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Abstract

Cisplatin is a conventional chemotherapeutic agent that
binds covalently to purine DNA bases and mediates
cellular apoptosis. A better understanding of the down-
stream cellular targets of cisplatin will provide information
on its mechanism of action and help to understand
the mechanism of drug resistance. In this study, we
have investigated the effects of cisplatin in a panel of
colon carcinoma cell lines and the involvement of the
phosphoinositide-3-kinase/forkhead/winged helix box
class O (FOXO) pathway in cisplatin action and resistance.
Cisplatin-sensitive and cisplatin-resistant cell lines have
been characterized in cell viability, flow cytometry, and
clonogenic assays. The main components of the phos-
phoinositide-3-kinase/protein kinase B pathway, parti-
cularly FOX0O3a, have been analyzed in sensitive and
resistant cells on cisplatin treatment. Interestingly, in
sensitive cells, cisplatin induces FOX03a dephosphoryla-
tion and nuclear translocation, and expression of its target
genes, whereas in resistant cells the effect of cisplatin
on FOX03a is incomplete. Consistent with this, protein
kinase B/FOXO signaling axis modulators triciribine and
psammaplysene A sensitize the resistant HT29 cells
to cisplatin treatment. Critically, knockdown of FOX03a
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expression using small interfering RNA rescues sensitive
SW620 cells from cisplatin-induced short- and long-term
cell death. Together, our findings suggest that FOX03a is
a relevant mediator of the cytotoxic effects of cisplatin in
colon cancer cells. [Mol Cancer Ther 2008;7(10):3237 —46]

Introduction

Colorectal cancer is one of the leading causes of cancer
death in Western countries. Intestinal epithelial cells
constitutively proliferate at a high rate to compensate for
the continuous cell loss through mechanical attrition and
terminal differentiation. Multiple genetic aberrations con-
tribute to the development of biologically aggressive,
clinically malignant colorectal carcinomas. The phosphoi-
nositide-3-kinase (PI3K)/protein kinase B (PKB, also called
AKT) signaling pathway is important for proliferation of
normal and transformed intestinal epithelial cells (1, 2)
and has been implicated in the progression to the trans-
formed phenotype leading to colorectal carcinoma (3).
Overactivation of the PI3K/PKB pathway in tumors
triggers a cascade of responses, from cell growth and proli-
feration to survival and motility. This signaling axis plays
an important role in tumorigenesis as shown by the large
variety of tumor-associated mutational events that affect
this pathway, such as the inactivation of the tumor sup-
pressor PTEN (4) and the frequent amplification and
activation of the PI3K catalytic subunit PIK3CA (p110a)
or PKB in a large number of primary human tumors (5).
The forkhead/winged helix box class O (FOXO) tran-
scription factors are downstream effectors of the PI3K/PKB
pathway and participate in a variety of cellular processes,
such as cell cycle progression, programmed cell death,
stress detoxification, DNA damage repair, glucose metab-
olism, and differentiation (reviewed in ref. 6). In mammals,
this family of proteins consists of four members: FOXO1,
FOXO3, FOXO4, and FOXO6. These factors are regulated
by multiple mechanisms, including phosphorylation,
acetylation, and ubiquitination. Collectively, these modifi-
cations regulate the subcellular localization, transcriptional
activity, and stability of FOXO proteins (7-9). Among
these, the phosphorylation by PKB is one of the major
regulatory mechanisms by which FOXO-mediated tran-
scription is repressed (7, 10, 11). PKB-phosphorylated
FOXO proteins bind to 14-3-3 chaperone proteins and
become sequestered in the cytoplasm, where they are
unable to regulate gene expression. When active, FOXOs
induce cell cycle arrest and apoptosis, negatively mediating
oncogenic signaling and acting as antiproliferative factors.
Studies in mammalian cells over recent years have
identified key FOXO target genes that are involved in
the regulation of cell cycle and apoptosis, such as p27<¥%,
cyclin D1, cyclin D2, p130, FasL, and Bim (7, 12-15).
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Recently, we have also identified FOXO transcription
factors as cellular targets of antitumor drugs in different
cancer types, including breast cancer (16—18) and chronic
myeloid leukemia (19, 20). In these reports, we showed that
depletion of FOXO3a levels is sufficient to abrogate the
apoptosis induced by the anticancer drugs, clearly con-
firming FOXO3a as a key regulator of cell death triggered
by chemotherapeutic agents in these two types of cancer.

To date, little is known about the role of FOXO
transcription factors in mediating the cellular responses to
drugs used in the treatment of colorectal cancer. Platinum-
based compounds represent one of the main therapeutic
options for colorectal cancer and their cytotoxicity is cha-
racterized by the formation of platinum adducts on DNA.
However, drug resistance remains a major obstacle for
effective cancer therapy, and a better understanding of its
mechanism of action is urgently required. Interestingly,
the PI3K/PKB/FOXO pathway has been implicated in the
cellular response to cisplatin [cis-diamminedichloropla-
tinum (I)] in ovarian cancer cells (21). In this study, we
have analyzed the effects of the chemotherapeutic agent
cisplatin in a panel of colon carcinoma cell lines. Our
results show a correlation between drug sensitivity and
FOXO3a activity and suggest that FOXO3a is a relevant
mediator of cisplatin-induced antiproliferative effects in
colon cancer cells.

Materials and Methods

Cell Lines and Reagents

The human colon carcinoma cell lines DLD1, HT29,
SW620, SW403, and T84 were maintained in DMEM
supplemented with 10% fetal bovine serum, 2 mmol/L
glutamine, and 100 units/mL penicillin/streptomycin in a
humidified incubator of 5% CO, at 37°C. Cisplatin (Sigma
Chemical Co.) was dissolved in DMSO to a stock
concentration of 10 mg/mL and added to cultures at a
final concentration of 12 pg/mL. Triciribine phosphate
(NSC 280594) was obtained from the Developmental
Therapeutics Program, Division of Cancer Treatment and
Diagnosis, National Cancer Institute (Bethesda, MD).
Psammaplysene A was synthesized in the laboratory of
Prof. J. Clardy (Harvard Medical School, Boston, MA;
ref. 22).

Proliferation Assay

Cells were counted and plated at the same initial density.
Following cisplatin treatment (12 pg/mL) for time periods
ranging from 0 to 96 h, trypsinized cells were incubated
with trypan blue. Trypan blue-negative and total cells
were counted per microscope field for a total of four fields
per condition using a Neubauer hemocytometer. The pro-
portion of viable cells was calculated by dividing the
number of viable cells by total number per field.

Clonogenic Assays

For clonogenic assays, colon cancer cells were plated in
six-well plates and treated the day after with 6 or 12 ug/mL
of cisplatin for a period of 6 h. After removal of drug-
containing medium, cells were trypsinized and plated at

low density (2,000 per 60-mm plate). Cells were then
cultivated for 7 to 10 d and colonies were stained with
crystal violet. Clones in a given area were counted for each
condition. All experiments were done thrice in duplicate.

Cell Cycle Analysis

Cell cycle analysis was done using propidium iodide
staining as described previously (23). Briefly, cells were
washed in PBS and fixed in 90% ethanol. Fixed cells were
then washed twice in PBS and stained in 50 pmol/L
propidium iodide containing 5 ug/mL DNase-free RNase
for 1 h and then analyzed by flow cytometry using a
FACScan (Coulter Epics XL-MSL, Beckman Coulter) and
WinMDI software.

Western Blot Analysis and Antibodies

Western blot whole-cell extracts were prepared by lysing
cells with lysis buffer [1% NP40, 20 mmol/L Tris-HCl (pH
7.4), 100 mmol/L NaCl, 10 mmol/L NaF, 1 mmol/L
NazgVO,, and protease inhibitors “Complete” purchased
from Roche] on ice for 15 min. Protein yield was quan-
tified by Bio-Rad detergent-compatible protein assay kit.
Lysate (50 pg) was separated by SDS-PAGE and trans-
ferred to nitrocellulose membranes (Protan, Schleicher &
Schuell), and specific proteins were recognized by specific
antibodies. The antibodies against FOXO3a (07-702) and
phospho-FOXO3a-Thr** (07-695) were purchased from
Millipore, phospho-c-Jun NH,-terminal kinase (JNK)
and JNK/stress-activated protein kinase antibodies were
from Cell Signaling Technology, Bim antibody was from
Calbiochem (Merck), and p-catenin antibody was from
Santa Cruz Biotechnology. A mouse monoclonal antibody
recognizing human p27<'P' was generated by Dr. Eric
Lam (Imperial College, London, United Kingdom). The
p-tubulin antibody was from PharMingen. The antibodies
were detected using horseradish peroxidase-linked goat
anti-mouse or anti-rabbit IgG (Dako) and visualized by the
enhanced chemiluminescent detection system. Quantifica-
tion of p27 and Bim protein expression was done using the
Quantity One software (Bio-Rad).

Immunofluorescence

Cells were grown on sterile, 13-mm-diameter coverslips
and fixed in 4% formaldehyde before being permeabilized
in 0.01% (v/v) Triton X-100. Coverslips were blocked in
PBS containing 3% bovine serum albumin, and antibody
recognizing FOXO3a (07-702; Millipore) was added (1:30
dilution). Specific staining was visualized with a secondary
antibody conjugated to Alexa Fluor 488. Coverslips were
mounted using mounting medium with 4’,6-diamidino-2-
phenylindole (DAPI; Vectashield) and analyzed on a Zeiss
confocal microscope with LSM Meta 510 software.

Cell Viability Assay

The number of viable cells in culture was determined
based on quantitation of ATP, which signals the presence of
metabolically active cells. For this purpose, CellTiter-Glo
Luminescent Assay kit (Promega) was used following the
manufacturer’s instructions. Briefly, 5,000 cells were plated
on 96-well clear-bottom plates, treated the next day with
various concentrations of drugs, and analyzed 48 h later by
addition of equal volumes of medium and CellTiter-Glo
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Reagent. Luminescence was detected using a multiwell
scanning spectrophotometer (Plate Chameleon, Hidex).

Small Interfering RNA: Transfection of psiRNA:
FOXO3a into SW620 Cells

The psiRNA-FOXO3a expression vector was generated by
cloning small synthetic oligonucleotides encoding two
complementary sequences of 19 nucleotides, TCACTGCA-
TAGTCGATTCA, into the Invivogen psiRNA plasmid
(Autogen Bioclear). The cells were split 24 h before tran-
fection. The construct (10 pg) was transfected into SW620
cells (six-well plate) with Lipofectamine 2000 (Invitrogen)
following the manufacturer’s instructions. The transfected
cells were left to grow overnight. The day after transfection,
cells were carefully washed, and 24 h later, selection was
started by addition of 0.5 mg/mL zeocin to the growth
medium followed by single cell cloning and expansion for
another 2 wk. The cells were tested for the efficiency of small
interfering RNA (siRNA) silencing by Western blotting.

Results
Cisplatin Responsiveness of Colon Cancer Cell Lines
To characterize the mechanism of action of cisplatin in
colon cancer cells, the effects of cisplatin were studied in a
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panel of colon carcinoma cell lines corresponding to
different stages of disease progression. Cell lines DLD1,
HT29, SW620, SW403, and T84 were treated with cisplatin
(12 ng/mL) and the number of viable cells was analyzed for
up to 96 h by the trypan blue dye exclusion method. The
results (Fig. 1A) showed that these cells had differential
responses to cisplatin. Treatment of SW620 and T84
cells resulted in a significant reduction in the number of
growing cells, with very few viable cells left in culture
48 h after drug addition. On the contrary, HT29 and SW403
cells were more resistant to treatment since >50% of
cells were still viable after 96 h. The DLD1 cell line showed
an intermediate sensitivity to cisplatin, with 35% of cells
viable 72 to 96 h after treatment. In all cell lines, untreated
cells grew exponentially for the time period analyzed
(data not shown).

Clonogenic Ability of Cisplatin-Treated Colon Cancer
Cell Lines

To evaluate the long-term effects of cisplatin on the colon
carcinoma cell lines, clonogenic assays were performed on
HT29, SW620, and T84 cells. Briefly, cells were treated for
6 h with cisplatin, trypsinized, and replated at very low
density. Analysis of the stained colonies revealed that
cisplatin abrogated the clonogenic ability of SW620 and T84
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Cisplatin responsiveness of colon cancer cell lines. A, growth curves of colon cancer cell lines after cisplatin treatment. The indicated colon

cancer cell lines were treated with 12 pg/mL cisplatin for various time periods, as indicated, and the viable cells were quantified by the trypan blue dye
exclusion method. Shown is the number of viable cells per each condition. B, clonogenic analysis of colon cancer cell lines after cisplatin treatment. The
indicated colon cancer cell lines were treated with 6 or 12 ug/mL of cisplatin for 6 h, trypsinized, and plated in duplicates at low density (2,000 per 60-mm
plate). After 2 wk, formed colonies were stained with crystal violet. Clones in a given area were counted for each condition. Represented is the percentage of
viable clones after cisplatin treatment respective to untreated cells. Columns, mean of three independent determinations; bars, SE. C, cell cycle analysis of
colon cancer cells treated with cisplatin. The indicated colon cancer cell lines were treated with 12 pg/mL cisplatin for 24 h, fixed in ethanol, and stained with
propidium iodide, and DNA content was determined by flow cytometry. Top left panel, gating for each cell cycle phase (M1: <2N; M2: Go-G;; M3: S; M4:
G,-M). Same gating has been applied to all histograms. The percentage of cells in each phase of the cell cycle is also indicated.
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cells, as these cells were unable to form viable colonies
following exposure to two concentrations of cisplatin
(Fig. 1B). Interestingly, treatment of HT29 cells with
cisplatin did not significantly affect their capacity to form
viable colonies. In summary, the results showed a good
correlation between the outcomes of clonogenic analysis
and proliferative assays about sensitivity to cisplatin.

Cell Cycle Analysis of Cisplatin-Treated Colon Cancer
Cell Lines

To further study the effects of cisplatin on the colon
cancer cell lines HT29, SW620, and T84, we analyzed the
cell cycle phase distribution of cisplatin-treated cells by
flow cytometry. The data shown in Fig. 1C clearly indicated
that there was an extensive heterogeneity in the extent of
apoptosis induced in the three cell lines analyzed. The
HT?29 cell line showed no increase in the apoptotic fraction
after cisplatin treatment as indicated by the numbers of
cells with a <2N DNA content. HT29 cells did, however,
accumulate in the S and G,-M phases, indicating a func-
tional DNA damage checkpoint. In contrast, the drug-
sensitive cell lines SW620 and T84 elicited a cell death
response to cisplatin since 35% to 40% of cells showed a
<2N DNA content following drug treatment. The data
obtained using three experimental approaches (Fig. 1) con-
firmed that the cell lines tested respond to cisplatin
differently, thus allowing us to classify the SW620 and
T84 cell lines as cisplatin sensitive and the HT29 cell line
as cisplatin resistant in the context of the panel of cell
lines studied.

Expression and Activity of PKB/FOX0O3a in Colon
Cancer Cells

We next examined the expression of different signaling
components of the PKB/FOXO3a pathway to determine
whether differences in the expression or activity of
signaling regulators could explain the heterogeneous
response to cisplatin. To this end, Western blot analyses
were carried out in our panel of colon carcinoma cell lines.
As indicated in Fig. 2A, the expression levels and phos-
phorylation status of the survival kinase PKB show little
appreciable variation between the cell lines analyzed.
However, there was a significant difference in expression
levels of the transcription factor FOXO3a between the three
cell lines, with FOXO3a levels being particularly high in the
SW403 cell line. The phosphorylation status of FOXO3a in
response to PKB signaling also differs among the cell lines
studied. SW403 and T84 cells showed high FOXO3a
phosphorylation, whereas phosphorylation levels were
intermediate for HT29 and SW620 cells and low in the
case of DLD1 cells. The expression of p-tubulin was
determined as a control for equal loading of the gels and
showed no variation.

Molecular Changes Induced by Cisplatin Treatment of
SW620 and HT29 Cells

To investigate the role of the PKB/FOXO3a pathway in
determining the apoptotic response to cisplatin in sensitive
and resistant cells, we compared the changes in protein
expression following cisplatin treatment of HT29 and
SW620 cells for various times (Fig. 2B). In the cisplatin-

sensitive SW620 cell line, treatment with cisplatin induced
a rapid and sustained change in the phosphorylation status
of PKB and its substrate FOXO3a. The complete dephos-
phorylation of PKB and the very pronounced dephosphor-
ylation of FOXO3a for up to 48 h after treatment indicate
that cisplatin inhibits the survival kinase PKB and induces
the activity of the FOXO3a transcription factor in SW620
cells. On the contrary, in the resistant cell line HT29,
the effect of cisplatin on FOXO3a phosphorylation was less
pronounced. Although PKB phosphorylation was reduced
by cisplatin, it was not totally abrogated and significantly
recovered by 48 h. Similarly, FOXO3a phosphorylation was
partially affected by cisplatin but could not be completely
blocked during the time period analyzed. Interestingly,
the cell cycle inhibitor p27Kip1, a direct target of FOXO3a,
was also differentially affected by cisplatin treatment, being
up-regulated in response to cisplatin in SW620 cells and
showing little changes in HT29 cells (Fig. 2B and C). Simi-
larly, the proapoptotic protein Bim, which has been
reported to be a direct target of FOXO3a (20), was induced
in SW620 cells 16 h after drug addition, whereas its levels
remained almost undetectable in HT29 cells (Fig. 2B and C).
These results correlate with the pattern of FOXO3a dephos-
phorylation and activation and suggest that in HT29 cells
cisplatin is unable to activate FOXO3a sufficiently to trans-
activate the expression of its main targets such as p27<¥P!
and Bim.

We then studied if other signaling pathways were also
differentially affected by cisplatin in these two cell lines.
The JNK pathway is important for cisplatin-induced
apoptosis in various cellular models (24, 25), and JNK
has also been shown to activate FOXO proteins in
response to stress (26-28). We thus analyzed the
phosphorylation status and expression levels of JNK in
both cell lines and found that cisplatin induced a
sustained phosphorylation of JNK in both the HT29 and
the SW620 cells without affecting its expression levels.
p-catenin is a multifunctional protein that has been
extensively implicated in the development of colon
cancer, and has been shown to regulate FOXO3a function
under conditions of oxidative stress (29). We thus
analyzed the expression of B-catenin during cisplatin
treatment of HT29 and SW620 cell lines, and the results
showed that its levels were slightly up-regulated by
cisplatin in both cases. In the SW620 cell line, B-catenin
expression was lost 48 h after cisplatin addition, probably
due to the high levels of cell death accomplished at this
late time point. In summary, considering that the major
differences relate to the ability of cisplatin to alter the
activity of the PKB/FOXO3a pathway, these results
suggest a plausible role for FOXO3a in determining the
cellular response to cisplatin.

FOXO03a Subcellular Localization Is Affected by
Cisplatin Treatment inT84 Cells

FOXO proteins are transcription factors and their activity
is thus highly influenced by their subcellular localization,
a process that is tightly regulated. We next investigated if
cisplatin treatment relocates the FOXO3a protein to the
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nucleus. To this end, the cisplatin-sensitive T84 cells were
treated with cisplatin for different periods of time and
fixed, and the intracellular localization of FOXO3a was
analyzed by immunocytochemical staining. The results
clearly showed that in untreated cells FOXO3a resided
in the cytoplasm, with nuclear staining negligible (Fig. 3).
Interestingly, cisplatin treatment induced a gradual
change in the subcellular localization of FOXO3a, with
a proportion of the protein being translocated to the
nucleus in response to drug addition (8 and 24 h). This
correlates with activation of FOXO3a in response to
cisplatin and coincides with the dephosphorylation that
occurs in SW620 cells. These immunocytochemistry
results support our hypothesis that nuclear translocation
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of the FOXO3a transcription factor may contribute to
FOXO3a activation and induction of cell death in
cisplatin-sensitive cells.

Chemical Modulators of PKB and FOXO Activity
Induce Cell Death and Sensitize Cells to Cisplatin

Since the differential effect of cisplatin on the PI3K
pathway could be due to an altered function of this path-
way in HT29 cells, we studied the response of sensitive
and resistant cells to chemical modulators of the PKB/
FOXO signaling axis. For this purpose, we used the PKB
small-molecule inhibitor triciribine phosphate (30) and the
specific FOXO nuclear export inhibitor psammaplysene A
(22), which has been shown to compensate for PTEN loss
in PTEN-deficient cells (31). Different concentrations of
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FOX03a in colon cancer cells. Whole-cell lysates
were prepared from the panel of colon cancer cell 54/46
lines. The expression of both phosphorylated and
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was analyzed by Western blotting. Also shown is a
blot for p-tubulin as a loading control. B, analysis of
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and HT29 cells. Whole-cell lysates were prepared
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cisplatin for the times indicated. The expression
and phosphorylation of the indicated proteins were
analyzed by Western blotting. Also shown is a blot
for p-tubulin as a loading control. MW, molecular
weight. C, quantitative analysis of p27 and Bim
protein expression. Graphs show quantification of
p27 and Bim protein expression after normalizing
the data to t = O h. Values have been corrected for
tubulin expression for each independent time point.
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Figure 3. Subcellular localization of FOXO3a in T84 cells. T84 cells
were cultured on sterile coverslips and treated for 8 or 24 h with 12 pg/mL
cisplatin before being fixed in 4% formaldehyde. FOXO3a was visualized
with a rabbit polyclonal antibody followed by the addition of Alexa Fluor
488 (green) —labeled anti-rabbit antisera. Mounting medium with DAPI
(blue) was applied to visualize the cytoplasm and nuclei, respectively.

these compounds were used in cell viability assays of
HT29 and SW620 cells. The results shown in Fig. 4A show
that treatment with triciribine phosphate reduced cell
viability to <50% compared with control cells and that
increasing concentrations of psammaplysene A had a
profound effect on cell viability of both cell lines. These
results suggest that the PKB/FOXO signaling axis is
functional in both the cisplatin-sensitive and cisplatin-
resistant cell lines since two different chemical modulators
are able to significantly compromise cell viability in HT29
and SW620 cells.

We were also able to detect the differential response to
cisplatin of HT29 and SW620 upon in cell viability assays
(Fig. 4A). As both cell lines were similarly affected by the
inhibitors regardless of their responsiveness to cisplatin,
we next wanted to assess whether simultaneous treatment
with cisplatin and triciribine phosphate or psammaply-
sene A could have an additive effect. We compared cell
viability of HT29 and SW620 cells upon cisplatin treatment
with the viability of cells treated with cisplatin together
with triciribine phosphate (10 umol/L) or psammaplysene
A (0.5 pmol/L). In both cell lines, suboptimal concentra-
tions of triciribine or psammaplysene A showed a coope-
rative effect with the different concentrations of cisplatin
tested (Fig. 4B). Although the viability of both cell lines
after treatment with cisplatin alone was remarkably
different, cotreatment with triciribine or psammaplysene
A not only had a significant effect on both cell lines but
also rendered resistant HT29 cells to behave similarly to
SW620 cells in terms of cell viability. These results suggest
that concomitant treatment with chemical modulators of
the PKB/FOXO pathway can overcome cisplatin resis-
tance. In addition, the effect of cisplatin on sensitive cells
can be further enhanced by modulation of PKB/FOXO

signaling.

Silencing of FOX0O3a in SW620 Cells Impairs the
Cellular Response to Cisplatin

To confirm the relevance of the FOXO3a factor in the
cellular response to cisplatin, we next decided to perform
gene silencing experiments. To this end, derivatives of the
cisplatin-sensitive cell line SW620 were generated in which
expression of the FOXO3a protein was abrogated by the
siRNA technology. SW620 cells were transduced with
the psiRNA-FOXO3a construct, and zeocin-resistant cells
were expanded and analyzed for FOXO3a expression. As
shown in Fig. 5A, the resistant cells showed a complete
silencing of FOXO3a expression.
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Figure 4. Cell viability assay of SW620 and HT29 cells after treatment
with cisplatin, triciribine, and psammaplysene A. A to C, cell viability of
SW620 and HT29 cells was measured using the CellTiter-Glo Luminescent
Cell Viability Assay kit. Cells were treated with triciribine phosphate
(TCB), psammaplysene A (PsA), and/or or cisplatin at the indicated
concentrations (in B and C, 10 pmol/L triciribine and 0.5 pmol/L
psammaplysene A) and incubated for 48 h followed by addition of
CellTiter-Glo Reagent and detection of luminescence with a multiwell
scanning spectrophotometer. Cell viability is represented as a percentage
relative to untreated cells. Points, mean of three independent determi-
nations done in duplicate; bars, SE.
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Figure 5. Knockdown of FOXO3a expression in SW620 cells alters cisplatin response. A, FOXO3a silencing in SW620 cells. SW620 cells were
transfected with the psiRNA-FOXO3a plasmid containing oligonucleotides that encode two complementary sequences against human FOXO3a.
Transfected cells were selected by addition of zeocin to the growing medium. The selected cells were expanded, and depletion of FOXO3a expression was
evaluated by Western blot. B, growth curves of SW620 and psiRNA-FOXO3a cells after cisplatin treatment. The indicated cell lines were treated with
12 pg/mL cisplatin for various time periods, as indicated, and the viable cells were quantified by the trypan blue dye exclusion method. Shown is the
percentage of viable cells per each condition respective to untreated cells. Columns, mean of three independent determinations; bars, SE. C, clonogenic
analysis after cisplatin treatment. The indicated cell lines were treated with 12 pg/mL cisplatin for 6 h, trypsinized, and plated in duplicates at low density
(2,000 per 60-mm plate). After 2 wk, formed colonies were stained with crystal violet. Clones in a given area were manually counted for each condition.
Represented is the percentage of viable clones after cisplatin treatment respective to untreated cells. Columns, mean of three independent determinations;
bars, SE. D, cell cycle analysis of cells treated with cisplatin. The indicated cell lines were treated with 12 pg/mL cisplatin for 48 h, fixed in ethanol, and
stained with propidium iodide, and DNA content was determined by flow cytometry. Top left panel, gating for each cell cycle phase (M1: <2N; M2: Go-

Gq; M3: S; M4: G,-M). Same gating has been applied to all histograms. The percentage of cells in each phase of the cell cycle is also indicated.

We next performed cell growth assays of SW620 cells
together with the newly generated FOXO3a-deficient
SW620 cells (psiRNA-FOXO3a). Cells were treated with
cisplatin for 24 and 48 h, and the number of viable cells was
analyzed by the trypan blue dye exclusion method. As
shown in Fig. 5B, cisplatin affected both cell lines
differently. In the parental cell line, only 34% of cells were
viable 48 h after drug addition, whereas viability of cells
lacking FOXO3a expression was >2-fold higher (72%). This
suggested that the absence of FOXO3a expression impaired
the efficacy of cisplatin treatment in SW620 cells.

To confirm this hypothesis, clonogenic assays were
performed in both cell lines, together with the cisplatin-
resistant cell line HT29 as a control. As shown in Fig. 5C,
HT29 and SW620 cells retained the previously observed
difference (see Fig. 1B) about the long-term effects of
cisplatin. Only the parental SW620 cells were affected in
their ability to form viable clones following cisplatin
treatment, whereas SW620 cells lacking FOXO3a expression
behaved like cisplatin-resistant cells in clonogenic assays,

with no differences in the number of viable clones between
the untreated cells and cells exposed to cisplatin.

Finally, this difference in the response to cisplatin
depending on the presence of FOXO3a was further
confirmed by flow cytometry analysis of SW620 cells and
the psiRNA-FOXO3a derivatives (Fig. 5D). The data
obtained revealed that, whereas cisplatin treatment of
SW620 cells for 48 h induced cell death in 37% of the cell
population, the level of cell death in cells lacking FOXO3a
expression was only 10%. This sharp contrast in viability
between parental and FOXO3a-depleted SW620 cells high-
lights the biological relevance of FOXO3a as a mediator of
cisplatin signaling and sensitivity.

Discussion

The PI3K pathway plays an important role in the deve-
lopment and progression of colon cancer. The catalytic
subunit of the class IA PI3K, PI3KCA, has been reported
to be frequently mutated in colorectal tumors (32).
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Interestingly, human colon carcinoma cells engineered to
express constitutively active PI3KCA show a specific
effect on the regulation of FOXO3a and FOXO1 but not
on other PKB substrates (33). Recently, the extent of PKB
activation has been correlated with the progression of
colorectal neoplasia (34). Despite the importance of PI3K/
PKB/FOXO signaling in colon cancer, little has been
established about the role of components of this pathway
in the response of colorectal cancer cells to therapeutic
strategies. Platinum compounds are routinely used in the
treatment of colorectal cancer, but acquired resistance
diminishes the efficacy of these drugs. Accumulated evi-
dence supports a role for altered signaling in mediating
resistance. The main goal of this study was to evaluate
the contribution of the PI3K pathway and the transcrip-
tion factor FOXO3a to the effects of cisplatin treatment in
colon cancer cells.

We have screened a panel of colon carcinoma cell lines
and identified two cell lines, SW620 and T84, to be sensitive
to cisplatin treatment. Using these two cell lines as well
as the resistant cell line HT29, we have shown that cisplatin
differentially affects FOXO3a dephosphorylation and
activation, which ultimately dictate the overall cellular
response to cisplatin. In sensitive cells, cisplatin causes
apoptosis and affects long-term cell survival, which is
associated with FOXO3a dephosphorylation and nuclear
translocation, whereas in the resistant cells FOXO3a de-
phosphorylation is incomplete and is thus unable to
transactivate expression of targets such as p27<' and
Bim to cause cell cycle arrest and cell death. The failure of
cisplatin to significantly reduce the phosphorylation of
FOXO3a in HT29 cells, despite an inhibitory effect on PKB,
could be attributed to the activity of other kinases that can
also phosphorylate FOXO3a on the same residue (Thr*?)
such as serum- and glucocorticoid-inducible kinase (SGK).
Interestingly, inhibition of PKB with triciribine or activation
of FOXO with the specific nuclear export inhibitor
psammaplysene A has a dramatic effect on cellular viability
in both cell lines, which suggests that the PKB/FOXO axis
is functional and that the ability of cisplatin to activate
FOXO signaling is impaired in cisplatin-resistant cells.
Accordingly, cell viability analyses show that a suboptimal
dose of triciribine or psammaplysene A enhances sensitiv-
ity to cisplatin. Moreover, these chemical inhibitors
resensitize resistant colon carcinoma cells to cisplatin.
Taken together, these data clearly show the capacity of
chemical modulators of the PKB/FOXO pathway to
cooperate with cisplatin in the inhibition of colon cancer
cell growth. Furthermore, silencing of endogenous FOXO3a
expression by siRNA partially rescued the sensitive cell line
SW620 from undergoing apoptosis in response to cisplatin.
Interestingly, FOXO3a-depleted cells underwent cell cycle
arrest after cisplatin treatment, similarly to previous results
in HT29-resistant cells, indicating that FOXO3a is predom-
inantly involved in the induction of apoptosis in response
to cisplatin treatment.

However, as silencing of FOXO3a expression does not
completely abrogate the apoptotic effect of cisplatin,

it is reasonable to conclude that other mechanisms must
be involved in determining the response of colon cancer
cells to cisplatin treatment. Notably, other proteins
directly involved in PI3K signaling have been implicated
in cisplatin therapy in other types of cancers. In lung
cancer cells, cisplatin resistance has been associated with
AKT1 (PKBa) overexpression and gene amplification.
AKT1 forced expression is sufficient to render lung cancer
cells cisplatin resistant, and AKT1 inhibition reverses
the cisplatin-resistant cells to be cisplatin sensitive (35).
Furthermore, the authors prove that AKT activation is
highly related to cisplatin chemosensitivity in human
tumor tissues. Very recently, the microRNA miR-214 has
been shown to induce cisplatin resistance of ovarian cancer
cells negatively regulating PTEN translation and hence
activating the AKT pathway (36). These reports support
the idea that combination therapy with cisplatin and
PI3K inhibitors would increase the therapeutic effects of
cisplatin.

Mounting evidence has implicated FOXO proteins as
therapeutic targets. We and others have reported a role for
FOXO3a as an indirect target of the chemotherapeutic
drugs paclitaxel and KP372-1 (a multiple kinase inhibitor)
in breast carcinoma cell lines (16, 17) and acute myeloid
leukemia cells (37), respectively. Both drugs activate
FOXO3a by reducing PKB activity. Paclitaxel is also able
to activate JNK, and this also modulates the activity and
stability of FOXO3a (17). We have also shown that FOXO3a
is important for imatinib-induced apoptosis of chronic
myeloid leukemia cell lines that express the BCR-ABL
oncoprotein (19, 20). In these cells, imatinib induces
FOXO3a activity, leading to cyclin D2 down-regulation,
cell cycle arrest, and Bim-dependent apoptosis (19, 20).
Inhibition of the epidermal growth factor receptors
represents a valuable therapeutic strategy against breast,
prostate, lung, and ovarian cancer. Interestingly, in breast
cancer cells, blockade of epidermal growth factor receptor
by antibodies (such as trastuzumab or cetuximab) induces
FOXO3a activity and expression of the proapoptotic
BNIP3L gene (38). In addition, it has been shown that
small-molecule inhibitors of epidermal growth factor
receptor such as gefitinib (currently in clinical trials) induce
proliferative arrest of breast cancer cells through dephos-
phorylation and activation of FOXO3a (18).

We have shown that treatment of colon cancer cells
with the combination of cisplatin plus triciribine or
psammaplysene A caused a more marked reduction of cell
viability than treatment with either agent alone. Similar
results have been reported in the pancreatic cancer cell line
Panc-1 and the breast cancer cell line MDA-MB-468, in
which inhibition of PI3K by LY294002 sensitized cells to
cisplatin-induced cell death (39). It has also been reported
that inhibition of PI3K with wortmannin increases the
efficacy of cisplatin in in vivo ovarian cancer models
(40). Our results further confirm that simultaneous inhibi-
tion of the PKB/FOXO cascade enhances the ability of
cisplatin to induce cell death, and provide valuable infor-
mation for the development of treatment protocols for
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colon cancer through targeting the PI3K/PKB/FOXO cell
survival pathway. Interestingly, the novel antitumoral drug
17-allylamino-17-demethoxygeldanamycin (inhibitor of the
molecular chaperone heat shock protein 90) has been
reported to synergistically interact with cisplatin in colon
cancer cell lines (41), highlighting the need for targeted
therapies to improve the current standard of colon cancer
treatment.

Collectively, our data suggest that FOXO3a exerts an
important function in the cytotoxic effect of cisplatin,
thereby implying that FOXO3a may be one of the cellular
factors determining the cellular sensitivity to the drug.
These data also suggest that inhibition of PKB or FOXO3a
nuclear export can resensitize resistant colon carcinoma
cells to cisplatin. Based on these observations, we propose
that one way to enhance the cytotoxicity of cisplatin in
sensitive cells, and to overcome drug resistance in
unresponsive cells, is to target the PI3K/PKB/FOXO
signaling pathway with specific inhibitors in combination
with cisplatin.
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