
Citation: Shukla S. FOXO3a: A Potential Target in Prostate Cancer. Austin J Urol. 2014;1(1): 4.Austin J  Urol - Volume 1 Issue  1 - 2014
ISSN: 2472-3606 | www.austinpublishinggroup.com
Shukla. © All rights are reserved

Austin Journal of Urology
Open Access 

Full Text Article 

the context of Pten mutations [7]. FOXO3a also has an antioxidant 
properties, it prevents damage from reactive oxygen species (ROS) 
by inducing expression of pro survival (e.g., MnSOD) as well as 
proapoptotic (e.g., Bim) molecules [8].  Conflicting with the loss of 
FOXO expression early in carcinogenesis, development of oxidative 
resistance is associated with increased expression of FOXO3a, 
NAMPT, and SIR1 proteins [9]. This suggests, in addition to initial 
suppression of the proposed anti-tumorigenic properties of the 
FOXOs, survival of established cancer cells after chemotherapeutic 
exposure requires FOXO mediated ROS responses.

We reported altered expression and modifications of FOXO 
transcription factor activity plays a role in prostate cancer progression. 
During prostate cancer progression, increases in Akt activation lead 
to increased FOXO3a phosphorylation and binding with 14-3-3 (a 
chaperone Protein), which potentially affect transcriptional activity 
in an age dependent manner. In particular, a mouse model of prostate 
cancer, transgenic adenocarcinoma of the mouse prostate (TRAMP) 
mice mimics the progressive form of human prostate progression.  
Furthermore, suppression of FOXO3a activity results in accelerated 
prostate cancer progression in TRAMP mice [10]. Additionally, we 
have demonstrated FOXO3A activity is negatively regulated by Akt/
PKB through post translational modifications. In prostate cancer 
cells, Akt activation induced increased cytosolic accumulation of 
FOXO3A and binding to 14-3-3.Accumulated cytosolicFOXO3A 
correlates to Ser253 phosphorylation and accounted for FOXO3a 
nuclear exclusion. Expression of a dominant negative Akt in PC-3 
cells induced FOXO3A nuclear accumulation and up regulation of 
MnSOD, a downstream target of FOXO3a. Conversely, expression 
of stable DU145-Akt exhibit decreased nuclear FOXO3A. Similar 
findings are found in primary prostate tumor samples, in which 
marked cytoplasmic accumulation of FOXO3A and14-3-3 increased 
with Gleason grade, in contrast to exclusive nuclear accumulation 
normally seen in benign prostate cells [11]. Similarly, FOXO3a 
was also found to be regulated by another kinase, the serum/
glucocorticoid regulated kinase 1 (SGK1).Enhanced survival, 
invasiveness, motility, epithelial to mesenchymal transition, and 
tumor adhesiveness correlated with increased expression of SGK1 
[12].  Pharmacological studies of SGK1 inhibition are ongoing 
however suggests SGK1inhibits prostate cancer cell growth.

Androgen receptor (AR) is known to promote proliferation 
of prostate cancer cells. Modulation of FOXO3a expression and 
phosphorylation effects the expression of AR. Reports suggest 
FOXO3a induces 5’ AR promoter activity by binding to the 
DNA-binding consensus sequence of AR at the -1290 to -1297 
(5’-TTGTTTCA-3’) residues upstream of the 5’ AR promoter [13]. 
FOXO function is compromised in androgen-independent prostate 
cancer cell line LNAI while in the androgen-dependent LNCaP 
cells FOXO function is intact. Moreover, the FOXO-responsive 
promoter, 3X-IRS, is also reduced in LNAI cells. Reduced FOXO3a 
expression coupled to increased FOXO3a phosphorylation coincide 
with reduced FOXO-responsive promoter activity in the androgen-
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cellular process, including cell cycle arrest, cell death, DNA damage 
repair, stress resistance and metabolism [1]. Moreover, inactivation 
or alteration of FOXO protein is linked to tumorigenesis in the form 
of breast, prostate, glioblastoma, rhabdomyosarcoma, and leukemic 
cancers [2].  FOXO family proteins contain four members, FOXO1, 
FOXO3a, FOXO4, and FOXO6. FOXO1, 3, and 4 are generally 
expressed ubiquitously, although FOXO1 exhibits greater expression 
in adipose tissue. Liver expresses the greatest amounts of FOXO3a 
expression, FOXO4 can be found in skeletal muscle while FOXO6 
expression is localized predominantly in the brain [3]. AKT, thePI3K 
cascade effect or protein, negatively regulates these four members 
[4]. Evidence suggests oncogenic path way activation involves 
phosphoinositide-3-kinase/AKT/IKK or RAS/mitogen-activated 
protein kinase subsequently suppresses FOXO transcriptional 
activity [2]. Phosphorylation of FOXO proteins at different residues 
by these pathways ultimately results in inactivation, degradation, 
and/or nuclear exclusion. Additionally, acetylation, methylation, and 
ubiquitination may also modulate FOXO3a function. Several anti-
cancer drugs, imatinib, paclitaxel, and doxorubicin increase FOXO3a 
by preventing oncogenic suppression of FOXO protein function [5]. 
The aim of this review is to highlight the involvement of FOXO3 a in 
prostate cancer and explore available therapeutic targets modulating 
FOXO3a signaling.

Various molecular targets regulate FOXO3a and alter effect or 
down-stream signaling molecules. A crucial event in the FOXO3a 
cascade is the activation of phosphoinositide 3-kinase (PI3K). 
Activation of PI3K is a hallmark of many human tumors and 
promotes cell proliferation and survival by phosphorylation of the 
serine and threonine kinase Akt on the cytosolic side of the plasma 
membrane by phosphoinositide-dependent protein kinase 1 (PDK1).
Nuclear PDK1 promotes cell proliferation by suppressing FOXO3A-
dependent transcription of p27(Kip1) [6]. Reports suggest growth 
factor-dependent phosphorylation of threonine 308 (Akt-308) by 
phosphatidylinositol 3-kinase-dependent PDK1 leads to activation of 
mammalian target of rapamycin (mTOR) complex 1 (TORC1) and 
stimulation of protein synthesis. Phosphorylation of serine 473 (Akt-
473) is catalyzed by mTOR in a second complex (TORC2), and Akt-
473 phosphorylates FOXO3a leading to apoptotic inhibition [7]. Both 
phosphorylation forms of Akt frequently occur in cancer. Further, 
TORC2 activity is required for progression to prostate cancer in 
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independent LNAI cells [14]. Additional studies suggest isoflavone 
inhibits FOXO3a promoter binding to the AR promoter and 
increases FOXO3a binding to the p27 (KIP1) promoter resulting 
in lower AR and p27 (KIP1) expression, inhibition of proliferation, 
and apoptosis in both androgen-sensitive and -insensitive prostate 
cancer cells. The anti apoptotic factor, FADD-like interleukin-1beta-
converting enzyme (FLICE)-like inhibitory protein (FLIP), is also 
associated with FOXO3a. Androgen induces expression of FLIP 
while reduced FLIP expression occurs upon androgen withdrawal 
preceding apoptosis. A FOXO3a binding site was identified in the 
FLIP promoter and thus both androgens and FOXO3a effect FLIP 
transcription. Additionally, FOXO3a binds the AR, suggesting FLIP 
transcription is in part dependent on an interaction between FOXO 
and the AR proteins [15]. 

Apoptosis is one mechanism thought to suppress the development 
of prostate cancer. Reports suggest astrocyte-elevated gene-1 (AEG-
1) is up regulated in several malignancies including clinical prostate 
cancer tissues and prostate cancer cells. Silencing AEG-1 up regulates 
FOXO3a activity and induces apoptosis [16]. Promyelocytic leukemia 
protein (Pml) deficiency causes prostate tumorigenesis. Progressive 
reduced Pml levelspreventsFOXO3a mediated transcription of the 
proapoptotic factor Bimand the cell cycle molecule p27 (kip1) [17]. 
Proximal to the Fork head binding element of the p27 (kip1) promoter 
region, there is a functional association between FOXO3a and c-Myc. 
This interaction might be one reason for the observed inhibition of 
FOXO3a-mediated activation of the p27 gene and also by the high 
aberrant expression of c-Myc in many tumor cells likely contributing 
to uncontrolled proliferation and invasion tumor phenotypes [18].

Estrogen receptor beta (ERβ) is a proapoptotic factor and induces 
apoptosis early in prostate cancer progression upon binding estrogen.  
ERβ activity increases expression of the pro-apoptotic factor p53-
upregulated modulator of apoptosis (PUMA), independent of p53 
but dependent on FOXO3a [19]. Prostate cancer cells demonstrate 
FOXO3a directly binds to the promoter of promyelocytic leukaemia 
zinc finger (PLZF) gene. PLZF protein belongs to the family of 
Krüppel‐like zinc finger proteins. This protein is a transcriptional 
repressor of cell cycle control, spermatogenesis, and prostate cancer. 
PTEN the known major player in various cancers regulates PLZF 
expression through AKT/FOXO3a signaling pathway [20]. TNF-α, is 
also a potential therapeutic target. In prostate cancer TNF- α induces 
cell survival and resistance to therapy.  Rapamycin of prostate cancer 
cells stimulates TNF-alpha-dependent apoptosis and illustrates the 
association between c-Flip promoter activity and FOXO3a activation, 
which might drive apoptotic induction [21].

Cancer cells in general experience more oxidative stress than 
normal cells. Introduction of additional ROS mediated damage to 
cancer cells or suppression of antioxidant capacity may induce cancer 
cell death.  However, this may not be lethal to normal cells capable 
of maintaining redox homeostasis under exogenous ROS through 
further adaptive responses. Parthenolide, an agent known to activates 
NADPH oxidase in PC3 but not PrEC cells and leads to a decrease 
in reduced thioredoxin, activation of phosphoinositide 3-kinase/
Akt, and subsequent FOXO3a phosphorylation, ultimately resulting 
in the down regulation of the FOXO3a targets, antioxidant enzyme 
manganese superoxide dismutase and catalase [22]. 

Apoptotic induction in cancer cells suppresses prostate cancer 
progression. Resveratrol; a naturally occurring phytopolyphenolic 
compound, induces apoptosis. Inhibition of FOXO phosphorylation 
is thought to be the mechanism behind the action of resveratrol and 
results in nuclear translocation, DNA binding, and transcriptional 
activity. Prostate cancer cells treated with resveratrol show less PI3K/
AKT pathway activity and increased FOXO transcriptional activity. 
Additionally, resveratrol induced Bim, TRAIL, p27/KIP1, DR4, DR5, 
and inhibition of cyclin D1 [23]. Asian diets containing soy isoflavones 
have also been correlated to lower incidence of prostate cancer.  The 
isoflavone concentrate (ISF) significantly increases cyclin-dependent 
kinase inhibitor p27 (KIP1) and FOXO3A/FKHRL1, in LNCaP cells. 
ISF down regulates androgen-regulated genes in prostate cancer 
progression, while at the same time up regulating metabolic genes 
[24]. Apoptosis induced by methyl-2-cyano-3, 12-dioxooleana-1, 
9(11)-dien-28-oate (CDDO-Me), an oleanane synthetic triterpenoid 
is through inhibition of the Akt/NF-κB/mTOR signaling cascade. 
CDDO-Me directly inhibit Akt kinase, phosphorylation/inactivation 
of proapoptotic procaspase-9, Bad, and FOXO3a activities [25]. 
Additionally, CDDO-Me modulates downstream targets p-Bad 
and p-FOXO3a, p-S6K1, p-eIF-4E, p-4E-BP1, COX-2, VEGF, and 
cyclin D1 [26]. Similarly, another compound, 3, 3’-diindolylmethane 
(DIM) treatment of prostate cancer cells targeted FOXO3a, glycogen 
synthase kinase-3beta (GSK-3beta), and regulated beta-catenin, 
inhibited cell proliferation and induced apoptotic cell death [27].  
Nutritional grade B-DIM (absorption-enhanced), inhibited FOXO3a 
binding to the AR promoter induced FOXO3a binding to the p27 
(KIP1) promoter. Subsequently, FOXO3a bound to the p27 (KIP1) 
promoter, resulted in the alteration of AR as well as p27 (KIP1) 
expression as well as inhibiting cell proliferation and the induction 
of apoptosis in both androgen-sensitive and -insensitive prostate 
cancer cells [27]. Moreover, another phytoestrogen; genistein 
acetylates H3-K9 at the p53 and FOXO3a promoter through the 
reduction of endogenousSIRT1 activity in prostate cancer cells. 
However, sulforaphane in combination with TRAIL was more 
effective in inhibiting markers of angiogenesis and metastasis and 
activated FOXO3a transcription factor in prostate cancer cells [28]. 
The synthetic compound, NSC126188 also induces apoptosis of PC-3 
cells by interfering with membrane recruitment of Akt, resulting 
in Akt dephosphorylation and FOXO3a activation, which leads to 
transcription of RhoB. These results suggest RhoB might be a target 
gene of FOXO3a and is regulated through Akt signaling [29].

Previously we reported apigenin suppressed prostate 
tumorigenesis in TRAMP mice through PI3K/Akt/FOXO-signaling 
pathway. Apigenin-treated TRAMP mice (20 and 50 μg/mouse/day, 
6 days/week for 20 weeks) exhibited significant decreased tumor 
volumes of the prostate as well as completely abolish distant organ 
metastasis. Apigenin-treated mice showed reduced phosphorylation 
of Akt (Ser473) and FOXO3a (Ser253), which correlate with increased 
nuclear retention and decreased binding of FOXO3a with 14-3-3. 
These events lead to reduced proliferation as assessed by Ki-67 and 
cyclin D1, along with up regulation of FOXO-responsive proteins 
BIM and p27/Kip1 [30].

Cancer stem cells are thought to have modifications to many 
of the above mediators of tumorigenesis resulting in reduced 
response to therapy. Moreover potential involvement of FOXO3a 
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in different cancer stem cells has been reported; ovarian cancer cells 
[31], hepatocellular carcinoma cells [32], colon cancer cells [33] 
and glioblastoma cells [34]. Moreover, prostate cancer tumors with 
an increased CD133 (+)/CD44 (+) cell subpopulation thought to 
be prostate cancer progenitor, cells have tumor initiating potential. 
These progenitors expand under non-adherent, serum-free, sphere-
forming conditions and have increased in vitro clonogenic and in 
vivo tumorigenic potential as well as activated PI3K/AKT signaling. 
When FOXO3a is knocked down, these prostate tumor cells have 
increased tumorigenic potential [35]. Therefore, in addition to the 
above molecular targets further investigations should also focus on 
targeting the prostate cancer stem cell subpopulation as well.

Based on recent studies and as well as also studies from our group 
have identified FOXO3a as playing a key role in the development and 
pathology of prostate cancer. FOXO3amay also be important in the 
development of prostate cancer progenitor cells. This possibility has 
driven the focus of research to mechanistically describe how FOXOs 
and loss of FOXO activity lead to the development of prostate tumors. 
Recurrence and metastasis are the major process involved in prostate 
cancer. These processes are supported by a microenvironment 
enriched with inflammatory mediators and oxidative stress. FOXO3a 
negatively regulates oxidative stress but at the same time decrease in 
FOXO3a lead to a microenvironment favoring the proliferation and 
survival of prostate cancer cells. Effective strategies are necessary 
to prevent the loss of FOXO3a activity. Therapeutics designed to 
enhance FOXO3a activity would provide an advantage to prevent 
prostate cancer progression and to treat prostate cancer.
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