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Many advanced cancers receive cisplatin-based chemotherapy.
However, cisplatin resistance is a major obstacle for cancer chemo-
therapy. Foxo3a is a member of the Foxo transcription factor fam-
ily, which modulates the expression of genes involved in DNA
damage repair, apoptosis, and other cellular processes. In this
study, we found that cisplatin-resistant cells were more sensitive
to the anticancer agent mithramycin than their parental cells, and
had a decreased level of Foxo3a expression. Foxo3a knockdown
increased cell proliferation and resistance to cisplatin. On the other
hand, mithramycin stimulated Foxo3a expression through reactive
oxygen species production and sensitized cells to cisplatin, which
was abolished by Foxo3a knockdown, while the acetylation status
of Foxo3a was decreased in response to cisplatin treatment and
was lower in cisplatin-resistant cells. Knockdown of Foxo3a-associ-
ated acetyltransferase p300 promoted cancer-cell growth and cis-
platin resistance. In addition, non-acetylation-mimicking Foxo3a
overexpression decreased cancer cell growth and sensitized cells
to cisplatin less than wild-type Foxo3a overexpression. The current
work may contribute to the evaluation of the therapeutic potential
of inducing the Foxo3a pathway and acetylating the Foxo3a tran-
scription factor, and lead to the reevaluation of cancer treatments
based on mithramycin. (Cancer Sci 2010; 101: 1177–1185)

M any advanced cancer patients receive cisplatin-based
chemotherapy. Although cisplatin-based treatment

decreases patients’ tumor burdens and increases life expectancy,
there are many cases of non-response or relapse during cisplatin
treatment. This phenomenon is referred to as cisplatin resis-
tance, and is a major obstacle to effective cancer treatment.
Therefore, it is critical that cancer chemotherapy can overcome
cisplatin resistance. We have previously investigated the mecha-
nisms of resistance of anticancer drugs including cisplatin, vin-
cristine, etoposide, and doxorubicin.(1–8) Several molecules that
are associated with the acquisition of cisplatin resistance have
been identified, including detoxifying enzymes, drug-efflux
pumps, DNA repair enzymes, and apoptosis-related genes.(9,10)

Foxo3a is a member of the Foxo family of transcription fac-
tors. Foxo transcription factors, which belong to the ‘‘other’’
class of the Fox superfamily, are involved in multiple signaling
pathways and play critical roles in a number of physiological
and pathological processes.(11) It has recently been reported that
the Forkhead transcription factor Foxo3a regulates the DNA
damage response and stimulates the DNA repair pathway.(12,13)

Moreover, Foxo transcription factors regulate oxidative detoxifi-
cation and cell cycle-related genes.(14) On the other hand, Foxo
transcription factors regulate apoptosis-related genes, such as
Bim,(15) tumor necrosis factor-receptor ligand,(16) p27Kip1,(17)

growth arrest and DNA damage-inducible protein 45a
(GADD45a),(12) and Fas ligand.(18) Recently, Foxo transcription
factors have been shown to be acetylated or deacetylated by
p300 and Sirtuinl (Sirt1), respectively, resulting in alterations of
their DNA-binding and transcriptional abilities.(11)
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Mithramycin is a classical drug, which has been used to treat
several types of cancer including testicular cancer, chronic mye-
loid leukemia, and acute myeloid leukemia, as well as hypercal-
cemia in patients with metastatic bone regions and Paget’s
disease. Mithramycin binds to GC-rich regions in chromatin and
interferes with the transcription of genes that bear GC-rich
motifs in their promoters.(19,20) Its mechanism of action involves
a reversible interaction with double-stranded DNA with GC-
base specificity.

Previously, it has been reported that inhibiting the phosphory-
lation of Foxo transcription factor sensitized human ovarian can-
cer cells to cisplatin.(21) More recently, it was shown that in
cisplatin-sensitive colon-cancer cells, cisplatin induced Foxo3a
dephosphorylation and nuclear translocation, and the expression
of its target genes, whereas the effect of cisplatin on Foxo3a was
incomplete in cisplatin-resistant cells.(22) In this study, we found
that expression and acetylation of Foxo3a were involved in the
proliferation and sensitivity of cancer cells to cisplatin. In addi-
tion, mithramycin increased the effectiveness of cisplatin-based
chemotherapy by modulating the expression level of Foxo3a.

Materials and Methods

Cell culture. Human bladder cancer T24, KK47, T24 ⁄
DDP10, and KK47 ⁄ DDP20 cells were cultured in Eagle’s mini-
mal essential medium, which was purchased from Invitrogen
(San Diego, CA, USA) and contained 10% fetal bovine serum.
As previously described, cisplatin-resistant T24 ⁄ DDP10 and
KK47 ⁄ DDP20 cells were established from T24 and KK47 cells,
respectively.(1,4) Stable transfectants, that is KK47-AcGFP (#1
and #2), KK47-Foxo3a-GFP (#1 and #2), and KK47-Foxo3a-
GFP KR (#1 and #2) cells which were derived from KK47 cells
and stably expressed the corresponding proteins were estab-
lished as described previously.(8) Briefly, KK47 cells were trans-
fected with AcGFP, Foxo3a-GFP, or Foxo3a-GFP KR
expression plasmid described in the following section, and
cultured for 2 weeks with selection medium containing
1000 lg ⁄ mL of geneticin (Nacalai tesque, Kyoto, Japan). Pro-
tein expressions of obtained clones were verified using western
blotting and fluorescence microscope (Biozero; Keyence,
Tokyo, Japan). Isolated clones were maintained in the presence
of 1000 lg ⁄ mL of geneticin. The cell lines were maintained in
5% CO2 atmosphere at 37�C.

Antibodies and plasmids. Antibodies against p21 (sc-397),
Sp1 (sc-420), p300 (sc-585), and pan-AcetylLys (sc-8663) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-Foxo3a and anti-Sirt1 antibodies were purchased
from Epitomics (Burlingame, CA, USA). Anti-GFP antibody
(AB513) was obtained from Evrogen (Moscow, Russia). Anti-
b-actin and anti-Lamin B1 antibodies were purchased from
Sigma (St. Louis, MO, USA). Foxo3a-GFP plasmid expressing
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C-terminally GFP-tagged Foxo3a protein was purchased from
OriGene (Rockville, MD, USA). To construct non-acetylation-
mimicking Foxo3a-GFP expression plasmid (Foxo3a-GFP KR),
mutation was introduced into the lysines 242 and 245 of Foxo3a
which were substituted into arginine using a KOD Mutagenesis
Kit (Toyobo, Osaka, Japan), the Foxo3a-GFP plasmid as a
template, and the following primer pairs: 5¢-AGGAGCGGA-
AGAGCCCCCCGGCGGCGGGCTGTCTCC-3¢ and 5¢-CCCC-
CCATCAGGGTTGATGATCCACCAAGAGCTCTTGC-3¢.
Underlined nucleotides indicate mutated sequences.

Western blot analysis. Whole-cell lysates (30 lg) and nuclear
extracts (30 lg) were prepared and western blot analysis was
performed as previously described.(23–27)

Knockdown analysis using siRNAs. Knockdown analysis
using siRNAs was performed as previously described.(23–27)

Briefly, the following double-stranded RNA 25-base-pair
oligonucleotides were commercially generated: 5¢-UAG-
AAUUGGUGCGUGAACGGAAGUC-3¢ (sense) and 5¢-GAC-
UUCCGUUCACGCACCAAUUCUA-3¢ (antisense) for Foxo3a
siRNA #1 (Invitrogen); 5¢-UAUACGGGAAGCUAGAGCUC-
CGCUG-3¢ (sense) and 5¢-CAGCGGAGCUCUAGCUUC-
CCGUAUA-3¢ (antisense) for Foxo3a siRNA #2 (Invitrogen);
5¢-AUUAUAGGCUGACGUGGCAUUCCUA-3¢ (sense) and
5¢-CCUGCCCGGUGAACUCUCCUAUAAU-3¢ (antisense) for
p300 siRNA #1 (Invitrogen); 5¢-UUAAACAGCCAUCAC
AGACGAAUCC-3¢ (sense), 5¢-GGAUUCGUCUGUGAUGG-
CUGUUAA-3¢ (antisense) for p300 siRNA #2 (Invitrogen); and
5¢-CUACUACUACCACCAGGAATT-3¢ (sense), 5¢-UUGCUG-
GUGGUAGUAGUAGTT-3¢ (antisense) for Sp1 siRNA
(Sigma). T24 and KK47 cells were transfected with siRNA
using Lipofectamine 2000 (Invitrogen) in accordance with the
manufacturer’s instructions.

Cytotoxicity analysis. Cytotoxicity analysis was performed as
previously described.(7,24,25) Briefly, T24, KK47, and their cis-
platin-resistant cells (2.5 · 103); KK47 cells (2.5 · 103) trans-
fected with 40 nM of the indicated siRNA as described above;
stable transfectants of KK47 cells (2.5 · 103); or KK47 cells
(2.5 · 103) with media containing vehicle, 2 nM of mithramy-
cin, 2 nM of doxorubicin, or 2 lM of 5-fluorouracil (5-FU) were
seeded into 96-well plates. The following day, various concen-
trations of the indicated anticancer drugs were applied. After
1178
48 h, the surviving cells were stained using the alamarBlue
assay (TREK Diagnostic Systems, Cleveland, OH, USA) for
180 min at 37�C. Absorbance of each well was measured using
a plate reader (ARVO MX; Perkin Elmer, Waltham, MA,
USA).

Cell proliferation assay. The cell proliferation assay was per-
formed as previously described.(7,8,23,25–27) Briefly, KK47 cells
(2.5 · 104) transfected with 40 nM of the indicated siRNA or
stable transfectants of KK47 cells (2.5 · 104) were seeded into
12-well plates. The time point of 12 h after plating was set as
0 h. The cells were harvested with trypsin and counted daily
using a cell counter (Beckman Coulter, Fullerton, CA, USA).
The results were normalized by the cell counts at 0 h, and are
representative of at least three independent experiments.

RNA isolation, reverse transcription, and quantitative real-time
PCR. These procedures were performed as previously
described.(25–27) Quantitative real-time PCR was performed with
the following: TaqMan Gene Expression Assay for Foxo3a
(assay identification number Hs00921424_m1) and GAPDH
(assay identification number Hs02758991_g1) (Applied Biosys-
tems, Foster City, CA, USA) and TaqMan Gene Expression
Master Mix (Applied Biosystems), or the following primer
pairs: 5¢-TTTGGGGAAAGGGAGGAAGA-3¢ (forward) and 5¢-
AGCCAAGAGAGGCACCACAG-3¢ (reverse) for Sp1 and 5¢-
GGAACGGTGAAGGTGACAGC-3¢ (forward) and 5¢-AA
TCAAAGTCCTCGGCCACA-3¢ (reverse) for b-actin and
SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan) using ABI
7900HT.

Measurement of intracellular reactive oxygen species
(ROS). Measurement of intracellular ROS was performed as
previously described.(25) Briefly, KK47 cells (2.5 · 103) seeded
into 96-well palates were incubated with vehicle, mithramycin,
doxorubicin, cisplatin, 5-FU, and ⁄ or N-acetyl-L-cysteine (NAC)
for 48 h. Intracellular ROS levels were measured using CM-
H2DCFDA (Invitrogen) according to the manufacturer’s proto-
col. The fluorescence intensities of the wells were measured
using the ARVO MX plate reader. At the same time, surviving
cells were measured using the alamarBlue assay. The intracellu-
lar ROS levels were corrected by the corresponding results of
the alamarBlue assay. The results are representative of at least
three independent experiments.
Fig. 1. Cisplatin-resistant cells are more sensitive
to mithramycin than their parental cells and show
decreased expression of Foxo3a transcription
factor. (a) T24, T24 ⁄ DDP10, KK47, and
KK47 ⁄ DDP20 cells were seeded into 96-well
plates. The following day, various concentrations
of mithramycin were applied. After incubation for
48 h, cell survival was analyzed by a cytotoxicity
assay. Cell survival in the absence of mithramycin
corresponds to 1. All values are representative of
at least three independent experiments. Boxes,
mean; bars, ±SD. (b) After extraction of total RNA
from T24, T24 ⁄ DDP10, KK47, and KK47 ⁄ DDP20
cells and synthesis of cDNA, quantitative real-time
PCR was performed using the primers and probes
for Foxo3a and GAPDH. The Foxo3a transcript
level was corrected for the corresponding GAPDH
transcript level. All values represent at least three
independent experiments. The level of Foxo3a
transcript from T24 cells was defined as 1. Boxes,
mean; bars, ±SD. Whole-cell extracts and nuclear
extracts of T24, T24 ⁄ DDP10, KK47, and
KK47 ⁄ DDP20 cells were subjected to SDS-PAGE,
and western blotting was performed using the
indicated antibodies. Immunoblots for b-actin and
Lamin B1 are shown as loading controls.
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Fig. 2. Foxo3a knockdown augments cancer cell growth and cisplatin
resistance. (a) KK47 cells were transfected with 40 nM of control
siRNA, Foxo3a siRNA #1 or Foxo3a siRNA #2. After extraction of total
RNA and synthesis of cDNA, quantitative real-time PCR was performed
using the primers and probes for Foxo3a and GAPDH. The Foxo3a
transcript level was corrected for the corresponding GAPDH transcript
level. All values represent at least three independent experiments. The
level of Foxo3a transcript from KK47 cells transfected with control
siRNA was defined as 1. Boxes, mean; bars, ±SD. Whole-cell extracts of
KK47 cells transfected with 40 nM of control siRNA, Foxo3a siRNA #1,
or Foxo3a siRNA #2 were subjected to SDS-PAGE, and western
blotting was performed using the indicated antibodies. Immunoblot
for b-actin is shown as a loading control. (b) KK47 cells transfected
with 40 nM of control siRNA, Foxo3a siRNA #1, or Foxo3a siRNA #2
were seeded into 12-well plates and incubated. The number of cells
was counted at the indicated times. The results were normalized to
the number of cells at 0 h. All values represent at least three
independent experiments. Boxes, mean; bars, ±SD. (c) KK47 cells
transfected with 40 nM of control siRNA, Foxo3a siRNA #1, or Foxo3a
siRNA #2 were seeded into 96-well plates. The following day, various
concentrations of cisplatin were applied. After incubation for 48 h,
cell survival was analyzed by a cytotoxicity assay. Cell survival in the
absence of cisplatin corresponds to 1. All values are representative of
at least three independent experiments. Boxes, mean; bars, ±SD.
Immunoprecipitation and western blot analysis. Immuno-
precipitation and western blot analysis was performed as previ-
ously described.(27) Briefly, whole-cell extracts (500 lg) were
prepared and incubated with 20 lL of A ⁄ G agarose (Santa-Cruz
Biotechnology) for 1 h at 4�C. After centrifugation at 2400g
at 4�C, the supernatants were incubated with 2.0 lg of rabbit
IgG, anti-Foxo3a, or anti-GFP antibody with 20 lL of A ⁄ G
agarose for overnight at 4�C. After washing three times with
X-buffer, the immunoprecipitated samples were applied to SDS-
PAGE, and western blotting was performed as previously
described.

Results

Cisplatin-resistant cells are more sensitive to mithramycin than
their parental cells and show decreased expression of Foxo3a
transcription factor. We have been researching the mechanisms
of cisplatin resistance. We have previously established cisplatin-
resistant cells of bladder cancer.(1,4) To identify anticancer
agents that are effective against cisplatin-resistant cells, we car-
ried out a cytotoxicity assay to compare drug sensitivity between
cisplatin-resistant cells and their parental cells using 5-FU, acti-
nomycin D, methotrexate, gemcitabine, docetaxel, and paclit-
axel. We have previously reported that cisplatin-resistant cells
were cross-resistant to doxorubicin, etoposide, vincristine, mito-
mycin C, and camptothecin.(1,4) In addition, cisplatin-resistant
cells were cross-resistant with actinomycin D, methotrexate,
gemcitabine, docetaxel, and paclitaxel (Supporting Fig. S1a).
However, to our surprise, both cisplatin-resistant cell lines
(T24 ⁄ DDP10 and KK47 ⁄ DDP20) are significantly more sensi-
tive to mithramycin than their parental cells by about 3-fold
(Fig. 1a). Previously, Foxo transcription factors have been
shown to be involved in cisplatin resistance.(21,22) Therefore, we
next investigated the expression level of Foxo3a transcription
factor. Both mRNA and protein levels of Foxo3a were lower in
cisplatin-resistant cells compared with those in their parental
cells (Fig. 1b).

Foxo3a knockdown augments cancer cell growth and cisplatin
resistance. Because Foxo transcription factors have been shown
to be implicated in cancer cell growth,(11,28) we next examined
whether Foxo3a was involved in cancer cell growth in addition
to cisplatin resistance. As shown in Figure 2(a), two kinds of
Foxo3a-specific siRNA, referred to as Foxo3a siRNA #1 and
Foxo3a siRNA #2, suppressed Foxo3a expression at both the
mRNA and protein levels. When KK47 cells were transfected
with Foxo3a-specific siRNAs, they grew more rapidly (Fig. 2b).
In addition, as speculated from a finding that Foxo3a expression
was decreased in cisplatin-resistant cells, Foxo3a knockdown
made KK47 cells more than 3-fold resistant to cisplatin
(Fig. 2c).

Mithramycin increases the sensitivity of cancer cells to cisplatin
through Foxo3a induction by oxidative stress. Foxo transcrip-
tion factors are known to be implicated in oxidative stress.(29)

We compared intracellular ROS levels after the application of
vehicle, mithramycin, doxorubicin, cisplatin, and 5-FU. Mithra-
mycin could induce intracellular ROS most effectively whereas
doxorubicin and cisplatin induced little oxidative stress at least
in our experimental setting. This ROS-inducible effect of mith-
ramycin was reduced by NAC addition (Fig. 3a). Foxo tran-
scription factors are also known to be a stress-inducible
factor.(30) Indeed, hydrogen peroxide and mithramycin enhanced
the expression of Foxo3a transcription factor more than doxoru-
bicin, cisplatin, and 5-FU. However, Foxo3a induction by mith-
ramycin was blunted by NAC addition, suggesting that Foxo3a
induction may be dependent on oxidative stress by mithramycin
(Fig. 3b). Since mithramycin is known to be an inhibitor of Sp1
binding to its cognate site, an effect of mithramycin on the
induction of Foxo3a related to Sp1 inhibition was suggested.
Shiota et al.
When Sp1 was suppressed using Sp1-specific siRNA, Foxo3a
expression was not affected at both mRNA and protein levels.
Because it was suggested that Foxo3a is involved in cisplatin
resistance as shown in Figures 1 and 2, we next carried out a
cytotoxicity assay to investigate whether mithramycin could
sensitize cancer cells to cisplatin. Although doxorubicin and 5-
FU could slightly sensitize KK47 cells to cisplatin, mithramycin
increased the sensitivity of KK47 cells to cisplatin by more than
3-fold and was the most effective of these anticancer agents
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1179
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Fig. 3. Mithramycin increases sensitivity of cancer cells to cisplatin through Foxo3a induction by oxidative stress. (a) KK47 cells were seeded into
96-well plates and incubated. On the following day, the media were replaced with media containing vehicle, 2 nM of mithramycin, 2 nM of
doxorubicin, 0.2 lM of cisplatin, or 2 lM of 5-fluorouracil (5-FU) and ⁄ or 5 mM of NAC. After 48 h, the cells were stained with CM-H2DCFDA and
measured for their florescence intensities. All values are representative of at least three independent experiments. The fluorescence intensity of
KK47 cells with vehicle was set as 1. Boxes, mean; bars, ±SD. (b) Whole-cell extracts of KK47 incubated with media containing vehicle, 2 lM of
hydrogen peroxide, 2 nM of mithramycin, 2 nM of doxorubicin, 0.2 lM of cisplatin, or 2 lM of 5-FU and ⁄ or 5 mM of NAC for 48 h were subjected
to SDS-PAGE, and western blotting was performed using the indicated antibodies. Immunoblot for b-actin is shown as a loading control. (c) T24
and KK47 cells were transfected with 40 nM of control siRNA or Sp1 siRNA. After extraction of total RNA and synthesis of cDNA, quantitative
real-time PCR was performed using the primers and probes for Sp1, Foxo3a, b-actin, and GAPDH. The Sp1 and Foxo3a transcript levels were
corrected for the corresponding b-actin and GAPDH transcript levels, respectively. All values represent at least three independent experiments.
The level of Sp1 and Foxo3a transcript from T24 cells transfected with control siRNA was defined as 1. Boxes, mean; bars, ±SD. Whole-cell
extracts of T24 and KK47 cells transfected with 40 nM of control siRNA or Sp1 siRNA were subjected to SDS-PAGE, and western blotting was
performed using the indicated antibodies. Immunoblot for b-actin is shown as a loading control. (d) KK47 cells were seeded into 96-well plates
with media containing vehicle, 2 nM of mithramycin, 2 nM of doxorubicin, or 2 lM of 5-FU. The following day, various concentrations of cisplatin
were applied. After incubation for 48 h, cell survival was analyzed by a cytotoxicity assay. Cell survival in the absence of cisplatin corresponds to
1. All values are representative of at least three independent experiments. Boxes, mean; bars, ±SD. (e) KK47 cells transfected with 40 nM control
siRNA, Foxo3a siRNA #1, or Foxo3a siRNA #2 were seeded into 96-well plates with media containing vehicle or 2 nM of mithramycin. The
following day, various concentrations of cisplatin were applied. After incubation for 48 h, cell survival was analyzed by a cytotoxicity assay. Cell
survival in the absence of cisplatin corresponds to 1. All values are representative of at least three independent experiments. Boxes, mean; bars,
±SD.
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Fig. 4. Deacetylation of Foxo3a is induced by cisplatin treatment and
the acetylated-Foxo3a level is decreased in cisplatin-resistant cells. (a)
KK47 cells were treated with 1 lM of cisplatin for the indicated times.
The cells were then harvested and nuclear extracts were subjected to
SDS-PAGE, and western blotting was performed using the indicated
antibodies. Immunoblotting for Lamin B1 is shown as a loading
control. (b) KK47-Foxo3a-GFP #1 cells were seeded into six-well plates.
The following day, the cells were treated with 1 lM of cisplatin for
the indicated times. Whole-cell extracts were immunoprecipitated
with 2.0 lg of anti-GFP antibody and 20 lL of A ⁄ G agarose. After
washing three times, the supernatants were subjected to SDS-PAGE,
and western blotting was performed using the indicated antibodies.
(c) Nuclear extracts of T24, T24 ⁄ DDP10, KK47, and KK47 ⁄ DDP20 cells
were subjected to SDS-PAGE, and western blotting was performed
using the indicated antibodies. Immunoblot for Lamin B1 is shown as
a loading control. (d) Whole-cell extracts (500 lg) of T24, T24 ⁄ DDP10,
KK47, and KK47 ⁄ DDP20 cells were immunoprecipitated with antibody
against Foxo3a and A ⁄ G agarose. After washing three times, the
supernatants were subjected to SDS-PAGE, and western blotting was
performed using the indicated antibodies.
(Fig. 3d). To investigate the mechanism by which mithramycin
increases the sensitivity of cells to cisplatin, we performed a
cytotoxicity assay after Foxo3a knockdown. After KK47 cells
were transfected with Foxo3a-specific siRNAs and 2 nM of
mithramycin was added, the cells were exposed to various con-
centrations of cisplatin. As shown in Figure 3(e), Foxo3a knock-
down abolished the favorable effects of mithramycin associated
with augmentation of cisplatin cytotoxicity, suggesting that aug-
mentation of cisplatin cytotoxicity by mithramycin involves the
upregulation of Foxo3a.

Deacetylation of Foxo3a is induced by cisplatin treatment and
the acetylated-Foxo3a level is decreased in cisplatin-resistant
cells. It has been reported that the acetylation status of Foxo
transcription factor could influence its transcriptional activity
and selection of the target gene.(18) Sirt1 and p300 are known to
deacetylate and acetylate Foxo transcription factors, respec-
tively.(30–34) First, we investigated whether cisplatin affects the
expression of the Foxo3a-associated deacetylase and acetyl-
transferase. As shown in Figure 4(a), Sirt1 expression increased
according to the duration of cisplatin treatment up to 24 h,
although p300 decreased. Consequently, the acetylated-Foxo3a
level decreased according to the duration of cisplatin treatment
(Fig. 4b). Based on the above finding that cisplatin induces
Foxo3a deacetylation, we analyzed the expression levels of Sirt1
and p300 in cisplatin-resistant cells. As shown in Figure 4(c),
both cisplatin-resistant cell lines showed increased expression of
Sirt1 but decreased expression of p300. As a result, both cis-
platin-resistant cell lines had a lower acetylation status of
Foxo3a, suggesting that the acetylation status of Foxo3a is also
involved in the cisplatin-resistant phenotype (Fig. 4d).

Silencing of the Foxo3a-associated acetyltransferase p300
promotes cell growth and increases cellular resistance to
cisplatin. Because Foxo3a is implicated in tumor cell growth as
shown in Figure 2(b), we examined whether the acetylation sta-
tus of Foxo3a is also implicated in cell growth. In KK47 cells,
p300 knockdown using p300-specific siRNAs induced more
rapid cell proliferation (Fig. 5a). In addition, T24 cells also grew
more rapidly when p300 expression was silenced (Fig. 5b). To
investigate whether the acetylation status of Foxo3a influences
cisplatin resistance, we performed a cytotoxicity assay after
suppressing p300 expression. We found that p300 knockdown
rendered the T24 and KK47 cells resistant to cisplatin, but not to
5-FU (Figs 5c,d).

Non-acetylation-mimicking Foxo3a overexpression suppresses
cancer-cell growth and cisplatin resistance to a lesser extent
compared with wild-type Foxo3a overexpression. Because
expression and acetylation levels of Foxo3a were suggested to
be implicated in cancer cell growth and cisplatin resistance, we
investigated effects on cancer cell growth and drug resistance by
wild-type and non-acetylation-mimicking Foxo3a overexpres-
sions. Then, we prepared Foxo3a-GFP and Foxo3a-GFP KR
expression plasmids. Foxo3a-GFP KR plasmid expresses non-
acetylation-mimicking Foxo3a in which lysines 242 and 245
were substituted into arginines. In addition, stable transfectants
of KK47 cells expressing GFP, Foxo3a-GFP, or Foxo3a-GFP
KR protein were established. As shown in Figure 6(a), these sta-
ble transfectants expressed almost equal amounts of exogeneous
GFP-tagged proteins and endogeneous Foxo3a proteins. Further,
mutated Foxo3a protein (Foxo3a-GFP KR) was not acetylated
(Fig. 6b). KK47-Foxo3a-GFP (#1 and #2) cells prominently
grew slowly compared with KK47-AcGFP (#1 and #2) cells.
However, KK47-Foxo3a-GFP KR (#1 and #2) cells grew more
rapidly than KK47-Foxo3a-GFP (#1 and #2) cells although more
slowly than KK47-AcGFP (#1 and #2) cells (Fig. 6c). In addi-
tion, Foxo3a overexpression made KK47 cells more than 4-fold
sensitive to cisplatin. However, KK47-Foxo3a-GFP KR (#1 and
#2) cells were less sensitive to cisplatin than KK47-Foxo3a-GFP
(#1 and #2) cells (Fig. 6d).
Shiota et al.
Discussion

Foxo3a is a member of the Foxo family of transcription factors
which, on exposure to oxidative stress, translocate to the
nucleus and activate transcription by specifically binding to the
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1181
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Fig. 5. Silencing of the Foxo3a-associated acetyl-
transferase p300 promotes cell growth and ren-
ders cells resistant to cisplatin. (a, b) KK47 (a) and
T24 (b) cells transfected with 40 nM control siRNA,
p300 siRNA #1, or p300 siRNA #2 were seeded into
12-well plates and incubated. The number of cells
was counted at the indicated times. The results
were normalized to the number of cells at 0 h. All
values represent at least three independent exper-
iments. Boxes, mean; bars, ±SD. Whole-cell
extracts of KK47 (a) and T24 (b) cells transfected
with 40 nM of control siRNA, p300 siRNA #1 or
p300 siRNA #2 were subjected to SDS-PAGE, and
western blotting was performed using the indi-
cated antibodies. Immunoblot for b-actin is shown
as a loading control. (c,d) KK47 (c) and T24 (d)
cells transfected with 40 nM control siRNA, p300
siRNA #1, or p300 siRNA #2 were seeded into 96-
well plates. The following day, various concentra-
tions of cisplatin or 5-fluorouracil (5-FU) were
applied. After incubation for 48 h, cell survival
was analyzed by a cytotoxicity assay. Cell survival
in the absence of cisplatin or 5-FU corresponds to
1. All values are representative of at least three
independent experiments. Boxes, mean; bars, ±SD.
consensus sequence TTGTTTAC in the promoters of target
genes.(35) Overexpression of Foxo3a protects cells from oxida-
tive damage.(29) Furthermore, it has been reported that ionizing
radiation induces Foxo3a expression.(13) In addition, this study
revealed that hydrogen peroxide and mithramycin increased
Foxo3a expression through ROS production. On the other
hand, no apparent Foxo3a induction by doxorubicin and cis-
platin was observed although doxorubicin and cisplatin pro-
duced little ROS (Fig. 3). These findings may indicate that
Foxo3a expression can be induced by oxidative stress although
1182
Foxo3a expression may be modulated also by DNA- and
RNA-binding functions of anticancer agents and by other fac-
tors, accounting for inconsistency between ROS production
and Foxo3a expression by doxorubicin and cisplatin treat-
ments. On the other hand, cisplatin-resistant cells showed
decreased expressions of Foxo3a mRNA and protein, and
Foxo3a knockdown decreased the sensitivity to cisplatin
(Figs 1,2). This is consistent with the finding that inhibiting the
phosphorylation of Foxo3a sensitizes ovarian cancer cells to cis-
platin(21) and that cisplatin induces Foxo3a dephosphorylation
doi: 10.1111/j.1349-7006.2010.01503.x
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Fig. 6. Non-acetylation-mimicking Foxo3a overexpression suppresses cancer cell growth and cisplatin resistance to a lesser extent compared
with wild-type Foxo3a overexpression. (a) Whole-cell extracts of the indicated stable transfectants of KK47 cells were subjected to SDS-PAGE,
and western blotting was performed using the indicated antibodies. Immunoblot for b-actin is shown as a loading control. (b) Whole-cell
extracts (500 lg) of the indicated stable transfectants of KK47 cells were immunoprecipitated with antibody against GFP and A ⁄ G agarose. After
washing three times, the supernatants were subjected to SDS-PAGE, and western blotting was performed using the indicated antibodies. (c) The
indicated stable transfectants of KK47 cells were seeded into 12-well plates and incubated. The number of cells was counted at the indicated
times. The results were normalized to the number of cells at 0 h. All values represent at least three independent experiments. Boxes, mean; bars,
±SD. (d) The indicated stable transfectants of KK47 cells were seeded into 96-well plates. The following day, various concentrations of cisplatin
were applied. After incubation for 48 h, cell survival was analyzed by a cytotoxicity assay. Cell survival in the absence of cisplatin corresponds to
1. All values are representative of at least three independent experiments. Boxes, mean; bars, ±SD.
and nuclear translocation, and expression of its target genes in
cisplatin-sensitive cells.(22) Furthermore, these results are sup-
ported by another finding that Foxo transcription factors induce
cell cycle arrest and apoptosis in response to genotoxic stresses
such camptothecin and ionizing radiation.(13) Cisplatin also
exhibits DNA damage stress and leads to cell cycle arrest or
apoptosis via DNA damage signaling. Because Foxo3a can
induce cell cycle arrest in response to DNA damage and the
DNA repair pathway, cellular apoptosis by cisplatin might be
dependent on Foxo3a. On the other hand, it was reported that
Foxo3a protects cells from oxidative stress.(29) Although cis-
platin is also known to induce oxidative stress,(36) the stress
level produced by cisplatin was less than that induced by either
doxorubicin or mithramycin. Therefore, it seems that cytotoxic-
ity induced by cisplatin is less dependent on the protective func-
tion of Foxo3a against oxidative stress compared with other
cytotoxic anticancer agents that produce greater oxidative stress.
In addition, Foxo3a transcription factor might affect cisplatin
resistance by inducing known or unknown Foxo3a-target genes.
We have previously shown that both Twist1 and YB-1 are
implicated in cisplatin resistance.(7,8) Therefore, Foxo3a might
be involved in cisplatin resistance by regulating Twist1, YB-1,
and other targets.

Cisplatin sensitivity is well known to have a close association
with cell growth. Generally, rapid-growing cells are more sensi-
tive to cisplatin. Inversely, cancer stem cells which are thought
to be resistant to conventional therapy such as chemotherapy
have been revealed to grow slowly. As shown in Supporting Fig-
ure S1(b), cisplatin-resistant cells grew more slowly compared
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with their parental cells. This finding seemed to be inconsistent
with the results that Foxo3a downregulation increased cell
growth and that Foxo3a expression decreased in cisplatin-resis-
tant cells. However, intriguingly, overexpression of YB-1,
which is a molecule promoting cisplatin resistance, has recently
been revealed to trigger an epithelial–mesenchymal transition,
but to suppress cell growth in breast epithelial cells.(37) This
phenomenon may be one of causes of slow growth in cisplatin-
resistant cells. In addition, it is known that cisplatin resistance is
gained by multiple mechanisms. It may be accounted for, at
least in part, by the fact that both cisplatin-resistant cells more
abundantly expressed p21 which is a famous inhibitor of cyclin-
dependent kinase, resulting in suppression of cell growth.

Although phosphorylation and intracellular localization of
Foxo transcription factors has been reported to be involved in
cisplatin resistance, intracellular localisation of Foxo3a in cis-
platin-resistant cells seemed not to be affected compared with
their parental cells in this study (Fig. 1b). Acetylation of
Foxo3a, which affects its DNA-binding and transcriptional abil-
ity, but not intracellular localization, might be a key factor of
cisplatin resistance in our settings. Several researchers have pre-
viously reported that the acetylation status of Foxo transcription
factors could influence its transcriptional activity (30) and Foxo
transcription factors interact with Sirt1 and p300, which deacet-
ylate and acetylate Foxo3a, respectively.(18,31–34) In this study,
cisplatin treatment induced the deacetylation of Foxo3a, and cis-
platin-resistant cells were revealed to possess a reduced amount
of the acetylated form of Foxo3a compared with their parental
cells. As shown in Figure 5, p300 affected cellular sensitivity to
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cisplatin; this functional effect may be obtained through a modu-
lation of Foxo3a activity by p300.(34) It has previously been
shown that Sirt1 suppressed the ability of Foxo3a to induce the
transcription of the proapoptotic factor Bim.(38) In addition, it
was reported that the transcription of Fas ligand is decreased by
Sirt1.(18) On the other hand, the DNA repair-related gene
GADD45a and the antioxidant protein MnSOD were induced by
Sirt1 overexpression.(18) In addition to our results that p300
knockdown increases resistance to cisplatin, Sirt1 was recently
shown to be involved in cisplatin resistance.(38) Treatment with
a Sirt1 inhibitor, sirtinol, was shown to increase sensitivity to
camptothecin and cisplatin.(39) Moreover, others have shown
that reducing Sirt1 expression by Sirt1 siRNA sensitized cis-
platin-resistant cells to cisplatin, and that Sirt1 overexpression
increased cisplatin resistance in cisplatin-sensitive cells by alter-
ing mitochondrial metabolism.(40) Thus, in addition to the
decreased Foxo3a protein level, the deacetylation status of
Foxo3a also contributed to cell survival after genotoxic stress
(Fig. 5). These findings indicate that Foxo3a may be a promis-
ing molecular target for overcoming cisplatin resistance. More-
over, we showed that p300 knockdown increases cancer cell
proliferation, which is supported by the findings that p300 deple-
tion leads to c-Myc upregulation and premature G1 exit.(41)

Therefore, examining the expression level and acetylation status
of Foxo3a in addition to Foxo3a-associated acetyltransferases
and deacetylases in clinical cancer might be useful to predict the
effect of cisplatin-based chemotherapy and prognosis of cancer.
In addition, this study indicated that we could increase cisplatin
cytotoxicity by manipulating the expression and acetylation sta-
tus of Foxo3a.

Mithramycin is currently rarely used in cancer treatment.
However, our findings suggest that mithramycin is very effec-
1184
tive when used for cisplatin-resistant cell or in combination with
cisplatin. In addition, the effectiveness of mithramycin and cis-
platin combination therapy was due to the induction of Foxo3a
by mithramycin (Fig. 3). Thalidomide was initially used in Eur-
ope as a sedative, tranquilizer, and as an antiemetic for emesis
gravidarum, but was withdrawn from the market in 1961
because of reports of congenital defects when taken during ges-
tation. More recently, thalidomide has been shown to prevent
neoangiogenesis in human malignancies and to exert immuno-
modulatory and anti-inflammatory properties. Accordingly, tha-
lidomide was first used 10 years ago to treat patients with
multiple myeloma.(42) Mithramycin, which is a strong Foxo3a
inducer, might also become a re-emerging anticancer drug simi-
lar to thalidomide. Furthermore, other molecules, which might
more strongly induce Foxo transcription factors and acetylate
Foxo transcription factors should be identified and developed.
Accordingly, studies are needed to investigate whether mithra-
mycin or other unknown Foxo-inducing agents could suppress
cancer cell growth and cisplatin resistance when used in combi-
nation with or without cisplatin in vivo.
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. (a) T24, KK47, and their cisplatin-resistant cells were seeded into 96-well plates. The following day, various concentrations of the indi-
cated anticancer drugs were applied. After incubation for 48 h, cell survival was analyzed by a cytotoxicity assay. Cell survival in the absence of
anticancer drug corresponds to 1. All values are representative of at least three independent experiments. Boxes, mean; bars, ±SD. (b) T24, KK47,
and their cisplatin-resistant cells were seeded into 12-well plates and incubated. The number of cells was counted at the indicated times. The
results were normalized to the number of cells at 0 h. All values represent at least three independent experiments. Boxes, mean; bars, ±SD. (c)
Nuclear extracts of T24, T24 ⁄ DDP10, KK47, and KK47 ⁄ DDP20 cells were subjected to SDS-PAGE, and western blotting was performed using
the indicated antibodies. Immunoblots for Lamin B1 are shown as loading controls.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
Cancer Sci | May 2010 | vol. 101 | no. 5 | 1185
ªª 2010 Japanese Cancer Association


