd
of p21 (Fig. 5D).

Recently, accumulating evidence has shown that FOX
transcriptional factors are involved in VEGF regulation and
angiogenesis. For example, forkhead has exhibited a positive
role in mediating induction of VEGF (42-44). In the present
study, we identified VEGFA as a candidate target gene of
FOXQ1 by microarray analysis and showed that FOXQl
increased angiogenesis in vivo. Interestingly, although over-
expression of FOXQI decreases cellular proliferation
in vitro, it enhances tumorigenicity and tumor growth in vivo.
We ider that this di y can be explained by these

served in alveolar rhabdomyosarcoma through chr 1
translocation was first identified in relation to cancer. Many
target genes of FOXO have been reported to date, including
p21, cyclin D, Bim, TRAIL, and ER-a (36). On the other hand,
the overexpression of FOXM is observed in head and neck
cancer, breast cancer, and cervical cancer, and it enhances
proliferation and tumor growth in vitro (37), suggesting that
FOXM may be an oncogene. Although the available evidence
is not conclusive, FOXP, FOXC, and FOXA have been linked
to tumorigenesis and progression of certain cancers (36).
Thus, the FOX family is thought to act as either an oncogene
or a tumor suppressor. In the present study, we showed
that the overexpression of FOXQ1 played a tumor-promoting
role in CRC.

ic and antiapoptotic effects of FOXQI contribute to
enhanced tumor growth in vivo, although p21 negatively
functions.

We showed that the overexpression of FOXQI inhibited
doxorubicin-induced and ptothecin-induced apoptosis
in p53-inactivated cancer cells. Therefore, we speculated
that FOXQI might be a new determinant factor of resistance
to drug-induced apoptosis and might represent a poor
prognostic factor for CRC patients.

In conclusion, FOXQ1 is markedly overexpressed in CRC
and enhances tumorigenicity and tumor growth in vivo.
We have elucidated a biological function of FOXQI, which
directly upregulates p2l transcription and promotes angio-
genesis and antiapoptosis. Our findings support FOXQ1
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as a new member of the cancer-related FOX family in
cancer cells.
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