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Ionizing radiation activates expression of FOXO3a,
Fas ligand, and Bim, and induces cell apoptosis
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Abstract. Genotoxic stress such as ionizing radiation can
induce DNA damage and promote cell-cycle arrest or apoptosis
through either a p53-dependent or -independent pathway.
Recently, members of the FOXO Forkhead transcription
factor family have been implicated in playing a role in both
DNA repair and apoptosis in mammalian cells that promoted
us to examine the role of FOXO transcription factors in ionizing
radiation-induced apoptosis. Here, we show that ionizing
radiation can promote FOXO3a (FKHRL1) transcriptional
activity and protein expression level, and induce nuclear
translocation of FOXO3a in Saos2, a p53-null osteosarcoma
cell line. Ionizing radiation stimulates expression of apoptosis-
inducing proteins such as Fas ligand and the Bcl-2 interacting
mediator of cell death (Bim) leading to cellular apoptosis.
The observed upregulation of proapoptotic genes and apoptosis
in cells without p53 in response to ionizing radiation suggests
a novel p53-independent mechanism underlying ionizing
radiation-induced apoptosis in cancer cells.

Introduction

Genotoxic stress such as radiation in mammalian cells can
induce genetic alterations, genomic instability, chromosomal
rearrangement, cell transformation and tumorigenesis, or
cellular apoptosis (1,2). Genotoxic stress is a primary cause
of DNA damage that leads to DNA repair or cell-cycle arrest
or apoptosis through either a p5S3-dependent or -independent
pathway (3-5). In the presence of p53, genotoxic stress can
activate p53 function and result in cell-cycle arrest or cellular
apoptosis. However, in the absence of p53, genotoxic stress can
also induce cell-cycle arrest or apoptosis through a complicated
mechanism that remains largely unclear at present. For instance,
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it is unknown why some cells trigger cell cycle arrest and others
become apoptotic when they are under genotoxic stress,
probably depending on the physiological conditions and cell
types, and the mechanism that confers the cell-type specificity
remains to be elucidated. Interestingly, it has been recently
shown that loss of the function of the Forkhead FOXO (Fork-
head box, class O) transcription factors in cancer cells may
impair or decrease their ability to promote cell-cycle arrest or
apoptosis when the cells are suffering from DNA damage or
genomic instability due to genotoxic stress, thereby leading
to tumor development (6-12).

In the presence of survival signal stimulation, Akt regul-
ates gene expression through modulating the activity of the
FOXO factors, FOXO1 (also known as FKHR), FOX0O3a
(FKHRLT1), and FOXO4 (AFX), by phosphorylating them at
three conserved serine/threonine residues (e.g. Thry,, Ser,s;,
and Ser;,; of FOXO3a) (6,7). This phosphorylation leads to the
release of the FOXO transcription factors from the DNA and
translocation of those factors to the cytoplasm, where 14-3-3
protein binds to the phosphorylated FOXO factors and retains
them in the cytoplasm, presumably by masking their nuclear
localization signal and preventing their return to the nucleus.
However, in the absence of stimulation by growth factors or
survival signals, Akt [also known as protein kinase B (PKB)]
is inactivated in quiescent cells, which results in retention of
FOXO factors in the nucleus and upregulation of the expression
of specific target genes that modulate the metabolic state (6,13),
control cell cycle progression such as the cyclin-dependent
kinase inhibitor p27%r! (14) and Rb2 (p130) (15,16), regulate
the mitotic program such as cyclin B and Polo-like kinase (17),
or induce cellular apoptosis through upregulation of Fas ligand
(Fas-L) (18), the Bcl-2 interacting mediator of cell death (Bim)
(19,20), and TRAIL (21,22). Therefore, the negative regulation
of FOXO factors may have a pivotal role in controlling cell
cycling or cell survival and thus may contribute to tumori-
genesis. In addition to Akt, we have recently found that IxB
kinase (IKK)-B plays a key role in regulating FOXO3a function
and established a new mechanism for an Akt-independent
repression of FOXO3a that promotes cell proliferation and
tumorigenesis (23). Moreover, we found that the level of
nuclear FOXO3a in human primary breast tumor specimens
correlates inversely with expression of IKK8 in those specimens
and positively with the survival rate in breast cancer, suggesting
that FOXO3a is a critical tumor suppressor in human breast
cancer and perhaps other types of cancer (23).
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The FOXO protein has been reported to regulate pro-
apoptotic genes such as Fas-L and Bim transcriptionally
upon cytokine withdrawal (7,19,20); Bim expression appears
to be restricted to certain cell types derived from the hemato-
poietic lineage. Strikingly, recent studies have shown that
FOXO03a plays a central role in mediating ultraviolet (UV)
irradiation-induction of the promoter of growth arrest and
DNA damage protein 45 (GADD45A) (24). Thus, we have
examined the potential role of FOXO transcription factors
in radiation-induced cellular response. Our results show that
FOXO03a is upregulated and translocated into the nucleus and
its target genes, Fas-L. and Bim, are activated in response to
ionizing radiation (IR) or UV irradiation, suggesting that
FOXO03a may play an important role in apoptosis in response
to genotoxic stress. This phenomenon is detected in Saos2
cells, which are p53-null, and likely in MDA-MB-468 cells,
which are p53-mutant; therefore, the observed upregulation of
FOXO3a and Bim and cell apoptosis by radiation may be
through a p53-independent pathway. Based on our findings,
we propose that FOXO family members may upregulate
proapoptotic genes that contribute to the cellular apoptosis
response to IR or UV irradiation in a p5S3-independent manner.

Materials and methods

Plasmids and antibodies. Plasmids of wild-type human
FOXO3a (pBS-FKHRLI1) and FRE-Luc [a luciferase (Luc)
reporter gene is driven by a TK promoter containing multiple
copies of the FOXO-responsive elements (FRE)] were kindly
provided by K.C. Arden (University of California, San Diego,
CA) (25). The FOX0O3a mammalian expression vector was
constructed by subcloning of the full-length FOXO3a cDNA
fragment containing the haemagglutinin (HA)-tag at the amino-
terminus using the PCR technique (23), and the sequences were
confirmed by automated DNA sequencing at our DNA Core
facility. The human Fas-L 5'-flanking plasmid was provided
by C.V. Paya (Mayo Clinic, Rochester, Minnesota, MI), and
the Fas-L-Luc vector was constructed by subcloning a 955-bp
(nucleotide locations between -956 and -2) fragment containing
Fas-L promoter-enhancer region into a Luc reporter pGL2
Basic vector (Promega) upstream of the Luc gene. The DNA
dye, DAPI, was obtained from Roche. The Dual-Luciferase
Reporter assay system was purchased from Promega. A poly-
clonal antibody against FOXO3a (sc-11351) was obtained
from Santa Cruz Biotechnology, Inc. and anti-Bim antibodies
were purchased from Stressgen or Chemicon International,
Inc.

Cell culture, transfection, and Luc assay. 293T and Saos2
cells were grown in Dulbecco's modified Eagle's medium/F12
(Invitrogen) supplemented with 10% fetal bovine serum (FBS).
Transient transfections were performed with 1.6 ug FRE-Luc
or Fas-L-Luc as a reporter, and 0.4 pg FOXO3a or an empty
vector as an effector. The transfection agent, SN2 liposome
or Lipofectamine 2000 (Invitrogen), was mixed with DNA
in serum-free media and incubated for 30 min. Cells were
incubated with the transfection mix for 6 h before adding the
FBS (10%)-containing media. Cells were treated or untreated
with IR (10 Gy or as indicated) 4 h before harvesting, and cell
lysates for Luc activity were collected 24 h after transfection.
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In all transfection experiments, the total amount of DNA was
kept the same by addition of an empty vector. Plasmid pRL-tk
(Promega) was used as an internal control in all luc transfection
experiments. Error bars are the mean + standard error.

Western blot analysis. Specifically, ~2x10° cells of Saos2 cells
were cultured for 16 h and treated or untreated with IR (5, 10,
15 Gy) after 30 min, 2, 4, 6, 8, 10, and 24 h. The protein
samples were subjected to SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were blocked with
5% non-fat dry milk in PBS containing 0.05% Tween-20 and
incubated with primary antibodies (FOXO3a and Bim) and then
with anti-rabbit peroxidase-conjugated secondary antibodies
according to the manufacturer's instructions. The immunoblots
were visualized using an enhanced chemiluminescence (ECL)
kit obtained from Amersham Pharmacia Biotech.

In situ immunofluorescence staining. Specifically, ~2x10* cells
of Saos2 were plated into chamber slides for 16 h and treated
or untreated with 10 Gy IR after 1 h. Cells were fixed in 4%
paraformaldehyde for 1 h and permeabilization with 0.2%
Triton X-100 for 30 min, the cellular localization of FOXO3a
was determined by using a polyclonal antibody against
FOXO03a (1:200 dilution, Santa Cruz) followed by an FITC-
conjugated anti-rabbit IgG secondary antibody. After extensive
washing in PBS, the samples were further incubated with DAPI
(0.1 g/ml) for 1 h. After extensive washing, the samples were
examined under a fluorescent microscope (Zeiss). Non-specific
reaction of the secondary antibody was ruled out by the absence
of fluorescence under the microscope.

Apoptosis assay. The apoptotic cells were analyzed by the
terminal deoxynucleotidyltransferase (TdT)-mediated
dUTP nick-end labeling (TUNEL) assay as described (26).
Specifically, Saos2 cells were treated with 10 Gy IR, incubated
for 72 h, harvested and collected by cytopreparations with a
Cytospin-2 cytocentrifuge at a concentration of ~3x10° cells/
slide. Cells were fixed with 4% formaldehyde for 10 min,
washed, and immersed in 0.5% Triton X-100 buffer for 15 min.
The fixed cells were treated with proteinase K (20 yg/ml) for
15 min prior to the TUNEL assay. The slides were rinsed
with distilled H,O and immersed in TDT buffer (30 mM Tris,
pH 7.2, 140 mM sodium cacodylate, 1 mM cobalt chloride)
for 15 min. TdT (0.3 U/ul) and biotinylated dUTP (20 mM)
in TDT buffer were added to cover the cells on the slides,
which were incubated at 37°C for 60 min. The slides were
transferred to TB buffer (300 mM sodium chloride, 30 mM
sodium citrate) at room temperature for 15 min to terminate
the reaction, then covered with 10% normal horse serum for
30 min, washed, and stained with ABC (avidin biotin complex)
at 37°C for 60 min.

Results

Radiation enhances FOXO3a transcriptional activity. To
address whether radiation induces FOXO3a transcriptional
activity, we examined the effect of IR on the FOXO3a-
dependent transcriptional activation of FRE-Luc (a luciferase
reporter gene containing FOXO response elements upstream
of a basic promoter). After co-transfecting FRE-Luc with a
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Figure 1. Ionizing radiation (IR) induces FOXO3a transcriptional activity.
(A) Effect of IR stimulation on FOXO3a induced transactivation of FRE-
luciferase activity. 293T cells were co-transfected with control vector,
FOXO3a and FRE-Luc after 24 h and then either untreated or treated with 10
and 15 Gy of ionizing radiation. After 4 h, luciferase assays were performed.
The results were collected by triple independent assays and each sample was
duplicated. (B) 293T cells were co-transfected with control vector, FOXO3a
and Fas-L-Luc after 24 h and then either untreated or treated with 3 and 10 Gy
of ionizing radiation. After 4 h, luciferase assays were performed. (The results
were collected by two independent assays and each sample was duplicated).

FOXO3a expression vector or control vector into 293T cells
followed by IR treatment, we performed luciferase assays and
showed that IR promoted the activity of FOXO3a to upregulate
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FRE-Luc in cells (Fig. 1A). Similarly, UV treatment also
significantly induced FOXO3a transcriptional activity in 293T
cells co-transfected with FRE-Luc and FOXO3a (data not
shown). To further address whether this phenomenon can
be detected using a FOX0O3a induced gene such as Fas-L, we
co-transfected Fas-L-Luc (a luciferase reporter driven by the
promoter of Fas-L) with a FOXO3a expression vector or
control vector into 293T cells followed by IR treatment
and examined the response of Fas-L-Luc. Consistently, we
showed that the luciferase activity of Fas-L-Luc was induced
in a dose-dependant manner in response to IR (Fig. 1B),
suggesting that IR activates the FOXO3a transcriptional
activity.

Radiation increases FOXO3a protein expression. To further
demonstrate whether FOXO3a protein level was also induced
in response to radiation, we determined the endogenous
FOXO3a protein level by Western blot analysis in Saos2
cells after IR. We showed that the FOXO3a protein level
was increased in a dose-dependant fashion in response to IR
(Fig. 2A), and could be detected within 30 min after treatment
with 10 Gy (Fig. 2B). A similar phenomenon was also detected
in Saos2 cells in response to UV treatment (data not shown),
suggesting that radiation augments the FOXO3a protein
expression in Saos2 cells.

IR regulates FOXO3a subcellular localization. It has been
shown that cellular localization of FOXO3a between the
nucleus and the cytoplasm is primarily regulated by certain
serine/threonine protein kinases such as Akt (6,7). However,
it is unknown whether localization of FOXO3a can be
modulated by genotoxic stress such as radiation. To deter-
mine whether IR regulates FOXO3a nuclear localization, we
examined subcellular localization of FOXO3a in response to
IR treatment by using immunofluorescence staining with an
antibody specific to FOXO3a after IR. Our results showed
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Figure 2. Ionizing radiation (IR) enhances FOXO3a protein expression. (A) Saos2 cells were either untreated or treated with 5, 10 and 15 Gy of ionizing
radiation for 4 h and then harvested. Western blot experiments were performed with antibodies to endogenous FOXO3a (top) and tubulin (bottom). (B) Saos2
cells were either untreated or treated with 10 Gy of ionizing radiation. After 30 min, 1, 2 and 4 h, whole cell lysates were prepared and then Western blot
experiments were performed with antibodies to endogenous FOXO3a (top) and tubulin (bottom).
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Figure 4. Ionizing radiation (IR) stimulates Bim protein expression and
apoptosis. Saos2 cells were either untreated or treated with 10 Gy of
ionizing radiation. After incubation for 0.5, 2, 4, 6, 8, 10, and 24 h as
B 90 indicated, whole cell lysates were prepared and then Western blot experiments
were performed with specific antibodies against FOXO3a (top panel) or
80  |®N Bim (central panel) or tubulin (bottom panel) as a loading control.
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Figure 3. Ionizing radiation (IR) promotes FOXO3a nuclear localization.
(A) Saos2 cells were either untreated or treated with 10 Gy of IR for 1 h.
Subsequently, cells were fixed and the cellular localization of endogenous B 12 r
FOXO03a was detected using an anti-FOXO3a polyclonal antibody. After
extensive washing in PBS, samples were further incubated with DAPI and 10
examined by fluorescence microscopy. Each image represents 2 sections at E )
the same cellular level and magnification. (B) After DNA co-transfection and S 8 |
IR treatment as shown, an average (%) of 300-400 FOXO3a-positive cells in 8—
the nucleus (N) or cytoplasm (C) of untreated or treated cells was determined. g- 6
e 4
2 + —
that, consistent with Fig. 2A, IR induced a high expression of
FOXO3a that was predominantly localized in the nucleus in 0"
0 Gy 10 Gy

Saos?2 cells (Green) as compared to that in the untreated cells,
where the low level expression of FOXO3a stayed primarily
in the cytoplasm (Fig. 3A). We further verified this IR-induced
nuclear localization of FOXO3a by examining an average of
300-400 FOXO3a-positive cells. Our results showed that
FOXO03a was mainly detected in the nucleus (N and N+C) of
~68% of the FOXO3a-positive cells treated with IR, whereas
FOXO3a was found in the nucleus of ~16% of the untreated
FOXO3a-positive cells (Fig. 3B). Collectively, our results
indicate that IR promotes FOXO3a nuclear localization in
Saos2 cells.

Radiation stimulates expression of Bim, a FOXO3a target gene,
and induces cellular apoptosis. To further address whether

Figure 5. Tonizing radiation (IR) induces cellular apoptosis. Saos2 cells were
either untreated (0 Gy) or treated with (10 Gy) IR. (A) After incubation for
72 h, the cells were collected on the slides by cytopreparations with a
Cytospin-2 cytocentrifuge for TUNEL assays. (B) An average (%) of
apoptotic (TUNEL-positive) cells in three independent sections on slides
was determined (bottom panel).

FOXO3a induced endogenous gene expression in vivo, we
analyzed Bim protein expression in Saos2 cells after IR treat-
ment by Western blot analysis since Bim has been shown to
be regulated by FOXO3a previously (19,20). We showed that
the endogenous FOXO3a protein level was enhanced within
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Figure 6. The model for FOXO3a-mediated apoptosis in response to
genotoxic-stress such as IR or UV irradiation.

30 min of IR treatment (Fig. 4), which was consistent with the
previous results (Fig. 2B). Moreover, the endogenous Bim
protein expression was also increased in Saos2 cells after 4 h
of IR treatment (Fig. 4). Similar phenomena were also detected
in Saos2 cells in response to UV treatment (data not shown),
indicating that radiation upregulates expression of FOXO3a
and its target, Bim, in Saos2 cells. To validate whether IR
treatment under the same condition (10 Gy) induced cellular
apoptosis, we analyzed Saos2 cells treated or untreated
(control) with IR by TUNEL assays. As shown in Fig. 5,
~10% of apoptotic cells were evidently identified in the cells
treated with IR but not in the control cells, suggesting that
upregulation of Bim and FOXO3a correlates with cell apoptosis
induced by IR.

Discussion

Upregulation and nuclear localization (activation) of the FOXO
transcription factors induced by genotoxic stress have not
been reported, and the roles of FOXO transcription factors in
genotoxic stress-mediated apoptosis have not been determined.
Our results provide evidence that the FOXO3a protein level
is increased and FOXO3a translocates into the nucleus and
activates its target genes, Fas-L and Bim, in response to
radiation. Since this phenomenon is discovered in a p53-null
cell line, Saos2, it suggests that upregulation and activation
of FOXO3a and Bim by radiation may be through a p53-
independent pathway. It is known that the tumor suppressor,
pS53, plays a key role in genotoxic stress responses, including
repair of DNA damage, cell-cycle arrest, and apoptosis, which
is complicated and mostly through a p53-dependent pathway
(1-4). Thus, we propose a new mechanism by which FOXO3a
induces apoptosis in response to radiation through upregulation
of Fas-L or Bim in a p53-independent manner (Fig. 6).

In proliferating cells, the binding of growth factors to their
specific receptor tyrosine kinases activates the phosphoinositide
3-kinase (PI3K)/Akt signaling pathway that in part induces
directly phosphorylating and inhibiting members of the FOXO
subfamily of forkhead transcription factors (18,25,27). How-
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ever, in the absence of PI3K/Akt signaling, FOXO transcription
factors and their cellular target genes are activated (18,25,27).
In most cell types, this leads to cell-cycle arrest and quiescence
but not apoptosis (14-16). For instance, in the nematode
Caenorhabditis elegans, an absence of Akt signaling leads to
activation of the worm FOXO transcription factor, DAF-16,
resulting in either extension of the adult life-span or entrance
into the long-lived larval stage termed dauer (28,29). Studies
in mammalian cells have shown that ectopic expression of
FOXO1, FOXO3a, and FOXO4 can induce either cell-cycle
arrest or apoptosis (6,14,19,30).

It has been well documented that nuclear localization of
FOXO3a is negatively regulated by Akt or Akt-like serine/
threonine protein kinases in cell survival signaling pathways
(6-10). In agreement with the survival mechanisms, our
findings indicate that nuclear localization of FOXO3a is
positively modulated by genotoxic stress such as IR or UV
irradiation that can induce cell apoptosis. The complicated
and coordinated regulations of FOXO transcription factors in
response to a variety of environmental stimuli suggest that
FOXO transcription factors may play a versatile and important
role in regulating critical cellular functions such as cell-cycle
arrest, irreversible senescence, and apoptosis, probably
depending on the physiological or pathological conditions
and/or cell types.

Further elucidation of the molecular mechanisms underlying
DNA damage and genomic instability induced by radiation
may provide new targets that can be exploited therapeutically.
Further investigation of the signaling mechanism by which
radiation activates FOXO3a that in turn contributes to apoptosis
is necessary for understanding the molecular basis for radiation-
induced apoptosis and/or application as an anti-cancer radiation
therapy.
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