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Abstract
Forkhead box transcription factor FOXO3A is an important regulator of cellular function, is thought
to act as a tumor suppressor. We studied whether alterations in FOXO3A activity occur in prostate
tumorigenesis. Our studies demonstrate that FOXO3A activity is negatively regulated by Akt/PKB
through posttranslational modifications. In prostate cancer cells, Akt activation causes increased
accumulation of FOXO3A and its binding chaperone protein 14-3-3 in the cytosol. Higher levels of
FOXO3A in the cytosol correlated with phosphorylation at Ser253, which accounted for its nuclear
exclusion. Dominant negative Akt approach in PC-3 cells increased FOXO3A accumulation in the
nucleus, causing upregulation of the downstream target, MnSOD. Conversely, stable DU145-Akt
over-expressing cells exhibited decreased FOXO3A levels in the nucleus. Similar findings were
noted in prostate tumor specimens, in which marked cytoplasmic accumulation of FOXO3A and
14-3-3 in prostate tumors was observed with increasing Gleason grade, in contrast to exclusively
nuclear accumulation in benign prostate cells. These findings correlate with decreased FOXO3A
DNA binding activity along with down modulation of FOXO3A transcriptional activity with
increasing tumor grade. Our findings demonstrate that tumor associated alterations and redistribution
of FOXO3A are frequent events in the etiology of prostate cancer.
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Introduction
FOXO (Forkhead box, class ‘O’) comprise a subgroup of the winged helix or forkhead
transcription factors that regulate a wide range of biological functions, including development,
growth, stress resistance, apoptosis, cell cycle, immunity, metabolism, and aging (1,2). In
humans, four members have been identified: FOXO1 (FKHR), FOXO3A (FKHRL1), FOXO4
(AFX) and FOXO6. These proteins bind via their forkhead domains to a cognate DNA binding
sequence termed the FOXO-recognized element to initiate gene transcription (3) The first three
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members were found at the site of chromosomal translocations in various tumors, suggesting
that they may play a role in oncogenesis (4). Simultaneous deletion of FOXO1, FOXO3A and
FOXO4 is associated with a predisposition to certain neoplasms such as thymic lymphomas
and hemangiomas, suggesting that FOXOs are tumor suppressors (5). In contrast, activation
of FOXO proteins leads to G1 cell cycle arrest, apoptosis, and gluconeogenesis through
upregulation of cyclin dependent kinase inhibition p27/kip1 and apoptosis-related protein
viz. FAS ligand, tumor necrosis factor-related apoptosis inducing ligand (TRAIL), BIM, and
insulin-like growth factor binding protein-1 (6). FOX transcription factors are regulated by
various external stimuli such as insulin, insulin-like growth factor (IGF-I), other growth factors,
nutrients, cytokines and oxidative stress (7).

In response to survival growth factors such as IGF-I, Akt/PKB and the related kinase
phosphorylate FOXO protein at the first and second phosphorylation sites (Thr32 and Ser253
in FOXO3A) which creates a binding site for the chaperone protein 14-3-3 (8). Furthermore,
14-3-3 binds to FOXO factors in the nucleus, resulting in its nuclear exclusion and consequent
inability to bind DNA. Besides phosphorylation, FOXO proteins can undergo further
posttranslational modifications such as acetylation and deacetylation (9). These steps are
critical for the specificity of FOXO protein activation of downstream target genes such as p27/
kip1, MnSOD, catalase, FasL, BIM and GADD45α (10). Posttranslational inactivation and
nuclear exclusion of FOXO proteins has been observed in cancers of the hematopoietic system
and bone, as well as carcinomas of the breast, stomach, thyroid, lung and prostate (11-17).

Prostate cancers are heterogeneous, with considerable variability in histological characteristics
and malignant behavior (18). In prostate tumor cells Akt/PKB is often constitutively activated
either through deletion or mutation in phosphatase and tensin homologue on chromosome 10
(PTEN) or through the activity of autocrine growth factors (19). Constitutive Akt activation in
prostate cancer cells promotes cellular differentiation and survival through regulation of a
number of transcription factors, including FOXO (20). FOXO1A inhibits androgen- and
androgen receptor- mediated gene regulation and has been shown to be inactivated by Akt-
mediated phosphorylation (21). Prostate cancer progression from androgen-dependence to
androgen-independence is associated with decreased FOXO3A expression and reduced p27/
kip1 promoter transactivation (22). In contrast, over-expression of FOXO3A and FOXO1 in
prostate cancer cells causes apoptosis and induction of genes that affect cellular proliferation
(23). Expression of FOXO1 (FKHR) and its phosphorylated form p-FKHR has been
demonstrated in clinical prostate cancer specimens (17). Although FOXO3A protein has been
shown to be highly expressed in prostate cancer, there are no reports on FOXO3A and its
deregulation during disease progression. In this study, we investigated the regulation of
FOXO3A in human prostate cancer cells and investigated FOXO3A expression and function
in benign and malignant prostate tissue.

Materials and Methods
Cell culture

Human prostate cancer cells, LNCaP, 22Rv1, DU145 and PC-3 were purchased from the
American Type Culture Collection (Manassas, VA) and cultured in RPMI 1640 medium with
10% heat-inactivated fetal bovine serum,100μg/ml penicillin–streptomycin (Invitrogen,
Carlsbad, CA). Additionally, normal human prostate epithelial cells (NHPE) were purchased
from Lonza Inc., Allendale, NJ and cultured in prostate epithelial cell growth medium
containing growth medium and supplements (Cat# CC-3166), maintained in an incubator with
a humidified atmosphere of 95% air and 5% CO2 at 37°C. The cells were cultured on 100mm
dishes and grown to approximately 60% confluence and lysates were prepared for further
analysis.
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Transient transfection
Androgen-refractory human prostate cancer DU145 cells, which have lower basal levels of
Akt; and PC-3 cells which possess higher constitutive expression of Akt were used in the study.
Briefly, DU145 cells were plated in 100mm plates and allowed to attach overnight.
Approximately 60% confluent cells were transiently transfected with 8μg of either pLNCX
vector containing Akt-expression plasmid (kindly provided by Dr William Sellers, Harvard
Medical School, MA) or empty vector, whereas, PC-3 cells were transfected with Dominant
negative Akt in pUSEamp (K179M mutant) (DN-Akt) and the empty vector pUSEamp
(Upstate Cell Signaling, Lake Placid, NY) using Lipofectamine™ 2000 transfection reagent
(Invitrogen, Carlsbad, CA). After 5 h, the medium was replaced with fresh complete culture
medium, and the cells were incubated overnight at 37°C in a humidified incubator. Later, the
cells were processed for immunoblot analysis.

Human prostate tissue specimens
Samples of discarded human prostate tissue were received from the Tissue Procurement
Facility of University Hospitals Case Medical Center and the Midwestern Division of the
Cooperative Human Tissue Network. Patients from whom these tissues were procured had
undergone surgical procedures and had not received any form of adjuvant therapy. The Gleason
grade and score of adenocarcinoma in tissue specimens were assigned by a surgical pathologist
experienced in genitourinary pathology. Immediately after procurement, samples were snap
frozen in liquid nitrogen and stored at -150°C till further use. For IHC studies a human prostate
tissue microarray was procured from Zymed Laboratories, San Francisco, CA, including cores
of normal prostate, benign hyperplastic prostate tissue, low-grade cancers and high-grade
prostate cancers. In these specimens, immunohistochemical analysis was performed according
to the manufacturer's protocol (Biocare Medicals, Concord, CA).

Immunoblot analysis
Tumor lysates as well as cells lysates were prepared and subjected to immunoblot analysis.
40μg of protein from total cell lysates or human prostate tumor lysates was resolved over 4-20%
SDS–PAGE and transferred to nitrocellulose membrane. After blocking with blocking buffer
(PBS containing 0.1% Tween 20 and 10% FBS) for 2 h, the membrane was incubated with
primary antibody for 2 h at room temperature. The antibodies used were FOXO1(Cat# Q12778;
Millipore, Danvers, MA); MnSOD (Cat# SOD110; Stressgen, Ann Arbor, MI); 14-3-3β (Cat#
SC-629; Santa Cruz Biotechnology, Santa Cruz, CA); p-FOXO3A-Ser253 (Cat# 06-953;
Upstate Biotechnology, Danvers, MA); FOXO3A (Cat# 9467) FOXO4 (Cat# 9472) and p-
GSK3β (Cat# 9331) from Cell Signaling Technology, Danvers, MA). The membrane was then
incubated with HRP-conjugated secondary antibody for another 2 h at room temperature. The
protein was detected by ECL substrate reagents (Amersham Biosciences, Arlington Heights,
IL, USA).

Immunoprecipitation assay
Human prostate cancer cells were grown up to 60% confluence and cytosolic fractions were
prepared as previously described (). Equal amounts of cytosolic proteins (100μg) from all the
cells fractions were incubated with 5μl anti-14-3-3β antibody at 4°C for 2 h. 20μl of Protein
A/G–agarose (Cat # SC-2003; Santa Cruz Biotechnology, Santa Cruz, CA) beads were then
added to each sample, incubated overnight at 4°C, and centrifuged the next day at 3,000 rpm
for 10 min. Supernatant was aspirated from each sample and the immunoprecipitates were
washed four times with cytosolic buffer and subjected to SDS–PAGE followed by
immunoblotting with anti-FOXO3A antibody.

Shukla et al. Page 3

Int J Oncol. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FOXO3A DNA binding activity
Nuclear fractions were isolated from normal human prostate epithelial cells, prostate cancer
cells and from the human prostate tissue specimens to evaluate FOXO3A DNA binding by
using FoxO3a EZ-TFA Transcription Factor Assay Chemiluminescent Kit (Cat # 70-653;
Upstate Biotechnology, Danvers, MA) according to the manufacturers protocol.

Reverse transcription-polymerase chain reaction
Semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) was performed
to determine the transcript levels of FOXO1, FOXO3A, and FOXO4 in human prostate tissue
specimens of different Gleason grades and the amplification of GAPDH transcripts were used
as the control to normalize the transcript levels of these FOXOs. Tissues were cut into small
pieces and placed in Melt, a total nucleic acid isolation system (Ambion, Austin, TX),
according to the manufacturers protocol. RT was performed by using the oligo-dT primer
(Invitrogen, Carlsbad, CA), and 0.5μg total RNA in a 25μL reaction mixture, containing 50mM
Tris-HCl (pH 8.3), 75mM KCl, 10mM DTT, 5mM MgCl2, 2.5mL dNTP (10mM), 10U
RNAsin, and 200U MMLV reverse transcriptase (Invitrogen). The RT reaction was carried
out at 39°C for 1 h to synthesize cDNAs. Then, PCR was performed to amplify cDNAs in a
25μL reaction mixture containing 50nmol of each gene-specific primer, 3mL RT product,
2.5mM dNTP, 1X PCR buffer (5mM Tris-HCl pH 8.3, 42.5mM KCl, 0.1% Triton X-100),
0.5mL Taq polymerase (Promega, Madison, WI) 2mM MgCl2 along with primers used in the
PCR reaction. The sequences of gene-specific primers for the FOXO1 Forward: 5′-
GCAGATCTACGAGTGGATGGTC-3′ and Reverse: 5′-
AAACTGTGATCCAGGGCTGTC-3′; FOXO3a Forward: 5′-
CTTCAAGGATAAGGGCGACAG-3 and Reverse: 5′-CGTCCTGGACTTCATCCAAC-3′;
FOXO4 Forward: 5′-AGCGACTGACACTTGCCCAGAT-3′ and Reverse: 5′-
AGGGTTCAGCATCCACCAAGAG-3′; GAPDH Forward: 5′-
ATGACCCCTTCATTGACCTCA-3′and Reverse: 5′-GAGATGATGACCCTTTTGGCT-3′.
FOXO3A and FOXO4 transcripts were all amplified for 19 cycles (1 min at 94°C, 1 min at
59°C, and 1 min at 72°C), and the cDNAs of GAPDH transcripts were amplified for 17 cycles
(1 min at 94°C, 1 min at 55°C, and 1 min at 72°C). The PCR cycling numbers had been
optimized to avoid amplification saturation. Ten micro-liters of the RT-PCR product was
separated on 2% agarose gels, which were subsequently stained with ethidium bromide. Gels
were visualized and band intensities were measured under the Kodak 2000R image station.

Statistical analysis
All measures were summarized as means ± standard deviations (or mean + range). Graphical
summaries of the distributions of measure were made using boxplots and bar plots. Differences
in levels of nuclear FOXO3A cells between benign prostate, low-grade cancer and high-grade
cancers were examined by T-test. The FOXO3A DNA binding activity between two groups
(i.e. NHPE, benign tumor tissues and human prostate cancer cell lines) was compared using
T-test as well. The test is two-sided and a p-value ≤ 0.05 was considered statistically significant.

Results
Basal levels of FOXO proteins in human prostate cancer cells

FOXO1A, FOXO3A and FOXO4 protein levels were measured in the total lysates obtained
from normal human prostate epithelial (NHPE) cells and compared with various human
prostate cancer cell lines, specifically 22Rv1, LNCaP, DU145 and PC-3, by Western blot
analysis. As shown in figure 1A, the total protein levels of FOXO1A and FOXO3A were
considerably higher in prostate cancer cells compared to NHPE cells. FOXO1A and FOXO3A
were detected both as a lower band (endogenous form) and an upper, perhaps phoshorylated
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form. The endogenous levels of FOXO3A protein (corresponding to the lower band in the
FOXO3A blot) were predominantly expressed in all four prostate cancer cell lines. The
endogenous levels of FOXO1A were expressed only in the androgen-refractory prostate cancer
DU145 and PC-3 cell lines. The high levels of FOXO1A and FOXO3A correlated with high
levels of p-Akt (Ser473) expression in LNCaP and PC-3 cells, suggesting that the levels of
these proteins might be under the transcriptional control of the PI3K-Akt signaling pathway.
No significant alterations in FOXO4 protein levels was observed in androgen-refractory
prostate cancer DU145 and PC-3, whereas the levels of this protein were higher in androgen-
responsive 22Rv1 and LNCaP cells compared to NHPE cells. Higher levels of the chaperone
protein 14-3-3 were also observed in cancer cells compared to NHPE cells. These findings
suggest that deregulation of FOXO transcription factors and their high levels in the total cell
lysates might be due to high endogenous production and/or nuclear exclusion.

Next we measured FOXO3A binding in various prostate cancer cell lines and in NHPE cells.
FOXO3A DNA binding was significantly reduced in all prostate cancer cell lines with the
highest reduction in LNCaP cells (∼40%) followed by PC-3 cells (∼33%) compared to 21-23%
in 22Rv1 and DU145 cells, indicating that FOXO3A may be inactivated by Akt-mediated
phosphorylation, resulting in its nuclear exclusion (Figure 1B).

Since it has been demonstrated that Akt/PKB and related kinase phosphorylate FOXO proteins
at Ser253 in FOXO3A (24), we measured the levels of FOXO3A protein in the nucleus and
cytosol along with its phosphorylated form. Compared to NHPE, cytosolic fractions of
endogenous FOXO3A, which is mostly phosphorylated at Ser253, were significantly higher
in LNCaP and PC-3 cells. Similarly the cytosolic fractions of 14-3-3 levels were also higher
than the nuclear fractions in these cell lines. An interesting observation was the presence of
phosphorylated Akt Ser473 in the nuclear fraction of prostate cancer cells (Figure 1C). It is
probable that the nuclear presence of phosphorylated Ser473 Akt induces FOXO3A
phosphorylation inside the nucleus and its exclusion after binding with 14-3-3 chaperone
protein. To further assess whether there is increased binding of FOXO3A with the chaperone
protein 14-3-3 after its phosphorylation, we immunoprecipitated 100μg of the cytosolic
fractions of NHPE and the 4 cancer cell lines with anti-14-3-3 antibody and probed for
FOXO3A protein expression. We found that prostate cancer LNCaP and PC-3 cells, which
over-express Akt Ser473, have higher FOXO3A binding with the 14-3-3 chaperone protein
(Figure1D).

Deregulation of FOXO3A by hyperphosphorylated Akt in human prostate cancer cells
To determine whether the hyperphosphorylated form of Akt causes deregulation of FOXO3A,
we undertook pharmacological and genetic approaches using PC-3 cells. Treatment of cells
with 20μM LY294002 for 24 h and expression of DN-Akt reduced Akt phosphorylation and
its nuclear presence. Inhibition of Akt Ser473 resulted in upregulation of FOXO3A in the
nucleus along with reductions in the endogenous levels of FOXO3A, which predominantly
resides in the cytosol. The nuclear level of MnSOD was also increased after DN-Akt
transfection of PC-3 cells (Figure 2A).

Using another approach, we induced transient over-expression of Akt, using Akt expression
plasmid, in DU145 cells which normally exhibit low levels of phosphorylated Akt Ser473.
Over-expression of Akt resulted in significant downmodulation of FOXO3A in DU145-Akt
cells, which correlated with decreased MnSOD, essentially confirming that FOXO3A is under
the transcriptional regulation of Akt (Figure 2B).
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Expression of FOXO3A protein in benign and tumor specimens
Next we measured the levels of FOXO3A and its phosphorylated form in the clinical specimens
removed surgically. We performed Western blot analyses for FOXO3A and p-FOXO3A
(Ser253), activated form of Akt (Ser473) and chaperone protein 14-3-3 in prostate cancer
specimens. As shown in figure 3A, levels of FOXO3A were significantly higher in the cytosolic
fraction than in the nucleus. In particular, the endogenous levels of FOXO3A, corresponding
to the lower band, was high in the cytosol and correlated with its phosphorylated form. We
observed very low levels of FOXO3A in the nucleus of high-grade tumor as compared to their
levels in low-grade tumor specimens. Furthermore, 14-3-3 chaperone protein levels were
higher in the cytosolic fraction, whereas the majority of prostate tumor specimens had high
levels of the phosphorylated form of Akt in the nuclear fractions. The relative density scan
obtained for FOXO3A demonstrated higher levels of FOXO3A in the cytosol fractions than
in the nuclear fractions, with complete loss of FOXO3A in the nuclei of high-grade tumors
(Figure 3B).

Next we analyzed FOXO3A expression by immunohistochemical staining of the paraffin-
embedded tissue sections. FOXO3A expression was observed in either the nucleus or the
cytoplasm or both, but was predominantly observed in the cytoplasm of cancer cells (Figure
4A). Compared to benign tissue, a progressive increase in FOXO3A expression was observed
in the cytoplasm with increasing tumor grade. Overall, FOXO3A expression was higher in
carcinoma cells than in benign prostatic epithelium, a finding that we had previously observed
in cell culture studies.

Next we evaluated the nuclear levels of FOXO3A in the various histologic components of the
tissue samples by counting the number of nuclei showing positive FOXO3A expression at 40X
magnification, and analyzed the counts statistically by mean and standard deviation as well as
box plot (Figure 4B). Differences in the numbers of cells showing nuclear FOXO3A expression
in benign prostatic epithelium, low grade cancers, and high grade cancers were examined by
T-test. The test was two sided and p-value <0.05 was considered significant. Benign specimens
(n=32) exhibited a mean of 425.03 stained nuclei (range 213-718); low-grade cancers (n=15)
showed a mean of 350.0 stained nuclei (range 213-622); and high-grade cancers (n=21) showed
a mean of 273.38 stained nuclei (range 53-433). The nuclear FOXO3A expression in benign
tissues was significantly higher than in low-grade cancers and in high-grade cancers, with
p=0.039 and p<0.0001, respectively.

Next we performed FOXO3A DNA binding assay on benign and tumor specimens. As shown
in figure 4C, a progressive decrease in DNA binding was observed in the tumor specimens
compared to benign tissue. The decrease was much more pronounced in high-grade tumor
compared to low-grade and benign tissue.

Transcriptional downregulation of FOXO3A in benign and tumor specimens
Next we determined whether FOXO3A is deregulated at the protein level or is being modulated
at the transcriptional levels as well. We preformed RT-PCR for mRNA expression for
FOXO1A, FOXO3A and FOXO4. As shown in figure 5, the mRNA transcript for FOXO3A
was significantly down-regulated in high-grade cancers compared to low-grade cancers and
benign tissue. No significant difference in mRNA levels of FOXO3A was observed between
low-grade cancers and benign tissue. Similar trends in mRNA expression of FOXO1A as
compared to FOXO3A expression were noted. However, no difference in the FOXO4 mRNA
levels was observed between benign and malignant tissues. The relative density analysis
demonstrated a marked decrease in mRNA transcript levels of FOXO3A and FOXO1A in high-
grade cancers, compared to low-grade cancers and benign tissue (Figure 5B).
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Discussion
Our study is the first to investigate FOXO3A expression in clinical prostate cancer specimens.
The results of our study suggest that FOXO3A is over-expressed during the early stages of
prostate cancer and sub-cellular re-distribution occurs as evidenced by the presence of high
phosphorylated levels in the cytosol and reduced DNA binding in the nucleus. A loss of
FOXO3A at the transcriptional level was observed in high grade prostate cancers, which are
more likely to be associated with higher clinical stages.

The Forkhead box subgroup ‘O’ of forkhead transcription factors plays a central role in cell-
cycle control, differentiation, metabolism control, stress response, and apoptosis (1-7). The
function of these important molecules is tightly controlled by a wide range of protein–protein
interactions and posttranslational modifications including phosphorylation, acetylation and
ubiquitination [9]. Regulation of the sub-cellular localization and transcriptional activity of
FOXO protein is achieved primarily by posttranslational modifications, such as
phosphorylation and acetylation (4,9). Our studies demonstrate posttranslational modification
in FOXO3A associated with higher levels of phosphorylation at Ser253 in clinical prostate
cancer specimens and human prostate cancer cells. Deregulation of FOXO3A may be due to
defects in signal transduction.

We have previously demonstrated constitutive Akt activation during prostate cancer
progression which could be the result of signaling defects related to the activities of autocrine
growth factors, possibly through deletion or mutation in phosphatase and tensin homologue
(PTEN) on chromosome 10 (25,26). In prostate cancer, LNCaP and PC-3 cells exhibit high
levels of p-Akt due to loss of PTEN activity; this may lead to the deregulation of FOXO factors.
Previous studies have demonstrated FOXO1A as a direct substrate of Akt and an association
between these two proteins has been observed in some human cancers including glioblastoma,
soft tissue sarcomas and breast cancer, but no such association has been observed in prostate
cancer (27,28). The present study demonstrates that in prostate cancer, FOXO3A is
constitutively phosphorylated and is inactivated as a result of Akt hyperactivation.
Furthermore, inhibition of Akt/PKB by dominant negative approach in prostate cancer cells
caused translocation of FOXO3A into the nucleus and its binding to DNA induced the
expression of MnSOD, a FOXO-responsive gene. In contrast, Akt over-expression in DU145
cells, which normally exhibit low levels of Akt, caused a reduction in FOXO3A protein
expression. Our studies demonstrate that Akt plays an important role in the regulation of
FOXO3A activity, and can phosphorylate and deactivate FOXO3A in prostate cancer. Akt is
not the only kinase that regulates FOXO factors: several other kinases, including IKK, MAPK,
and serum- and glucocorticoid- inducible kinase (SKG) can also phoshorylate FOXO factors
(29-31). Whether these kinases regulate FOXO factors in prostate cancer is not currently
known, but may be worthy of investigation.

Upon activation, Akt/PKB phosphorylates a number of key regulatory proteins, leading to
14-3-3 binding and ultimately altering cellular function (32,33). For example, phosphorylation
of Bad by Akt/PKB at Ser136 and Ser155 induces 14-3-3 binding, neutralizing the pro-
apoptotic function of Bad (34). In our studies, we observed increased FOXO3A binding with
14-3-3, which may be a consequence of phosphorylation of FOXO3A by Akt/PKB at Ser253.
Following 14-3-3 protein binding, the FOXO-14-3-3 complex is transported out of the nucleus
and retained within the cytoplasm. It has also been suggested that the 14-3-3 protein may
prevent nuclear re-import of FOXO proteins by masking their nuclear localization signal.
Decreased FOXO3A nuclear DNA binding observed in prostate cancer cells, compared to
levels noted in benign prostatic epithelium, suggests that low transcriptional activity of
FOXO3A is associated with biologically more aggressive prostate cancer. Clearly further
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detailed studies of FOXO3A phosphorylation by Akt/PKB and its regulation by 14-3-3
warrants further investigation.

Studies have shown that FOXO3A function is compromised during the transition of prostate
cancer cells from androgen dependence to androgen independence (22). Studies have
demonstrated androgen receptor dependent repression of FOXO factors, associated with
hyperphosphorylation of FOXO3A protein and marked reduction in their levels, as well as
significant down-regulation in the activity of the FOXO-responsive p27/kip1 promoter during
prostate cancer progression (22). It has also been shown that knockdown of the astrocyte-
elevated gene-1 inhibits prostate cancer progression through upregulation of FOXO3A activity
(35). These studies outline mechanisms whereby FOXO factors regulate cellular function by
controlling various downstream targets. FOXO3A transcription factor deregulation during
prostate carcinogenesis may influence additional transcriptional genes that regulate prostate
function.

The results obtained from this study underscore the importance of FOXO3A activity in prostate
cancer cell biology and indicate that further investigations of the signaling mechanisms
involved in FOXO3A regulation in order to understand the molecular basis for its tumor
suppressive role are warranted. Understanding these mechanisms may contribute to the
development of preventive and therapeutic strategies in the management of prostate cancer.
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serum- and glucocorticoid- inducible kinase

TRAIL  
tumor necrosis factor-related apoptosis inducing ligand
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Figure 1.
Expression, sub-cellular distribution and DNA binding of Forkhead transcription factor ‘O’ in
normal human prostate epithelial NHPE cells and in various human prostate cancer cell lines.
(A) FOXO1A, FOXO3A and FOXO4, total Akt, p-Akt (Ser473) and 14-3-3 expression in
NHPE cells and in human prostate cancer 22Rv1, LNCaP, DU145 and PC-3 cells as analyzed
by Western blotting. Assay with glycogen synthase kinase (GSK)-3α/β was performed to check
the viability of these cells. (B) Nuclear FOXO3A DNA binding in NHPE and in various human
prostate cancer cell lines. The results of DNA binding are mean ± SD of 3-4 determinations
**P<0.001, compared to competitor (C) Sub-cellular distribution of FOXO3A, p-FOXO3A
(Ser253), 14-3-3 and p-Akt in NHPE, LNCaP, PC-3 and DU145 cells. Anti-H4 antibody was
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used as loading control. (D) Binding of FOXO3A with 14-3-3. The details are described in
“Materials and Methods” section. To ensure equal protein loading, the membrane was stripped
and reprobed with anti-β-actin antibody.
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Figure 2.
AKT-dependent deregulation of FOXO3A in human prostate cancer PC-3 and DU145 cells.
(A) PC-3 cells were treated with 20μM LY294002 or transfected with DN-Akt pUSEamp and
control pUSEamp for 24 h. Cytosolic and nuclear fractions were isolated and subjected to
Western blotting. For protein loading the blots were stripped and reprobed with β-actin
antibody. (B) DU145 cells transfected with either pLNCX vector containing Akt expression
plasmid or empty vector. Cytosolic and nuclear fractions were isolated and subjected to
Western blotting. The details are described in “Materials and Methods” section.
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Figure 3.
Protein expression of (A) FOXO3A and its phosphorylation, 14-3-3 and p-Akt (Ser473) in
benign prostate tissue and prostate cancer specimens. Cytosolic and nuclear fractions were
isolated from these specimens and subjected to Western blotting. Cancer tissue is sub-divided
into low-grade cancer (Gleason score <7; #1-8) and high-grade cancer (Gleason score 7-10;
#9, 10). (B) Relative density of FOXO3A in these specimens. The details are described in
“Materials and Methods” section.
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Figure 4.
Expression of FOXO3A and its DNA binding in human prostate cancer specimens. (A) Paraffin
embedded (4.0 micron) sections from benign, BPH and prostate cancer of various Gleason
grades were used for FOXO3A expression by immunohistochemistry. A strong nuclear and
cytoplasmic staining was observed in Gleason grade 3 whereas diffuse and weak FOXO3A
staining was observed in high-grade cancer (Gleason grade 4 and 5, respectively). Magnified
at ×20 and ×40 (B) Statistical Box plot analysis of FOXO3A nuclear presence was performed
by counting FOXO3A positive nuclear stained cells from various locations from benign, low-
grade and high-grade specimens. I Min-Max, □ 25%-75% and ⚊ Median value (C) FOXO3A
nuclear DNA binding in benign, low-grade and high-grade tumors. The results of DNA binding
are mean ± SD of various tissue in duplicate **P<0.001, compared to benign tissue Details are
described in ‘Materials and Methods’.
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Figure 5.
mRNA expression of (A) FOXO1A, FOXO3A and FOXO4 in benign, low-grade and high-
grade prostate specimens subjected to the RT-PCR analysis and the product obtained was
visualized in gels. (B) Relative density of bands showing mRNA expression in benign and
cancer specimens. The details are described in “Materials and Methods” section.
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