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(a) Hierarchical clustering using log-transformed relative expression changes over control for genes up- or downregulated exclusively in
SF268/ACSLS cells but not in SF268/ACSLS-MT cells. We applied the arbitrary cutoffs of > 2-fold up- or downregulation. Each row
and column represents genes and treatment conditions of cells. The values of relative expression changes were calculated over SF268/
mock (pH 6.5, day 6) as a baseline. The data in the three left columns and in the six right columns are derived [rom independent
experiments, In each experiment, duplicate samples were analysed. (b) ACSLS-dependent regulation of midkine (MDK) and melanoma
cell adhesion molecule (MCAM) mRNA expressions. SF268/mock and SF268/ACSLS cells were cultured for 6 days under acidic
conditions (pH 6.5). SNBT8 cells were treated with ACSL35 siRNAs or control siRNA and cultured for 48 h under acidic conditions
(pH 6.5). Total RNAs were then prepared, and the expressions of MDK and MCAM were analysed by reverse transcription
(RT)-PCR. (¢) ACSL5-dependent regulation of MDK protein expression. SF268/mock, SF268/ACSLS and SF268/ACSL3-MT cells
were cultured for 6 days under normal (pH 7.3) or acidic (pH 6.5) conditions. Cell lysates were prepared, and the expressions of MDK
were detected by an anti-MDK antibody. The expressions of a-tubulin were measured as loading controls.

functional ACSLS5 is overexpressed in glioma and could
have an essential function in glioma cell survival. We
have shown earlier that inhibiting multiple ACS
activities strongly induces apoptosis, whereas this cell
death is almost completely suppressed by a single gene
transfer of ACSL3 (Mashima et al., 2005). In addition,
among mammalian ACS, only ACSLS restores the
growth of an Escherichia coli strain that lacks FadD, the
only known ACS enzyme in the E. coli (Cavigha et al.,

2004). These observations suggest that among ACS
members, ACSL35 could have a predominant function in
cell survival.

As we have shown, ACSLS5 confers selective survival
advantage under acidosis conditions but not under
other tumor microenvironment stresses. Although we
showed that in vive treatment with ACSLS siRNA
significantly suppressed the growth of A1207 tumor
(Supplementary Figure 3d), it is still not clear whether
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Figure 5 Involvement of midkine (MDK) in acyl-CoA synthetase
5 (ACSLS5)}mediated glioma cell survival under extracellular
acidosis conditions. (a) mRNA expression of MDK in SF268/
ACSLS cells treated with siRNAs. Cells were treated with stealth
siRNAs that targeted MDK, or with control siRNA, as described
in Materials and methods. At 48h after sSiRNA treatment, total
RNAs were prepared and the expressions of MDK were analysed
by reverse transcription (RT)-PCR. The expressions of P-actin
were also analysed as loading controls. (b) Protein expression of
MDK in SF268/ACSLS cells treated with siRNAs. At 48h after
SIRNA treatment, cell lysates were prepared and the expressions
of MDK were detected by an anti-MDK antibody. The expressions
of a-tubulin were also measured as loading controls. (¢) Viability of
SF168/ACSLS cells after MDK knockdown under normal and
acidic conditions. At 24 h after siRNA treatment, SF268/ACSL5
cells were cultured under normal (pH 7.3) or low pH (pH 6.5)
conditions for 4 days, and viable cell numbers were counted. Data
are mean values of three independent experiments, and error bars
show standard deviations. P-values (two-sided) were calculated
using the Student’s r-test. P-values of <0.05 were considered
statistically significant, **P<0.01; *P<0.05.

the expression of ACSLS alone could be enough to
promote tumor growth or survival in vive. To address
these questions, we established a tumorigenic U8TMG
glioma cell line that stably overexpressed ACSLS and
implanted U87MG/mock and UR7MG/ACSLS cells
subcutaneously in nude mice. As a result, we did not
observe significant advantage of tumor growth in
ACSL5-overexpressed U87MG tumors (data not
shown). These data suggest that cooperation of ACSLS
with other survival factors could further be required for
promotion of glioma growth in vivo where several types
of stress would coexist.

Oncogene

Selective induction of MDK gene by ACSL3 under low
pH conditions

Our study showed that ACSLS is responsible for the
expression of some tumor-related factors. Among them,
the ACSL5-dependent expression of MDK was critical
for survival under acidic conditions. Importantly, the
ACSL5-dependent expression of MDK was strongly
augmented by low pH stress (Figures 4a and c). This
could explain the selective involvement of ACSLS5-
mediated MDK induction in glioma cell survival under
low pH conditions. ACSLS affects intracellular fatty
acid levels through its catalytic activity. These changes
may trigger signaling pathways that lead to MDK
induction, as fatty acids act as specific ligands for some
nuclear receptors, such as peroxisome proliferator-
activated receptor (PPAR) (Schoonjans et al, 1996).
Although the promoter region of the MDK gene does
not possess any direct responsive element for PPAR, it
does contain specific elements, including the steroid/
thyroid hormone receptor-binding site (TRE) (Uchara
et al, 1992). Because PPAR can form a heterodimer
with a thyroid hormone receptor (Bogazzi et al., 1994),
the element might have a function in the ACSLS-
dependent induction of the MDK gene. Our GeneChip
microarray analysis revealed that the expression of
ACSL5 was not significantly induced under acidic
culture conditions (data not shown). These data suggest
that although ACSLS induces the expression of MDK,
the acidosis-dependent induction of MDK would be
caused by another mechanism.

Cancer cell survival and growth arrest by MDK

Several reports have indicated that MDK has a crucial
function in the survival and malignant phenotype of
cancer (Kadomatsu er al, 1997; Takei er al, 2001;
Kadomatsu and Muramatsu, 2004). MDK also confers
chemotherapy resistance to cancer cells (Mirkin er al.,
2005). Considering the multiple functions of this growth
factor, ACSL5-dependent expression of MDK may have
a function not only in cell survival under acidosis but
also in other malignant phenotypes of cancer cells. Our
data indicated that ACSL35 induces MDK expression
and concomitantly promotes cell cycle arrest at the Gl
phase, especially under extracellular acidosis (Supple-
mentary Figure 2¢). It was recently reported that MDK
overexpression also promotes cell cycle arrest at the Gl
phase (Mirkin er al., 2005). These observations suggest
that cell cycle arrest caused by the ACSL5-induced
MDK could be important for survival under stress
conditions. In fact, G1 arrest is known to be antag-
onistic to stress-induced cytotoxicity (Knudsen er al.,
2000).

Other factors affected by ACSLS

We identified MCAM as another factor regulated by
ACSL5. Although our data did not show its function in
glioma cell survival under low pH, MCAM could have a
function in other malignant phenotypes such as tumor
metastasis (Xie et al., 1997). Our GeneChip analysis also
identified G-protein-coupled receptor C2A (GPRCSA)
as a gene selectively downregulated by ACSL5 (Table 1).



GPRCSA was recently reported as a lung tumor
suppressor (Tao er al., 2007). In the present analysis,
we did not focus on this gene, as its expression was not
clearly upregulated in SNB78 cells that were treated
with ACSLS siRNAs (data not shown). Recently, it was
shown that ACSL3 partitions exogenously derived fatty
acids toward triacylglycerol synthesis and storage
(Mashek er al., 2006). The function of this pathway in
ACSL5-mediated glioma cell survival should be exam-
ined in future studies.

Global view of the low pH-induced gene expression
signature

We showed that the reduced glioma cell viability under
low pH conditions was not derived from caspase-
dependent, typical apoptosis (Kitanaka and Kuchino,
1999). Although the mechanisms of the reduced cell
viability are still unknown, our analysis identified a set
of genes that is highly induced or decreased by low pH
stress, These genes included cell death regulators,
metastasis suppressors and stress-responsive genes (data
not shown). The function of these genes in stress-
induced toxicity is still to be clarified.

Conclusions: ACS as a molecular target for cancer
therapy

Emerging evidence has identified fatty acid metabolisms
as promising molecular targets for cancer therapeutics.
Among them, ACS members are candidate molecules to
induce cancer-selective cell death (Cao er al., 2000,
Mashima er al., 2005). Our present data indicate the
critical function of ACSLS in glioma cell survival and
suggest that this enzyme could be a rational therapeutic
target. On the other hand, our analysis revealed that
glioma cells also express other ACS isozymes, including
ACSL1, 3 and 4 (data not shown), the functions of
which in tumor survival are still unknown. Further
analysis including the effect of simultaneous inhibition
of multiple ACS isozymes on the survival of cancer
could open the door for novel ACS-targeted cancer
therapy.

Materials and methods

Cell lines, cell culture and measurement of growth inhibition

Human glioma SF268 and SNB78 cells were cultured in RPMI
1640 supplemented with 10% fetal bovine serum. Human
glioma A1207 cells were cultured in Dulbecco’s modified
Eagle's medium supplemented with 10% fetal bovine serum
(Mishima et al., 2001). To examine the effect of extracellular
acidosis, the culture medium was acidified by supplementing
the regular medium with 25mM HEPES and adjusting the
acidity to a final pH of 6.5 with 0.5 N HCI, as described earlier
(Ohtsubo et al., 1997). We measured pH of the medium before
and after treatment. Changes in pH were not observed after
cells were treated. To estimate the effect of changes in ionic
balance and osmolality after the addition of HCI, we added the
same concentration (~20mM) of NaCl to the medium as a
control. We found no significant effect of the NaCl addition on
glioma cell growth. Hypoxic conditions were achieved using an
anaerobic chamber and BBL GasPac Plus (Becton Dickinson,
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Cockeysville, MD, USA), which catalytically reduces oxygen
levels to less than [0p.p.m. within 90 min (Seimiya et al,
1999). To achieve low serum conditions, we cultured cells in
the medium containing 0.1% fetal bovine serum. Cell viability
under low pH, hypoxia and low serum or after treatment with
siRNA was evaluated by counting wviable cells using &

ter. The cell viability was determined by Trypan
blue exclusion. Statistical evaluations were performed using
Student’s t-test. P-values of <0.05 were considered staustically

significant.

Vector construction and retrovirus-mediated gene transfer

For the expression of human ACSLS, pHa-ACSL3-FLAG-
IRES-DHFR was constructed as described earlier (Mashima
et al., 2005). To construct an inactive mutant of ACSLS
(ACSLS-MT), we referred to the construction of inactive fatty
acid transport protein (FATP), a very long chain ACSL
(Coc et al., 1999). In the case of FATPI], a six-amino-acid
substitution into the putative active site (amino acid
249-254: TSGTTG) was enough to inactivate its acyl-CoA
synthetase. As ACSLS also possesses a putative active site with
the same sequence (amino acid 261-266: TSGTTG), we
converted the amino-acid TSGTT (261-265) to AAAAA o
generate pHa-ACSL5-MT-FLAG-IRES-DHFR using a Quik-
Change XL site-directed mutagenesis kit (Stratagene, La Jolla,
CA, USA). Retrovirus-mediated gene transfer of pHa-IRES-
DHFR (mock), pHa-ACSL5-FLAG-IRES-DHFR or pHa-
ACSL5-MT-FLAG-IRES-DHFR constructs was performed
as described earlier (Mashima et al., 2005),

siRNA treatment

siRNA oligonucleotides to ACSL5 were synthesized by
Dharmacon Research Inc. (Lafayette, CO, USA). The two
siRNAs tested were targeted to the 5-GCACCAGAGAAGA
UAGAAA-Y (siRNA 1) and 5-GUGCACUGCUUGUGAG
AAA-3' (siRNA 2) sequences of the human ACSLS mRNA.
As a control, we purchased a nonmspecific control duplex
(¥-ACUCUAUCUGCACGCUGACUU-3') from Dharmacon
Research Inc. The stealth siRNA oligonucleotides to MDK
were synthesized by Invitrogen (Carlsbad, CA, USA). The two
siRNAs tested for MDK were 5-UGAGCAUUGUAGCGC
GCCUUCUUCA-Y (siRNA 1) and 5-AUUGAUUAAAG
CUAACGAGCAGACA-3' (siRNA 2). A negative universal
control siRNA (medium no. 2) was purchased from Invitro-
gen. siRNAs were transiently introduced into the cells with
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions.

Western blot analysis

Western blot analysis was performed as described earlier
(Mashima et al., 2005) with the following primary antibodies:
mouse anti-FLAG (M2; Sigma), mouse anti-x-tubulin
(Sigma), mouse anti-ACSLS (Abnova, Taipei, Taiwan) or
rabbit anti-MDK (Abcam, Cambridge, UK).

Measurement of ACS activity
Total cell lysates were prepared and ACS activity was
measured as described earlier (Mashima er al., 2005).
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FOXO (Forkhead box O) transcription factors are
involved in cell-cycle arrest or apoptosis induction by
transcripting cell-cycle inhibitor p27*"" or apoptosis-
related genes, respectively. Akt/protein kinase B promotes
cell proliferation and suppresses apoptosis, in part, by
phosphorylating FOXOs. Phosphorylated FOXOs could
not exhibit transcriptional activity because of their nuclear
export. Here we show that p75"™** and p19~** transcrip-
tion is associated with FOXO-mediated G, cell-cycle
arrest. Inhibition of Akt signaling by PI3K inhibitors, a
PDK1 inhibitor, or dominant-negative Akt transfection
increased expression of p15"** and pl19“** but not
p16°V% and p18~**, Ectopic expression of wild type or
active FOXO but not inactive form also increased p15/~%
and p19¥* levels. FOXOs bound to promoter regions and
induced transcription of these genes. No increase in the
G-arrested cell population, mediated by PI3K inhibitor
LY294002, was observed in INK4b~/~ or INK4d '~ murine
embryonic fibroblasts. In summary, FOXOs are involved
in G, arrest caused by Akt inactivation via pI/5""*“ and
pl9"N54 transcription.

Oncogene (2008) 27, 1677-1686; doi:10.1038/sj.onc. 1210813;
published online 17 September 2007

Keywords: Akt; FOXO; INK4

Introduction

Akt (also known as protein kinase B, PKB) signaling
pathway controls many cellular functions, such as cell
survival, cell-cycle progression, cell proliferation, apop-
tosis inhibition, protein synthesis and glucose metabo-
lism (Matsushima-Nishiu er al, 2001; Tsuruo et al,
2003; Katayama et al., 2005). A large number of cancers
are known to aberrantly activate this pathway, resulting
in cancer cell survival and proliferation. Activation of
this pathway normally depends on growth factor
stimulation. Growth factors activate phosphatidylinosi-
tide-3-OH kinase (PI3K) and then lead to recruitment of
3-phosphoinositide-dependent protein kinase 1 (PDK1)
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and Akt on the plasma membrane (Vanhaesebroeck and
Alessi, 2000; Tsuruo er al., 2003). PDKI and other
kinases convert Akt from an inactive form to an active
form by phosphorylation.

FOXO (named for the Forkhead box O) transcription
factors, such as FOXOla, FOX0O3a and FOXO4 (also
known as FKHR, FKHRL! and AFX, respectively),
were identified at chromosomal breakpoints in human
tumors (Woods and Rena, 2002). FOXOs are direct
targets of Akt phosphorylation and are negatively
regulated by Akt (Brunet er al, 1999; Woods and Rena,
2002). Akt-dependent phosphorylation of FOXOs results
in their cytoplasmic localization, possibly by association
with 14-3-3 proteins, and inability to exhibit their gene
transcriptional activity (Brunet er al., 1999; Woods and
Rena, 2002), FOXOs are reported to be involved in
apoptosis induction or cell-cycle arrest by transcription
of the related genes (Medema er al., 2000; Rokudai et al.,
2002; Stahl er al., 2002; Suhara et al., 2002).

Eukaryotic cell-cycle progression is strictly regulated
and promoted by the activity of phase-specific kinase
complexes composed of cyclin and cyclin-dependent
kinase (CDK). Cychn D-CDK4/6 complexes promote
middle G, phase and then cyclin E-CDK2 complex
promotes late G phase. CDK inhibitors (CKIs) consist
of INK4 and CIP/KIP families and induce cell-cycle
arrest by blocking the activity of cyclin-CDK complexes
(Sherr and Roberts, 1995; LaBaer et al, 1997). The
INK4 famjly (p16r.wrm. p]S‘-"““, plamnr and p19m“"}
specifically binds to and inhibits cyclin D-CDK4/6
complexes, while the CIP/KIP family (p21¢/*, p27**"
and p57%*) binds to and inhibits the cyclin E-CDK2
complex as well as other cyclin-CDK complexes
operating throughout the cell cycle. In quiescent cells,
CKlIs are present in excess to cyclin-CDK complexes, so
the cells are maintained in a non-proliferating state.
CKIs are therefore critical mediators of antiproliferative
signals, cell-cycle arrest, DNA repair, terminal differ-
entiation and senescence.

The tumor suppressor gene product phosphatase and
tensin homologue deleted on chromosome 10 (PTEN)isa
lipid phosphatase. PTEN antagonizes PI3K function and
prevents PDK1 and Akt from recruiting to the plasma
membrane, resulting in inactivation of Akt signaling
pathway. Adenoviral transduction of PTEN into PTEN-
defective HEC-151 cells was reported to promote p /5%
mRNA expression in DNA microarray and reverse
transcription (RT}PCR analyses (Matsushima-Nishiu
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et al, 2001). However, it is unknown whether pl5/*
protein is actually involved in the G, arrest and how the
Akt signaling pathway regulates p15™* expression. In
this study, we show that FOXO transcription factors tran-
script not only p/5*** but also p]9***¢ genes. Further-
more, the PI3K inhibitor LY294002 failed to cause G,
arrest in p/ 5% ar p]9"**.null mouse-derived embryonic
fibroblasts (/NK4b~~ or INK4d”~ murine embryonic
fibroblasts (MEFs)). Thus, FOXO-mediated p/5™* and
pl9"% transcription is involved in G cell-cycle arrest
caused by Akt inhibition.

Resulis

Akt inhibition causes Gy arrest by upregulating p15™&®
and p 19K expression

To clarify the regulation of INK4 family protein
expression by the Akt signaling, we first examined the
change of INK4-family protein expression before and

b 293T HepG2

after treatment of 293T cells with the PI3K inhibitor
Wortmannin or the PDK1 inhibitor Celecoxib for 24 h.
Consistent with the previous reports (Sherr and Roberts,
1995; Medema et al., 2000), inhibition of Akt signaling
upregulated p27%* expression (Figure 1a). Further, we
observed a drastic increase in pl3™** and pl9/~k«
protein, while inhibition of Akt signaling showed no
effect on p16™** and p18™** protein levels (Figure 1a).
To confirm these findings, we treated 293T, HepG2 and
Raji cells with another PI3K inhibitor LY294002 for
24h. Western blot and RT-PCR analyses clearly
indicated that PI3K inhibition by LY294002 caused
pl15™** and pl19"** protein and mRNA expressions in
each cell line (Figures 1b and ¢), The plé™* and
p18/*¥ expression levels were not affected by LY 294002
treatment.

Because INK4 family proteins specifically bound to
and inhibited cyclin D-CDK4/6 complexes, inhibition
of Akt signaling pathway might cause cell-cycle arrest,
We confirmed CDK4 and CDKG6 kinase activities before
and after treatment of 293T cells with LY294002.
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Figure 1 Inhibition of Akt signaling results in G arrest with pl 3" and pl9™* expression, (a) 293T cells were treated with medium

alone (Cont.), 100 nM Wortmannin (Wort) or 50 uM Celecoxib (Celeco.). After a 24-h treatment, nuclear lvsates were isolated and
subjected to western blot analysis with the indicated antibodies. (b) 293T, HepG2 and Raiji cells were treated with ( + ) or without (—)
S0puM LY294002 for 24h and then analysed by western blot as described in (a). The asterisk indicates background band. (¢) 293T,
HepG2 and Raji cells were treated with (+ ) or without (=) 50 pM LY294002 for 6 h and then analysed by RT-PCR. (d) 293T cells were
treated with (+) or without (—) S0puM LY294002 for 24 h, and then CDK4 or CDK6 protein was immunoprecipitated from the
nuclear lysates. CDK4 and CDK6 activities were analysed by in vitro kinase assay using recombinant C-terminal Rb as the substrate.
(e) 293T, HepG2 and Raji cells were treated with (L'Y294002) or without (control) 50 um LY294002 for 24 h. Cellular DNA contents
were determined by flow cytometry. The percentage of the G, phase is the average of three independent experiments (inset). CDK,

cychn-dependent kinase: RT, reverse transcription.
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In vitro kinase assay revealed that LY294002 down-
regulated the kinase activities of both CDK4 and CDK6
because CDK4/6-mediated phosphorylation of retino-
blastoma (Rb) protein was downregulated by L'Y294002
treatment compared with non-treatment (Figure 1d). To
examine the effects of LY294002 on cell-cycle progres-
sion, we performed flow cytometry. When 293T, HepG2
and Raji cells were treated with LY294002 for 24h,
increase in the G,-arrested cell population was observed
in each cell line (Figure le). These results suggest that
suppressing the Akt signaling pathway by PI3K and
PDK | inhibitors may cause G, arrest by upregulating
pl15™* and pl9'* expression.

FOXOs enhance p15™** and p19™** transcription

We next demonstrated the upregulation of pl5*** and
pl9™#“ by specifically inhibiting the Akt signaling
pathway. After transfecting wild type (WT)- or domi-
nant-negative (AAA)-akt cDNAs into 293T or HepG2
cells, we examined the expression levels of INK4 family
mRNAs and proteins by means of RT-PCR and western
blot analysis. The mRNA levels of the p/5™** and
pl197%4 genes were increased in the AAA-akr transfec-
tants compared with that in empty vector transfectants
(Mock) (Figure 2a). Conversely, these mRNA levels

a 2937 HepG2
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were downregulated in WT-ake-transfected cells. No
change in pl6™ and pl8™ mRNA levels was
observed in either transfectant (Figure 2a). In parallel
with these results, we found an increase in pl5”** and
pl9/¥% protein expression in AAA-akt transfectants and
a decrease in these protein expression in WT-akt
transfectants (Figure 2b).

FOXOs are downstream transcription factors of the
Akt signaling pathway and are inactivated by it in a
phosphorylation-dependent cytoplasmic translocation
(Brunet et al., 1999;: Woods and Rena, 2002). To
confirm this phenomenon, we performed western blot
analysis using the cytoplasmic and nuclear lysates from
empty vector (Mock) or WT- or AAA-akr transfectants.
The nuclear expression of both FOXOla and FOXO3a
decreased in WT-akt transfectants compared with that
in mock transfectants, whereas the nuclear expression of
both proteins increased in AAA-akt transfectants
(Supplementary Figure S1). Next, to evaluate the
association between FOXOs and pl5%* or pl9/ke
gene expression, we monitored pl5*** and pl9/™#«
mRNA and protein expressions in WT or mutated
FOXOla- or FOXO3a-expressing cells. In the expen-
ments, we used the active form (AAA, the mutant lacks
the three Akt phosphorylation sites for nuclear export)
and the inactive form (HR, the mutant lacks the
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Figure 2 Involvement of Akt and FOXOs in p15#%* and p19** expression. (a and b) 293T and HepG2 cells were transfected with a
pFLAG-CMV-2 vector encoding none (Mock) or WT- or AAA-Akt. Alfter transfection for 24h, RT-PCR (a) or western blot (b)
analyses were performed as described in Figure 1. The asterisks indicate background bands. (c and d) 293T cells were transfected with a
pcDNA3 vector encoding none (Mock) or WT-, AAA- or HR-FOXO1a/3a. After transfection for 24 h, RT-PCR (c) or western blot
(d) analyses were performed as described above. The asterisks indicate background bands. CMV, cytomegalovirus; FOXO, Forkhead

box O, RT. reverse transcription; WT, wild type
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transcriptional ability because of its inability to bind to
DNA) of FOXOs. Overexpression of WT- or AAA-
FOXOs in 293T cells induced p15*%* and pl9/¥%«
mRNA and protein expressions (Figures 2¢ and d).
Because neither HR-FOXOla nor HR-FOXO03a had
any effect on p15™*" and pl9""** mRNA and protein
expressions (Figures 2¢ and d), transcriptional activities
of FOXOla and FOXO3a appeared to be essential for
the expressions. The expression levels of pl6”%* and
p18™* were unaffected by FOXO expression.

FOXOs bind to plS™*%" and pl9™%* promoter regions
and upregulate their transcription

FOXOs are known to regulate transcription of FasL and
insulin-like growth factor-binding protein 1 (IGF-BPI)
(Cichy et al., 1998; Brunet et al, 1999; Suhara ef al.,
2002). From these findings, FOXO consensus binding
sites are reported as shown in Figure 3a (Brunet ef al.,
1999; Rokudai er al., 2002). We searched the Forkhead-
responsive elements (FHRES) in the promoter regions of
pI5™ and pl9™% genes. In the pl5"“** promoter
region, we found three overlapping domains highly
homologous to FOXO consensus-binding sites (Figures
3a and b). We also found a domain that possessed high

homology to a FOXO consensus-binding site in the
p19"* promoter region (Figures 3a and b).

To prove that FOXOs bound to the predicted sites.
we performed electronic mobility shift assay (EMSA)
with double-stranded oligonucleotides containing the
FHREs in the pI5™%® (WT-pl5) or pl9"* gene (WT-
p19). As expected, we could detect the mobility-shifted
bands by incubating each oligonucleotide with nuclear
extracts from WT-FOXOla- or WT-FOXO3a-overex-
pressing 293T cells (Figures 3¢ and d). The FOXOla
binding to the WT-p/5 or WT-p/9 oligonucleotide was
specific because the mobility-shifted bands were not
detected in the presence of 100-fold excess of each
competitor (unlabeled DNA), in incubation with nucle-
ar extracts from HR-FOXOla transfectants, or in
incubation with the mutated pl5 or pl9 oligonucleotide
(Mut-p/5 or Mut-p/9, in which three nucleotides in the
predicted FHREs were mutated; Figure 3c¢). Similar
results suggested that FOXO3a binding to WT-pl5 or
WT-pl9 oligonucleotide was specific (Figure 3d). To
examine further the FOXOla binding to conserved
FHREs in p/5"%* and pl9* promoter regions in
293T cells, we performed chromatin immunoprecipita-
tion assay in FLAG-tagged WT-, AAA- or HR-
FOXOIa transfectants, WT- and AAA-FOXOla bound
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Figure 3 Identfication of FHRES in pl5™** or pl0'™** gene promoter. (a) Comparison of the reported Xenopus and human
consensus FHREs and the FHREs found in FasL, IGF-BPI (IRS), pI5*** or pl9"*** promoter, The underlined nucleotides matched
the predicted FOXO consensus sequence. (b) Genomic structure of the plIEE or pJ9VE sene. Black boxes indicate the locations and
relative sizes of the exons. The locations of the potential FOXO-binding sequences are indicated on the upstream portion of exon |
(El). (e and d) Nuclear extracts from 293T cells that had been transfected with a peDNA3 vector encoding none (~) or WT- or
HR-FOXOla/3a were incubated with biotin-labeled double-stranded WT- or Mut-p /5% gligonucleotides (left panels) or WT- or
Mut-pl9™* gligonucleotides (right panels). In some experiments, reactions were performed in the presence ( + ) or absence (—) of a
100-fold excess of unlabeled WT-p/5™* (left panels) or WT-pl9"*** (right panels) oligonucleotides. DNA-protein complexes were
separated by polyacrylamide gel electrophoresis and visualized by horseradish peroxidase-conjugated streptavidin. FHRE, forkhead-
responsive element; FOXO. Forkhead box O; 1GF-BP1, insulin-like growth factor-binding protein 1; WT, wild type
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to FHREs of pI5™** and pl9'"* promoter regions,
whereas HR-FOXOla could not bind to the elements
(Supplementary Figure S2). These results indicate that
nuclear FOXOs exhibiting DNA-binding ability can
specifically bind to the FHREs of p/5™* and pl9'~*
promoters in vifro and in vivo,

To confirm the involvement of FOXOs in p /5% and
pl9"% transcription, we constructed pGL3 promoter
vectors containing a 1560-bp DNA fragment from the
upstream portion of exon | of the p/5*** gene (pl5)
and a 975-bp DNA fragment from the upstream portion
of exon 1 of pl9"* genes (pl9), both of which
contained the putative FHREs. The pGL3 reporter
plasmids were transfected into 293T cells together
with a pcDNA3 vector encoding nothing (Mock) or
WT-, AAA- or HR-FOXO1la. As shown in Figure 4a,
WT- and AAA-FOXOa expression significantly increa-
sed luciferase activities of pl5 and p/9. However, HR-
FOXOla expression did not affect reporter activities.
To confirm further the role of putative FHREs in
pl5™% and pl9"™** gene expressions, we generated
pGL3 reporter vectors containing four-tandem copies
of the putative FOXO-responsive clement of pl5™**
gene (WT-pl5) or five-tandem copies of the element
of pl9™k« gene (WT-pl9). We also generated pGL3
reporter vectors containing mutated FHREs (Mut-pl5
and Mut-pl9). Expression of WT- or AAA-FOXOla,
but not HR-FOXOla, significantly enhanced the
reporter activities of WT-pl5 and WT-pl9 (Figure 4b).
We obtained similar results in the previously reported
FHREs of IGF-BP! gene (IRS-1) (Figure 4b). The
reporter activities, however, were not observed in the
cells transfected with Mut-p/5 and Mut-p9 (Figure 4b).
By transfecting FOXO3a, we obtained similar results
(Figure 4¢). From these results, we conclude that
FOXOs are involved in pf/5""™ and pl9¥%“ gene
transcription via binding to the identified FHREs,

We next examined the role of Akt in p/5"* and
pl9"%e pene expression. 293T cells were transfected
with FOXOs together with a pFLAG-CMV-2 vector
containing nothing (Mock) or WT- or AAA-AkL
Overexpression of WT-Akt slightly suppressed the
WT-FOXOla- or WT-FOXO3a-induced reporter activ-
ities of WT-p/5 and WT-p/9 (Figures 5a and b). Neither
WT- nor AAA-Akt affected the AAA-FOXO-induced
activation of luciferase (Figures 5a and d). Specific
inhibition of the Akt signaling pathway by AAA-Akt
expression significantly enhanced luciferase activity of
WT-pl5 and WT-p19 in both WT-FOXOla and WT-
FOXO3a transfectants (Figures 5a and b). These results
suggest that Akt constitutively suppresses FOXO-
induced pJ5™* and pl9"¥% transcription in 293T cells.

p15™E oF p19™%% nuil MEFs show reduced
responsiveness to LY294002-mediated G arrest

We first examined pl57** and p19/“* expression levels
in immortalized WT MEFs, pl3"*** knockout MEFs
(INK4b~'- MEFs) or p19"** knockout MEFs (INK4d '
MEFs) treated with or without LY294002 for 24 h. As
expected, INK4h-~ MEFs did not express pl3™*%,

pl5™=a and p19™+ induction by FOXO
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Figure 4 Regulation of p/5'** and p/9'¥** gene transcription by
FOXOs. (a) 293T cells were transfected with a pGL3 vector
containing none (pGL3), a 1560-bp DNA fragment from the
pI15™ promoter region (pl3), or a 975-bp DNA fragment from
the pI#**“ promoter region (pl9), together with a pcDNAJ vector
containing none (Mock) or WT-, AAA- or HR-FOXO1la. A phRL-
TK plasmid was also transfected as a transfection efficiency
control. After 24h of transfection, luciferase activities were
measured with the dual-luciferase reporter assay system. (b and c)
293T cells were transfected with a pGL3 vector containing tandem
copies of the oligonucleotide possessing the potential FOXO-
binding sequence in the pl§™** gene (WT-pl5) or its mutant
sequence (Mul-pl5), the sequence in the p/9"* gene (WT-p19) or
its mutant sequence (Mut-p/9), or the sequence in the IGF-BP]
gene (IRS-1). 293T cells were also transfected with a pcDNA3
vector encoding none (Mock) or WT-, AAA- or HR-FOXOla/3a.
A phRL-TK plasmid was also co-transfected as a transfection
efficiency control, Alter transfection for 24 h, luciferase activities
were measured with the dual-luciferase reporter assay system
FOXO, Forkhead box O, WT, wild type.

whereas INK4d-~ MEFs lacked pl9"* expression
(Figure 6a). LY294002 treatment suppressed PI3K
activity (Supplementary Figure S$3) and induced p27%%
expression (Figure 6a) in each cell line. Suppression
of Akt signaling pathway by LY294002 upregulated
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Figure 5 Akt negatively regulates p/5*** and p/9¥** gene tran-
scription by phosphorylating and inactivating FOXOs. (a and b)
293T cells were co-transfected with a pGL3 vector containing
tandem copies of the oligonucleotide that contained the potential
FOXO-binding sequence from the pl3™** (WT-pl5) or pl9nse
gene (WT-pl9) together with a phRL-TK plasmid as a transfection
efficiency control. 293T cells were also transfected with a pcDNA3
vector encoding none (Mock) or WT-, AAA- or HR-FOXOla/3a
together with a pFLAG-CMV-2 vector encoding none (Mock) or
WT- or AAA-Akt. Aflter a 24-h transfection, luciferase activities
were measured with the dual-luciferase reporter assay system.
CMV, eytomegalovirus, FOXO, Forkhead box O; WT, wild type.

pl5% expression in WT and INK4d~~ MEFs. whereas
it upregulated pl19*** expression in WT and INK¢b '~
MEFs (Figure 6a). Under the condition, we estimated
CDK4 and CDK6 kinase activities. In WT MEFs,
LY 294002 suppressed both CDK4 and CDK6 kinase
activities (Figure 6b). In contrast, LY294002 slightly
inhibited CDK4 activity but not CDK6 activity in
INK4b~'- and INK4d~'~ MEFs (Figure 6b). Next, to
determine the role of p15™%* and pl19™* in G, arrest
caused by Akt inactivation, we analysed the cell cycle
using flow cytometry after treatment of the immortalized
WT MEFs, INK4b'~ MEFs or INK4d~ MEFs with
LY294002 for 24h. Treatment of WT MEFs with
LY294002 greatly increased the cell number in the G-
arrested cell population, compared with untreated cells
(Figures 6¢c and d). By contrast, cell-cycle pattern was
almost the same in INK4b~~ and INK4d '~ MEFs before
and after treatment with LY294002 (Figure 6c).
LY294002-mediated accumulation of Gi-arrested cells
could hardly be observed in INK4b~ '~ and INK4d '~

Oncogene

MEFs (Figure 6d). These results indicate that LY 294002
induces G arrest by enhancing p/5™** and/or pJ@/~*
gene expressions and that FOXO activation by Akt
inactivation is associated with those gene expressions.

Discussion

The mutation of PTEN gene is observed with high
frequency, to almost the same degree as tumor
suppressor p53 gene mutation in cancer cells (Bonneau
and Longy, 2000), leads to aberrant activation of the
Akt signaling pathway, and provides high cell survival
and proliferating activities. FOXOs are direct targets of
Akt and are negatively regulated by it in a phosphor-
ylation-dependent manner (Brunet er al., 1999; Woods
and Rena, 2002). FOXOs suppress cell proliferation
with transcription of the apoptosis-related and/or cell-
cycle inhibitor genes. p27%" is a target of transcription
by FOXOs (Medema et al., 2000; Stahl et al,, 2002), and
it induces cell-cycle arrest in any phase. In addition, the
functions of p21°*" and p27*" are inhibited by Aki-
dependent phosphorylation and translocation from
nuclei to cytoplasm (Collado er al.. 2000; Rodier et al.,
2001; Zhou er al, 2001; Fujita er al, 2002). Thus,
activation of the Akt signaling pathway can avoid cell-
cycle arrest of cancer cells. Conversely, inhibitors of the
pathway can induce the activation of these gene
products and eliminate cell-cycle progression. In fact,
the PI3K inhibitor LY294002 has been observed to
induce both G, and G5/M arrests (Figure le; Collado
et al., 2000). According to previous studies, LY294002-
induced G, arrest is considered to be due to activation
of p21<" and p27%™ whereas G./M arrest by the
inhibitor may occur as a result of WEEIHu activation in
addition to p21°" and p27¥" (Collado er al., 2000;
Rodier er al., 2001; Zhou et al., 2001; Fujita er al., 2002;
Katayama er al., 2005).

Matsushima-Nishiu er al, (2001) have shown that
adenoviral transduction of the PTEN gene product
induces p/5™** mRNA expression as same as p2757
mRNA expression, as seen on DNA microarray and
RT-PCR analyses. However, the molecular mechanisms
of PTEN-induced p15*** have not been clarified. In
this study, we then tried to examine the regulatory
mechanisms of pl5*** expression by the Akt signaling
pathway. Treatment with inhibitors against Akt signal-
ing pathway induced the pl5%* gene product and
simultaneously upregulated p/9"* gene product (Fig-
ure 1). The dominant-negative form of Akt or WT- and
active-FOXOs also induced p/5™% and p]19"¥* expres-
sion (Figure 2), These data indicate that G, arrest
induced by inhibiting the Akt signaling pathway is
caused by pl5™%* and pl19"¥* expression in coopera-
tion with p21°"" and p27%*' expression.

Further examination revealed that FOXOs bound
to the promoter regions of the pl5™%* and pl9/¥Kk
genes and significantly upregulated their transcription
(Figures 3-5). FOXOla strongly activated pl5™~
transcription and p/9*** transcription, while FOXO3a
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Figure 6 Resistance to LY294002-induced G, arrest in /NK4b~'~ and INK4d~ MEFs, (a) Immortalized wild-type, INK¢bh~~ or
INK4d~~ MEFs were treated with (+) or without (=) 50 uM LY294002 for 24 h. Nuclear lysates from the cells were isolated and
subjected to western blot analysis with the indicated antibodies. (b) Wild-type, INK4b~"- or INK4d-'~ MEFs were treated with (+ ) or
without () 50 uM LY 294002 for 24 h, and then CDK4 or CDKG6 protein was immunoprecipitated from the nuclear lysates. CDK4 and
CDKS6 activities were analysed by in vitro kinase assay using recombinant C-terminal Rb as the substrate. (c) Wild-type, INK4b~~ or
INK+4d~~ MEFs were treated with (lower panels) or without (upper panels) 50 uM LY294002. After treatment for 24 h, cellular DNA
contenls were determined by flow cytometry, The percentage of G, phase cells described in each panel is the average of three
independent experiments (inset), (d) The percentage of Gy, S and Ga/M cell-cycle population was calculated from three independent
experiments shown in (c). Each vertical bar represents the s.d. of the experiments. MEFs, mouse embryonic fibroblasts

showed higher pl9%*“ transcription activity than  FOXOla and FOXO3a, but p/5"** transcription may
pl15™%% (ranscription activity (Figure 4). These results  be regulated primarily by FOXOla. Furthermore, WT-
indicate that p]9/*¥ transcription is mediated by both Akt slightly decreased WT-FOXO-induced activation of
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luciferase, whereas dominant-negative Akt clearly en-
hanced luciferase activity in WT-FOXO-transfected
293T cells. Overexpression of WT- or AAA-Akt did
not affect AAA-FOXO-induced activation of luciferase.
Therefore, Akt suppressed the FOXO-mediated pJ5/%
and pl9"¥¢ gene transcription by phosphorylation.
Although LY294002 arrested the cell cycle at the G,
phase in 293T, HepG2. Raji and WT MEF cells (Figures
1 and 6). G, arrest could not be observed in INK4b~'~ or
INK4d~~ MEFs (Figure 6). Hence, induction of pl 5%
and p19"*% expression by FOXOs is a critical event in
LY294002-induced G, cell-cycle arrest.

In the present study, we used four different cell lines,
293T, HepG2, Raji and MEF. Rb is a substrate of
CDK4/6/2 and a negative regulator of cell cycle. At G,/S
transition, CDK4/6/2-mediated phosphorylation and
inactivation of Rb is necessary for cell-cycle progression.
In 293T cells, Rb dysfunctions by adenoviral protein
and SV40T antigen, and 293T cells exhibit resistance to
Rb-mediated G, arrest. Actually, LY294002 slightly
arrested cell cycle at G, phase in 293T cells (Figure le).
In contrast, LY294002 drastically induced G, arrest in
HepG2, Raji and WT MEF cells (Figures le and 6),
which contain normal Rb as a tumor suppressor gene
product (Puisieux er al., 1993; Wells ef al., 2003). These
findings suggest that LY294002-mediated G, arrest is
induced by Rb-dependent and -independent pathways.
In Rb-independent G, arrest. a key molecule may be
Smad3. Smad3 has a key function in mediating
transforming growth factor-f signaling pathway that
inhibits cell-cycle progression at G, phase. Smad3
upregulates pl53™*** expression and downregulates
c-Myc expression, resulting in cell-cycle arrest at G,
phase (Matsuura er al., 2004). CDK4/2 phosphorylates
and inactivates Smad3 and prevents G, cell-cycle arrest
(Matsuura er al., 2004). LY294002 may also activate
Smad3 and inhibit cell-cycle progression at Gy phase in
cooperation with FOXO-p15¥%%/p]9*LCDK path-
way, especially in 293T cells.

Methylation of the CpG island, deletion and mutation
in chromosome (Ch.) 9p21, which codes pl35™&%,
pl6/% and pl44%F genes, are often observed in many
cancers (Ruas and Peters, 1998). p14% is an activator
of p53 and indirectly induces p21<*" expression (Stott
et al, 1998). Defect of Ch. 9p21 therefore causes
aberrant cell-cycle progression in cancer cells. In
contrast, deletions or rearrangement of p/8** (Ch,
1p32) and pl/9"* (Ch. 19pl3) are hardly observed
(Zariwala er al., 1996). Especially. mutation of p]9/¥%4 i
extremely rare. Hence, it is useful for cancer chemo-
therapy to induce pl8***- and/or pl9"**.dependent
G, arrest in both pl5"™*. and pl6"**_defective
cancer cells.

Mdm2 is a ubiquitin E3 ligase for p53. Akt also
phosphorylates and translocates Mdm2 from the
cytoplasm into the nucleus, resulting in promoting p53
degradation and cell-cycle arrest (Mayo and Donner,
2001). In the cells containing normal p53, suppression
of Akt signaling pathway upregulates p33 expression
and abrogates cell-cycle progression in this mechanism.
In contrast, it is difficult to induce cell-cycle arrest via
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p33-p21**" pathway in p53-defective cancer cells. p53 of
293T cells also dysfunctions by SV40T antigen. but
LY294002 can abolish cell-cycle progression with
upregulating plS™&  pl9K&é apnd p27%" and with
inhibiting CDK4/6 kinase activities. Therefore, the
inhibitors against Akt signaling pathway may be useful
for many cancer cells regardless of p53 mutation.

In summary, we demonstrate that FOXOs arrest the
cell cycle at the Gy phase by direct induction of p15/¥*
and p19’** expression through transcriptional mechan-
isms. Conversely, Akt suppresses plS™* and pl9/me«
expression by Akt-dependent phosphorylation and
inactivation of FOXOs.

Materials and methods

Reagents and cell-culture conditions

Wortmannin, LY294002 and Celecoxib were purchased from
Merck Calbiochem (San Diego, CA, USA), Sigma (St Louss,
MO, USA) and LKT Laboratories (St Paul, MN, USA),
respectively. Human embryonic kidney 293T cells and human
hepatoblastoma HepG2 cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum. Human Burkitt lymphoma Raji cells were cultured in
RPMI-1640 supplemented with 10% fetal bovine scrum.
INK4b~~ and INK4d~'~ MEFs were kindly provided by Dr
Mariano Barbacid (Centro Nacional de Investigaciones
Oncoldgicas, Madrid, Spain) and Drs Martine F Roussel
and Charles J Sherr (St Jude Children’s Research Hospital,
Memphis, TN, USA), respectively, and were cultured as
described previously (Latres er al., 2000; Zindy et al., 2000).
These MEFs were immortalized by cultivating them for 2-3
months in our laboratory and then were used for some
analyses,

Plasmids

Human WT and dominant-negative (AAA, KI179A/T308A/
S473A) ak1] cDNAs im a pFLAG-CMV-2 vector (Sigma) were
established in our laboratory (Fujita er al., 2002). Human
FLAG-tagged WT-FOXOJla, AAA (T24A/S256A/S319A)-
FOXOla and HR (H215R)-FOXOla in a pcDNA3 vector
(Invitrogen, San Diego, CA, USA) were kindly provided by
Drs Enc D Tang (University of Michigan Medical School,
Ann Arbor, MI, USA) and Frederic G Barr (University of
Pennsylvama, School of Medicine, Philadelphia, PA, USA)
(Tang et al., 1999). Human WT-FOX0O3a cDNA in a pcDNA3
vector was generated by PCR with an IMAGE clone (ID:
4137370, Invitrogen) as a template. The AAA (T32A/S253A/
S315A)-FOX03a and HR (H212R)-FOX03a ¢DNAs were
accomplished using a QuickChange Site-Directed Mutagenesis
Kit (Stratagene, La Jolla, CA, USA).

Flow-cytometric analysis
Cells were treated with S0uM LY294002 for 24h. Flow-
cytometric analyses were performed as described previously
(Katayama er al., 2005).

Transient transfection and western blot analysis

Cells were transfected with the appropriate plasmids using
Superfect transfection reagent (Qiagen, Valencia, CA, USA),
Western blot analysis was performed as described previously
(Katayama er al., 2005). Nuclear fraction was extracted using
an NE-PER extraction kit (Pierce. Rockford, IL, USA), We



used antibodies to pl6™~%* (F-12), p15™** (K-18) or plB™**«
(M-20) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); an
antibody to human p19** (DCS-100) (Lab Vision, Fremont,
CA, USA); an antibody to mouse p19™% (ZP002) (Invitro-
gen); an antibody to B-actin (AC-15) (Sigma); and antibodies
to p219* or p27*** (BD Biosciences, San Jose, CA, USA).

Semiguantitative RT-PCR analysis

We extracted total RNA from cells with Trizol reagent (Invitro-
gen). RT-PCR experiments were performed as described in
Supplementary Materials and methods,

In vitro CDK assay

Cells were treated with or without 50 umM LY294002 for 24 h,
and then endogenous CDK4 and CDK6 were immunopreci-
pitated from the cell lysates using antibodies to CDK4 (C-22)
and CDK6 (C-21) (Santa Cruz Biotechnology), respectively.
In vitro CDK assay was performed as described previously
(Ogasawara et al., 2004), Recombinant C-terminal Rb (Cell
Signaling Technology, Beverly, MA, USA) and immunopre-
cipitated CDK4 and CDK6 were detected by western blot
analysis. We used antibodies to Rb and phospho-Rb (Ser807/
811; Cell Signaling Technology); and antibodies to CDK4
(DCS-35) and CDK6 (B-10; Santa Cruz Biotechnology).

Cloning of pGL3 pr T vectors

The 1560-bp DNA fragment of the p15*** promoter region,
~1557 to + 3 and 975-bp DNA fragment of p1%*** promoter
region, —975 to —1, containing a potential FOXO-binding
sequence were amplified by PCR and were cloned into the
pGL3 promoter vector (Promega, Madison, WI, USA) as
described in Supplementary Materials and methods,

.

Cloning of pGL3 reporter vectors containing pies of
the putative FOXO-responsive element

Double-stranded oligonucleotides containing a potential
FOXO-binding sequence were generated by PCR and were
ligated into the pGL3 promoter vector as described in
Supplementary Materials and methods. The pGL3-3xIRS
vector (IRS-1) was reported previously (Rokudai er al., 2002).
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Background: This trial evaluated whether a combination of docstaxel and gemcitabine provides better sunaval than
docetaxel alone in patients with previously treated non-small-cell lung cancer (NSCLC).

Patients and methods: Bligibility included pathologically or cytologically proven NSCLC, failure of one platinum-
based regimen, performance status of zero or one, 20-75 years old, and adequate organ function. Patients received
docetaxel 60 mg/m? (day 1) or docetaxel 60 mg/m? (day 8) and gemcitabine B00 mg/m? (days 1 and ), both

administered every 21 days until dissasa progression.

Results: Sixty-five patients parficipated in each arm. This trial was terminated early due to an unexpected high
incidence of interstitial lung disease (ILD) and three treatment-related deaths due to ILD in the combination arm.
Docetaxel plus gemcitabine compared with docstaxal-alone patients experienced similar grade and Incidence of
toxicity, except for ILD. No bassline factor was identified for predicting ILD. Median sunvival times were 10.3 and 10.1
months (one-sided P = 0.36) for docetaxal plus gemcitabine and docetaxel ams, respectively,

Conclusion: Docetaxel alons Is still the standard second-line treatment for NSCLC. The incidence of ILD is higher for
docataxel combined with gamcitabine than for docetaxel alone in patients with previously treated NSCLC,

Key words: docetaxel, gemcitabine, non-small-cell lung cancer, platinum-refractory, second-fine chemotherapy

introduction

Lung cancer is the most common cancer worldwide, with an
estimated 1.2 million new cases globally (12.3% of all cancers)
and 1.1 million deaths (17.8% of all cancer deaths) in 2000 [1].
The estimated global incidence of non-small-cell lung cancer
(NSCLC) in 2000 was ~1 million, which accounted for ~80%
of all cases of lung cancer [1]. Treatment of advanced NSCLC is
palliative; the aim is to prolong survival without leading to
deterioration in quality of life [2]. The recommended first-line
treatment of advanced NSCLC currently involves up to four
cycles of platinum-based combination chemotherapy, with no
single combination recommended over others [3]. Although
this treatment improves survival rates, a substantial proportion

*Correspondence fo: Dr K. Takeda, 2-13-22 Myakofimahondohr, Miyalkofima-ku,
Osaka 534-0021, Japan, Tet +81-6-8020-1221; Fax. +81-6-5020-1000; E-mail: kik-
takn@gaz.so-neLne. o
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of patients do progress and should be offered second-line
treatment. With unsurpassed efficacy compared with other
chemotherapeutic regimens or best supportive care [4, 5],
docetaxel alone is the current standard as second-line
chemotherapy for advanced NSCLC. The recommended
regimen of docetaxel 75 mg/m” given i.v. every 3 weeks as
second-line therapy has been associated with median survival
times of 5.7-7.5 months [4, 5] and is also associated with better
quality-of-life outcomes compared with best supportive care
[2]. Docetaxel monotherapy for recurrent NSCLC after
platinum-based chemotherapy has several limitations, however,
including low response rates (7—11%), brief duration of disease
control, and minimal survival advantage [4, 5].

Gemcitabine is also active against recurrent NSCLC afier
platinum-based chemotherapy [6). Gemcitabine 1000 mg/m’
once a week for 3 weeks every 28 days produced a 19% response
rate in a phase II trial, and it shows significant activity mainly

© The Author 2009, Pubkished by Oxford University Press on behalf of the European Socisty for Medical Oncology.
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in patients previously responsive to chemotherapy [6]. Single-
agent gemcitabine has a low toxicity profile and is well tolerated
[6].

Docetaxel and gemcitabine have distinct mechanisms of
action and nonoverlapping toxic effects except for neutropenia.
Many studies of the combination of docetaxel and gemcitabine
have been conducted in first- and second-line settings [7-16].
The following doses and schedule have been adopted in most
studies: dacetaxel 80-100 mg/m* on day 1 or 8 and gemcitabine
800-1000 mg/m”® on days 1 and 8 or on days 1, 8, and 15.
Furthermore, most studies required use of prophylactic
granulocyte colony-stimulating factor (G-CSF) support.

In Japan, however, the recommended dose of docetaxel is 60
mg/m” every 3 weeks [17, 18], Several studies to confirm the
dose and schedule of this combination without prophylactic G-
CSF support have been conducted in lapan [19-21]. Two
studies recommended dacelaxel 60 mg/m® on day 8 and
gemcitabine 800 mg/m’ on days 1 and 8, and another study
recommended docetaxel 50 mg/m* on day 8 and gemcitabine
1000 mg/m” on days | and 8, without prophylactic G-CSF
support, every 3 weeks. These studies demonstrated the
consistent promising efficacy of this combination regimen. An
objective response was observed in 28%-40% of patients, with
a median survival time of 11.1-11.9 months and a 1-year
survival rate of 41%—479%,

We conducted a multicenter, randomized, phase 111 trial to
evaluate whether the combination regimen of docetaxel and
gemcitabine provides better survival than docetaxel alone in
patients with previously treated NSCLC.

patients and methods

patient selection

Eligible patients were 20-75 years of age, with histologically or cytologically
confirmed stage [11B {with malignant pleural effusion or contralateral hilar
lymph node rneumm} or stage TV NSCLC who had failed one platinum-
based ch herapy reg P ly. Patients who had received
gemcitabine or docetaxel were excluded. Additional inclusion criteria
included a Eastern Cooperative Oncalogy Group performance status of zero
to one, and adequate organ function as indicated by white blood cell count
24000/ul, absolute neutrophil count 22000/pl, hemoglobin 29.5 g/dl,
platelets 2100 000/pl, asp fi (AST)/al
amonotransferase (ALT) €2.5 times the upper limit of normal, total
bilirubin <1.5 mg/dl, serum creatinine <1.2 mg/dl, and Pa0; in arterial
blood 270 torr. A ic brain were allowed provided that
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chemotherapy (progressive disease or not) as balancing factors. Patients
receiving docetaxel were administered standard dexamethasone
premedication (8 mg orally at the day before, on the day, and the day after
docetaxel administration) as previously reported [7] md 50 mg ot’
diphenhidramine 30 min before docetaxel admini Recomt
human G-CSF was not given prophylactically. Chemotherapy cycles were
repeated every 3 weeks until disease progression. Docetaxel was given before
gemcitabine in the docetaxel plus gemcitubine regimen.

Dose adjustments were hased mainly on hematologic parameters. The
doses of docetaxel and gemcitabine were reduced by 10 and 200 mg/m?,
respectively, in subsequent cycles if chemotherapy-induced febrile
neutropenia, grade 4 anemia, grade 4 thrombocytopenia, grade 4
leukopenis, or grade 4 neutropenia lasting for >3 days occurred in the
absence of fever. Dose reductions were maintained for all subsequent cycles.
Patients requiring more than one dose reduction were off-protocol
treatment,

baseline and follow-up assessments
I medical history and physical

Pret ion included a ¢
examination, a complete blood count (CBC) test with differential and
platelet count, standard biochemical profile, electrocardiogram, chest
radiographs, computed graphic scans of the chest, abdomen, and
brain, magneti e imaging, and a whole-body bane scan. During
treatment, a CBC and biochemical tests were carried out mekly A detailed
medical history was taken and a complete physical i with
clinical assessment was carried out weekly to assess disease symptoms and
treatment toxicity, and chest radiographs were done every treatment cycle,
Toxicity was evaluated according to the National Cancer Institute
Cancer—Common Toxicity Criteria Version 2 [22).

All patients were 1 for resp hy © 1 tomography scans
lftﬂwcrytwccyduof hemotherapy. Eval Criteria in
Solid Tumors (RECIST) were used for the ﬂrl]untlon of response [23].

The progression-free survival (PFS) was calculated from the day of
randomization until the day of the first evidence of disease progression or
death, Il the patient had no progression, PFS was | at the day when
no clinical progression was confirmed. Overall survival (OS) was measured
from the day of randomization to death,

Discase-related symptoms were evaluated and scored at bascline and 6
weeks after the start of with the tem Lung Cancer Subscale
(LCS) of the Functional Assessment of Cancer Therapy-Lung version d
[24], which were translated from English to | The questi €
entries were listed as follows: 'l have been shu:t of breath’, 'l am losing
weight', "My thinking is clear’, ‘T have been coughing’, ‘I have a good
appetite’, ‘T feel tightness in my chest’, and 'Breathing is easy for me’,
Patients scored using & five-point Likert scale (0—4) by themselves. The
maximum attainable score of the LCS was 28, where the patient was

they had been irradiated and were clinically and radiologically stable. Prior
thoracic radiotherapy was allowed provided that treatment was completed
at least 12 weeks before enrollment. Patients were excluded from the s!udy
if they had r ically and cli y app interstitial p is or

considered to be asy

statistical analysis
The primary endpoint was OS; secondary endpoints were PES, the overall

pulmonary ﬁhroﬂs. All patients provided written informed cons:nt, and the
study protocol was approved by Japan Clinical Oncology Group (JCOG)
Clinical Trial Review Committee and the institutional review board of each
participating institution,

treatment plan and dose modifications

Eligible patients were centrally registered at JCOG Data Center and were
randomly assigned to either docetaxel 60 mg/m* as a 60-min i.v. infusion
on day | or docetaxel 60 mg/m” as a 60-min i.v. infusion on day 8 plus
;crnmahme 800 mg/m* as a 30-min iv. infusion on days | and 8, using
a mini i hod with institutions and 1 to prior

2 | Takeda et al.

T rate, disease-related symptoms, and toxicity profile. Based on
previous trials evaluating the docetaxel [4, 5] and docetaxel plus
gemcitabine [19-21] regimens, the present study was designed to detect
a 129 difference of 1-year survival rate. To attain an 80% power at a one-
sided significance level of 0,05, assuming 1-year survival of docetaxel arm as
35% with | year of follow-up after 2 years of accrual, 284 patients (142 per
cach arm) were required. Analyses were to be carried out with all
randomized patients. Both the OS and PFS were estimated with the
Kaplan-Meier method. The comparisons of O and PFS between arms were
assessed by the stratified log-rank test with a factor used at randomization,
resp to prior ch apy. Two analyses were planned after
half of the patients were registered and the end of registration,
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For thc r;m‘ptnm analysis, clungu of LCS from initial score were
P arms using analysis of with inirial score as
4 covariate.
All analyses were carried out with SAS software release 8.2 (SAS Institute,
Cary, NC).

results

This trial was terminated early due to the unexpected high
incidence of interstitial lung disease (ILD) and three treatment-
related deaths due to LD in the combination arm, which were
identified by the Adverse Event Reporting system.

patient characteristics

From January 2002 to September 2003, 130 patients with
NSCLC who had failed prior platinum-based chemotherapy
from 32 institutions were enrolled (Appendix). These patients
were randomly assigned to docetaxel alone (n = 65) or
docetaxel plus gemcitabine (n = 65). One patient died as a
result of rapid progressive disease before chemotherapy
administration, and one patient did not meet the entry criteria in
the docetaxel arm. In addition, one patient did not meet the entry
criteria in the docetaxel plus gemcitabine arm. All patients

were included in the analysis of survival and PFS, and 64 docetaxel
and 65 docetaxel plus gemcitabine patients were assessable for
toxicity. Fifty-nine patients with measurable lesions by RECIST

in the docetaxel arm and 57 eligible patients in docetaxel
plus gemcitabine arm were assessable for response (Figure 1).
Table | presents baseline patient characteristics.

The median number of cycles was 3 (range 0-6) and 2 (range
1-8) in the docetaxel and docetaxel plus gemcitabine arms,
respectively. The median interval between cycles was 22 days for
both arms.

toxicity

This trial was terminated early due to the unexpected high
incidence of ILD and three treatment-related deaths (4.6%) due
to ILD in the docetaxel plus gemcitabine arm. These events
were identified by the Adverse Event Reporting system.
Thirteen (20.0%) patients receiving combination treatment
suffered from all grades of ILD, whereas only two (3.1%)
patients receiving docetaxel alone suffered from grades 1-2
ILD. Grades 2—4 ILD occurred in 16.9% of docetaxel plus
gemcitabine patients, an unexpected high incidence rate. No
risk factors were identified contributing to these pulmonary
adverse events.

Toxicity was assessed in all patients who received at least one
treatment cycle and in all cycles (Table 2). Overall, grades 3—4
neutropenia occurred in 55 docetaxel patients (85.9%) and 53
docetaxel plus gemcitabine patients (81.5%). Grades 3—4
anemia occurred in two patients (3.1%) and 12 patients
(18.5%) treated with docetaxel alone and docetaxel plus

Patients randomly assigned
N=130
Docetaxel along Docetaxel plus gemcitabine
N=85 N=65
Ineligible (N=1) Ineligible (N=1)
Intention-to-treat
Overall survival and
progression-free survival
Mot treated due to early
N=1
Docetaxel alone Docetaxel plus gemcitabine
N=64 N=65
Toxicity |
Not mesurable Not mesurable
N=6 N=8
Docetaxel alone Docataxel plus gemcitabine
N=59 N=57
Response by RECIST |

Figure 1, CONSORT diagram for the study,
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Table 1. Patient characteristics

Age, years
Median 62 60
Range 34-75 34-74
Gender
Male 48 7338 51 78,5
Female 17 26.2 14 215
ECOG PS
0 20 30.8 2l 323
1 45 69.2 44 67.7
Histology
Squamous 19 92 2 338
Adenocarcinoma 10 61.5 40 61.5
Large cell 4 6.2 3 4.6
Others 2 il o 0
Best resp of prior ch herapy
CR 2 3.1 0 0
PR 38 58.5 40 615
5D 20 0.8 19 292
PD 5 7.7 6 9.2

D, docetaxel; DG, docetaxel plus gemcitabine; ECOG PS, Eastern
Cooperative Oncology Group performance status; CR. complete response;
PR, partial response; SD), stable di PD), progressive discase,

gemcitabine, respectively. Sixteen patients treated with
docetaxel (25.0%) and 11 patients with docetaxel plus
gemcitabine (16.9%) developed febrile neutropenia. All

Table 2. H logical and non-h logical

Hematological 01 2 3

Annals of Oncaology

required antibiotic treatment and G-CSF; however, no patient
died. One patient in the docetaxel plus gemcitabine arm
developed anaphylatic shock immediately after administration
of docetaxel at the second cycle. Grades 2—4 ALT elevation was
more frequent with docetaxel plus gemcitabine than with
docetaxel (20.0% versus 4.7%). Grades 2—4 non-neutropenic
infection occurred more often with docetaxel plus gemcitabine
than with docetaxel (21.5% versus 15.6%). Grades 2—4 ILD was
more frequent with docetaxel plus gemcitabine than with
docetaxel (16.9% versus 1.6%). Other toxic effects were
relatively mild (Table 2). Overall, docetaxel plus gemcitabine
was more toxic than docetaxel, however, well tolerated except
for ILD in docetaxel plus gemcitabine arm.

treatment efficacy

The overall response rate for docetaxel alone was 6.8% [95%
confidence interval (CI) 1.9% to 16.5%] and 7.0% for docetaxel
plus gemcitabine (95% CI 2.0% to 17.0%). There was no
significant difference between treatment arms (P = 0.71;
Fisher's exact test).

At the time of this analysis, 50 docetaxel patients (76.9%)
and 48 docetaxel plus gemcitabine patients (73.8%) had died.
The median survival time was 10.1 months for docetaxel alone
and 10.3 months for docetaxel plus gemcitabine (one-sided P =
0.36 stratified log-rank test; Figure 2A). The respective 1-year
survival rate was 43.1% (95% CI 31.0% to 55.1%) for docetaxel
and 46.0% (95% CI 33.8% to 58.1%) for docetaxel plus
gemcitabine.

The median PFS time was 2.1 and 2.8 months for
docetaxel and docetaxel plus gemcitabine, respectively (one-
sided P = 0.028 stratified log-rank test; Figure 2B).

4 3—4% 0=1 2 3 4 4%
Anemin 27 35 2 1] 31 21 32 g 3 185
Leukopenia 9 14 29 12 64.1 11 12 2 10 4.6
Neutropenia 7 2 15 40 85.9 8 4 19 34 815
Thrombocytopenia [ [] [] 0 0 43 14 0 123
Non-hematological 0-1 2 3 4 4%  0-1 2 3 4 2-4%
Allergic reaction 64 0 0 0 0 59 5 0 9.2
Alopecia 45 18 - - 28.1 49 14 - = 215
ALT 61 2 1 0 4.7 52 10 3 1] 20.0
Diarrhea 61 3 ] o 47 60 3 2 0 77
Edema a3 1 0 0 L6 64 1 0 0 L5
Fatigue 56 5 2 1 125 56 7 1 1 138
Febrile neutropenia 48 - 16 o 25.0 54 - 11 0 16.9
Infection with grades 3—4 neutropenia 59 T 5 0 78 56 - 9 ] 138
Infection with peni 54 8 2 0 156 51 4 9 1 215
MNausea 55 7 2 - 14.1 55 & 4 - 154
Neuropathy 62 2 0 0 31 62 2 0 1 4.6
Pneumonitis (TLD) 63 I 0 o 1.6 54 3 7 1 16.9
Stomatitis 61 3 0 0 4.7 60 5 0 1] 77
D, docetaxel; DG, docetaxel plus gemeitabine; NCI-CTC, National Cancer | -Cancer C Toxicity Criteria; ALT, alanine aminotransferase; ILD,

interstitial lung disease.
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Figure 2. Overall survival (A) and progression-free survival (B) by
treatment arm.

disease-related symptom assessment

Patients' compliance with disease-related symptom assessment
was 100% at baseline and 95.4% at 6 weeks later. Compliance
rates were not different between the arms (P = 1.00). LCS data
were missing in four surveys due to death or severe impairment
of the patient’s general condition; this accounted for 1.5% of
the total number of surveys scheduled. Mean LCS at baseline
and 6 weeks were shown in Table 3. There were no
significant differences in the LCS changes from baseline to 6
weeks between docetaxel and docetaxel plus gemcitabine
arms (P = 0.61).

discussion

This trial was terminated early due to the unexpected high
incidence of ILD and three treatment-related deaths due to ILD
in the docetaxel plus gemcitabine arm. Our findings seem to
indicate that the combination of docetaxel and gemcitabine
may be associated with a higher incidence of pulmonary
adverse events compared with docetaxel alone, especially in
patients with previously treated NSCLC.

Pulmonary toxicity following chemotherapeutic agents,
including ILD, has been well recognized for many years. In
most cases, this toxicity is mild and self-limiting. However, the
mechanism of developing drug-induced ILD is uncertain, and
risk factors for developing this disorder have not been
identified. In terms of combination therapy with docetaxel and
gemcitabine for advanced NSCLC, there were few reports about
the incidences of ILD at the time this study was planned. A
phase I study of patients with transitional cell carcinoma
evaluated thrice-weekly doses of docetaxel given on day 1 plus
gemcitabine given on days | and 15 and showed that
pulmonary toxicity occurred in three of five patients and was

Table 3. Discase-related symptom assessment

Baseline
Number n=65 n=65
Mean * SD 19,0 = 548 19.7 £ 525
& weeks later
Number n=62 =62
Mean = SD 18.1 £ 556 189 = 505
Difference
Mean = SD =111 = 351 =099 = 449

D, docetaxel; DG, docetaxel plus gemcitabine: SD, standard deviation,

the cause of death in one [25]. Recently, some reports have
been published about the high incidence of ILD due to the
combination regimen of docetaxel and gemcitabine in patients
with NSCLC [13, 26, 27], including the present study (Table 4).
In Japanese population, ILD is a very complex issue in
treatment of patients with lung cancer. Epidermal growth
factor tyrosine kinase inhibitor gefitinib is developing IL.D
significantly in Japanese patients with NSCLC [28]. It is
uncertain why ILD is developing more in Japanese patients with
NSCLC than the Western patients. Ethnic difference may be
one of the explanations for this occurrence. The combination of
gemcitabine and docetaxel is associated with a high incidence of
severe pulmonary toxicity. The regimen should not be used
outside a clinical trial.

The median survival times of 10.1 and 10.3 months and
estimated 1-year survival rates of 43.1% and 46.0% with
docetaxel alone and docetaxel plus gemcitabine, respectively,
suggest that adding gemcitabine to docetaxel did not provide
any increased efficacy in patients with previously treated
NSCLC. Interestingly, the combination regimen of docetaxel
plus gemcitabine significantly improved the median PFS time
(P = 0.028). Possible reasons for failing to detect a significant
difference between survival curves may include an insufficient
occurrence of documented events as a result of the study
population comprising patients with relatively good prognosis,
in addition to a high proportion of patients subsequently
receiving third-line therapy. During this study, gefitinib
treatment was commonly used for patients with recurrent
NSCLC in Japan [29]. Asian ethnicity is a well-known
predictive factor for a response for gefitinib [30].

Two randomized phase I trials compared docetaxel alone
with docetaxel plus irinotecan in second-line chemotherapy for
NSCLC [31, 32]. No significant treatment differences in
survival were observed in either trial; however, the trials were
phase II study and were not powered or designed to compare
survival. This study was not powered to compare survival when
it was terminated early due to the unexpected high incidence of
ILD in the docetaxel plus gemcitabine arm. However, based on
previous studies, as well as the present results, combination
chemotherapy with docetaxel and another chemotherapeutic
agent has not improved survival in patients with previously
treated NSCLC.

In conclusion, docetaxel alone is still the standard second-
line treatment for advanced NSCLC. The combination of
docetaxel and gemcitabine was too toxic to obtain any survival
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