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Abstract
BACKGROUND—Aberrant activation of the androgen receptor (AR) is a major factor highly
relevant to castration-resistant progression of prostate cancer (PCa). FOXO1, a key downstream
effector of PTEN, inhibits androgen-independent activation of the AR. However, the underlying
mechanism remains elusive.

METHODS—The inhibitory effect of FOXO1 on full-length and constitutively active splice
variants of the AR was examined by luciferase reporter assays and real-time reverse transcription
polymerase chain reaction (RT-qPCR). In vitro protein binding assays and western blot analyses
were used to determine the regions in FOXO1 and AR responsible for their interaction.

RESULTS—We found that a putative transcription repression domain in the NH2-terminus of
FOXO1 is dispensable for FOXO1 inhibition of the AR. In vitro protein binding assays showed
that FOXO1 binds to the transcription activation unit 5 (TAU5) motif in the AR NH2-terminal
domain (NTD), a region required for recruitment of p160 activators including SRC-1. Ectopic
expression of SRC-1 augmented transcriptional activity of some, but not all AR splice variants
examined. Forced expression of FOXO1 blocked the effect of SRC-1 on AR variants’
transcriptional activity by decreasing the binding of SRC-1 to the AR NTD. Ectopic expression of
FOXO1 inhibited expression of endogenous genes activated primarily by alternatively spliced AR
variants in human castration-resistant PCa 22Rv1 cells.

CONCLUSIONS—FOXO1 binds to the TAU5 motif in the AR NTD and inhibits ligand-
independent activation of AR splice variants, suggesting the PTEN/FOXO1 pathway as a potential
therapeutic target for inhibition of aberrant AR activation and castration-resistant PCa growth.
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INTRODUCTION
Prostate cancer (PCa) cells appear to be addicted to activity of the androgen receptor (AR)
for growth and survival [1]. Androgen ablation therapy is the standard treatment option for
advanced/metastatic PCa. Unfortunately, majority of prostate cancers eventually relapse
with a disease termed castration-resistant prostate cancer (CRPC). Recently, various new
treatments have been developed for treating CRPC patients, including taxane-based
chemotherapy, androgen/AR targeted therapies such as abiraterone and enzalutamide, and
immunotherapies such as sipuleucel-T. However, none of these new treatment options are
curative and ongoing disease progression remains a major clinical issue.

The AR is implicated in the castration-resistant PCa progression. AR protein is expressed in
castration-resistant prostate cancers [2]. In agreement with this observation, serum levels of
prostate-specific antigen (PSA), a well-studied transcriptional target of the AR, invariably
rise along with the emergence of castration-resistant disease, indicating that the AR is
functionally active in CRPC. This notion is supported by further studies that the AR is
required for the proliferation of CRPC cells in culture and in animals [3,4].

A number of mechanisms have been proposed to explain aberrant activation of the AR in
CRPC. Increasing evidence suggests that CRPC cells produce androgens through an
intracrine mechanism [5,6]. It is believed that the residual amount of locally synthesized
androgens may provide sufficient ‘‘fuel’’ to support AR function and CRPC growth. The
AR gene itself is amplified at the genomic level in a subset of CPRC tumors [7]. Elevated
AR protein may therefore compensate for the absence or reduced levels of androgens
following hormonal therapy [4]. Many signaling pathways activated by growth factors and
cytokines such as interleukin-6 (IL-6) are also implicated in the activation of the AR in the
absence or presence of low levels of androgens [8–10]. Most recently, several alternatively
spliced AR variants have been identified [11–15]. These AR splice variants lack the COOH-
terminal ligand-binding domain and are constitutively active without the need of androgen
stimulation. Importantly, expression of some of the AR variants is sufficient to allow PCa
cells to grow in culture and in animals under androgen-depletion conditions [13–15]. While
continued/persistent AR signaling following AR-directed therapies is the major challenge
for the management of CRPC, it also provides an opportunity for the development of novel
therapeutics for this disease.

The tumor suppressor gene PTEN is one of the frequently mutated or deleted genes in
human prostate cancers. Genome-wide high-density single-nucleotide polymorphism (SNP)
array and integrative genomic profiling analyses show that PTEN loss occurs in 40–50% of
metastatic prostate cancers [16,17], implying a role of PTEN inactivation in PCa metastasis
and castration-resistant progression. This hypothesis is further supported by mouse studies
demonstrating that deletion of the PTEN gene promotes development of CRPC [18,19]. We
and others have demonstrated that the transcription factor FOXO1, a key downstream
effector of PTEN, binds to and inhibits both androgen-dependent and independent activation
of the AR [20–23]. Importantly, the inhibitory effect of FOXO1 on the AR is independent of
the DNA-binding activity of FOXO1 [22,23], although the underlying mechanism remains
elusive. In the present study, we show that FOXO1 directly binds to the transcriptional
activation unit 5 (TAU5) motif in the NH2-terminal domain of the AR, competes for binding
of AR with the transcriptional coactivator SRC-1, and thereby inhibits the androgen-
independent activation of the full-length AR and truncated AR splice variants in PCa cells.
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MATERIALSANDMETHODS
Cell Lines and Cell Culture

LNCaP, PC-3, and DU145 cells were purchased from the American Type Culture Collection
(Manassas, VA). 22Rv1 cells were kindly provided by Dr. C.Y. Young (Mayo Clinic,
Rochester, MN). Cells were cultured in RPMI 1640 containing 10% fetal bovine serum, 100
μg/ml streptomycin, 100 units/ml penicillin, and 0.25 μg/ml amphotericin B.

Plasmids and Small Interference RNAs (siRNAs)
Expression vectors for the AR variants including 1/2/3, 1/2/3/2b, CE1, CE2, and CE3 (the
later three variants are also named as AR-V1, AR-V5, and AR-V7, respectively [12]) and
deletion mutants of the AR AF-1 domain were generated as described [11,12,24,25]. The
AF-1 domain of the deletion mutants was amplified by PCR and ligated with the
pGEX-4T-1 vector (GE Healthcare Life Sciences) to generate GST-AF-1 constructs. The
renilla luciferase reporter vector was purchased from Promega (Madison, WI). The PSA
promoter luciferase reporter containing a ~5.8 kb genomic fragment from the promoter of
the PSA gene was provided by Dr. C.Y. Young. siAR-1 (GGAACTCGATCGTATCATT)
and siAR-4 (GAAATGATTGCACTATTGA) were purchased from Dharmacon (Chicago,
IL). Expression vectors for FLAG-tagged wild-type (FOXO1-WT), constitutive active
(FOXO1-A3), and various COOH-terminal truncated FOXO1 are described previously [26].
V5-tagged wild-type FOXO1 was constructed by subcloning full-length FOXO1 into the
backbone vector pcDNA3. 1D (Invitrogen, Carlsbad, CA). The lucif-erase reporter
constructs PSA-Luc and 3xARE-Luc are described previously [22]. Internal deletion
constructs ΔSID1 (Δ54–58), ΔSID2 (Δ102–106), ΔSID3 (Δ141–145), and ΔSID1, 2 and 3 of
truncated FOXO1 (1–267) were generated by mutagenesis.

Cell Transfection and Luciferase Reporter Assay
Transient transfection was performed as previously described [27]. Approximately 75–90%
transfection efficiency was routinely achieved. For luciferase reporter assays, cells were
harvested at 24–48 hr after transfection. Firefly and renilla luciferase activities were
determined using a dual luciferase kit (Promega).

GST Purification and Pull Down Assay
GST and FOXO1 or AR fusion proteins were expressed in BL21 cells (Invitrogen) and
induced with IPTG for 3 hr at 37°C. Cells were sonicated in PBS with protease inhibitors.
After spinning, the supernatant was incubated overnight with Glutathione Sepharose 4B
beads (GE Healthcare Life Sciences). Beads were washed with PBS and samples were run
on a 10% SDS–PAGE gel and stained with GelCode Blue Staining Reagent (Thermo
Scientific, Rockford, IL). AR, FOXO1, and SRC-1 proteins were produced using 35S-
methionine and the TNT Quick Coupled Transcription/Translation System (Promega)
according to the manufacturer’s protocol. FOXO1 was incubated with the GST-AR proteins
overnight. Beads were washed and samples were run on NuPAGE 4–12% bis–tris gels
(Invitrogen).

Western Blot Analysis and Antibodies
Protein samples were prepared by lysing cells in modified RIPA buffer (1× PBS, 1% NP-40,
0.1% SDS, and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)). Lysates (50 μg)
were separated on a 7.5% SDS–PAGE gel and transferred to a nitrocellu-lose membrane.
The membrane was probed with the specific primary antibody and HRP-conjugated
secondary antibody and then visualized by chemiluminescence. Antibodies against AR
(N-20) and ERK2 (D-2) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
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The antibody against FOXO1 (C29H4) was purchased from Cell Signaling Technology
(Danvers, MA). The FLAG antibody was purchased from Sigma-Aldrich.

Real-Time RT-PCR
Total RNA was isolated with Trizol reagent (Invitrogen). cDNA was synthesized using
SuperScript II reverse transcriptase (Invitrogen). Real-time RT-PCR was done with cDNA
samples using the iQ SYBR Green Supermix and ABI Prism 7900 platform (Bio-Rad,
Hercules, CA) according to the manufacturer’s protocol. The 2−ΔΔCt method was used to
calculate the relative expression level by normalizing to GAPDH levels. The following
primer sequences were used: PSA (5′-AGGCCTTCCCTGTACACCAA-3′) and (5′-
GTCTTGGCCTGGTCATTTCC-3′); hK2 (5′-CAAAGT-GACAGTGGGTGTGG-3′) and
(5′-GCCAGGTCCTT-CACTGTCTC-3′); NKX3.1 (5′-GTACCTGTCGGCCCC
TGAAC-3′) and (5′-GGAGAGCTGCTTTCGCTTAG-3′); and MASPIN (5′-
CCCTATGCAAAGGAATTGG A-3′) and (5′-CAAAGTGGCCATCTGTGAGA-3′);
GAPDH (5′-GAAGGTGAAGGTCGGAGTC-3′) and (5 ′-
GAAGATGGTGATGGGATTTC-3′).

RESULTS
The Putative Repression Domain in the NH2-Terminus of FOXO1 Is Dispensable for FOXO1
Inhibition of AR Transcriptional Activity

To define which region in FOXO1 mediates inhibition of AR transcriptional activity, we
generated a series of expression vectors for FOXO1 truncated from the COOH-terminus. We
demonstrated that the NH2-termimal 267-amino-acid fragment of FOXO1 was sufficient in
mediating AR inhibition in LNCaP PCa cells (Fig. 1A), suggesting that the AR inhibitory
effect of FOXO1 is mediated by the region located in the NH2-terminus of FOXO1. It has
long been suspected that an alanine rich sequence (also termed repression domain, RD) in
the NH2-terminus of FOXO1 (Fig. 1B, left) may have a transcriptional repression function
[28,29]. Protein sequence analysis indicated that in the putative RD of FOXO1 (Fig. 1B,
left), there are three consensus mSin3A interaction domains (SIDs), which are present in a
number of transcription repressors such as hMad1, TIEG1, TIEG2, BTEB1, BTEB3, BTEB,
PLZF, and BCL6 [30]. Expression of FOXO1 (1–267) mutants, in which each SID domain
was deleted individually or in combination, resulted in inhibition of AR transcriptional
activity to a degree similar to unmutated FOXO1 (1–267) (Fig. 1B, right). These data
suggest that the putative RD in the NH2-terminus of FOXO1 is dispensable for FOXO1
inhibition of AR transcriptional activity in LNCaP PCa cells.

FOXO1 Directly Interacts With the AR Through a Motif That Commonly Interacts With
Other Proteins

To further explore the molecular mechanism by which FOXO1 inhibits AR activity, we
sought to determine which region of FOXO1 interacts with AR. To this end, we generated
GST fusion proteins with various fragments of the FOXO1 protein (Fig. 2A, left). 35S-
labeled AR proteins produced by in vitro transcription and translation were incubated with
GST or GST–FOXO1 fusion proteins, and GST pull-down assays were performed. As
shown in Figure 2A (right), AR proteins directly interacted with the second (FO1-2, a.a.
149–267) and third (FO1-3, a.a. 211–419) fragments of FOXO1. Further analysis confirmed
that a smaller region (FO1-12, a.a. 211–267) overlapped by FO1-2 and FO1-3 specifically
interacted with the AR (Fig. 2B). Intriguingly, several proteins examined including CDK2,
CDK1, and cyclin D1 also interact with FOXO1 through the same region that interacts with
the AR [31–33]. Thus, FOXO1 directly interacts with the AR through a motif that
commonly interacts with many proteins. Importantly, the AR interaction region in FOXO1
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(a.a. 211–267) overlaps with the region (a.a. 1–267) required for FOXO1 inhibition of AR
transcriptional activity (Fig. 1A).

FOXO1 Directly Binds to the AR Transcriptional Activation Unit 5 (TAU5) Motif
Next we sought to determine which region in AR is bound by FOXO1. We demonstrated
previously that FOXO1 inhibits androgen-independent activation of the AR [22] and this
function of the AR is primarily attributed to the activation function 1 (AF1) in the NH2-
terminus of the AR [24]. Because FOXO1 only interacts with the NH2-terminal domain
(NTD) of the AR in the absence of androgens [34], we were interested in determining the
FOXO1-binding site in the AR NTD. To this end, a series of internal deletion mutants of the
AR NTD were generated (Fig. 3A) and fused with the GST protein as described previously
[24]. 35S-labeled FOXO1 proteins produced by in vitro transcription and translation were
incubated with GST or GST-AR fusion proteins, and GST pull-down assays were
performed. As shown in Figure 3B, FOXO1 directly interacted with all the GST-AR fusion
proteins except a mutant of the AR NTD in which a region of a.a. 361–490 was deleted.
Importantly, this region contains the TAU5 motif that is required for the AF1 function of the
AR NTD [24,35]. Thus, FOXO1 may inhibit androgen-independent activation of the AR
through binding to the TAU5 motif in the NTD. No binding of FOXO1 to GST alone was
detected in our assay, suggesting that FOXO1-AR binding is specific.

FOXO1 Inhibits Ligand-Independent Transcriptional Activity of Alternatively Spliced AR
Variants

Recently, several groups independently identified a number of alternatively spliced AR
isoform variants expressed in castration-resistant prostate cancer cell lines, tumors and
xenografts [11–15], suggesting that these AR variants may be clinically relevant. The AR
variants may contribute to castration-resistant progression of PCa since they only contain the
ligand-independent AF1 function and are constitutively active in the absence of androgens.
Given that FOXO1 directly binds to the TAU5 motif, which is important for AF1 function
(Fig. 3), we were interested to determine whether FOXO1 was also able to inhibit the
ligand-independent function of AR variants. Similar to previous reports [12,13,15], the AR
variants were transcriptionally active, but the activity varied from one variant to the other
when they were ectopically expressed in PC-3 PCa cells (Fig. 4A). Importantly, expression
of FOXO1 invariably inhibited the transcriptional activity of all the truncated AR variants
examined, including a synthetic truncated AR (AR-1/2/3) composed of just the NTD, DBD,
and hinge region (Fig. 4A). It is noteworthy that the transcriptional activities of the truncated
AR variants in cells transfected with FOXO1 were lower than the basal levels of the
luciferase reporter gene (Fig. 4A). It has been shown previously that forced expression of
FOXO1 induces cell death in PTEN mutated LNCaP and PC-3 cells [26,36–38]. Because
luciferase protein is rapidly degraded after cell death [39,40], this may explain why reporter
gene activity in FOXO1 transfected cells was lower than the mock transfected cells (Fig.
4A). To test this hypothesis, we repeated the experiments using DU145 cells which express
endogenous PTEN and are not sensitive to FOXO1-induced cell death [36]. Ectopic
expression of FOXO1 inhibited transcriptional activity of all the truncated AR variants
examined in DU145 cells (Fig. 4B), but the residual activities of the truncated AR variants
were not lower than that in mock transfected cells (Fig. 4B). Moreover, it has been shown
previously that expression of constitutively active FOXO1 (FOXO1-A3), in which three Akt
phosphorylation sites are mutated, induces much higher rate of cell death in PTEN-mutated
prostate cancer cells [36]. To further test our hypothesis, we compared the inhibitory effects
of wild-type FOXO1 (FOXO1-WT) and the FOXO1-A3 mutant on transcriptional activities
of truncated AR variants in PC-3 cells. As shown in Figure 4C, FOXO1-A3 inhibited
transcriptional activities of truncated AR variants to a greater degree, indicating that
FOXO1-A3 may also induce this cell death effect. Together, these data demonstrate that
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ligand-independent activity of truncated AR variants can be inhibited by overexpression of
FOXO1.

FOXO1 Blocks the Transcriptional Activity of AR Variants Augmented by the
Transcriptional Coactivator SRC-1

A large number of transcriptional coregulators, including coactivators in the p160 family,
are important for both androgen-dependent and androgen-independent activation of the AR
[41]. Intriguingly, the majority of these cofactors interact with AR NTD [42]. Of note, the
recruitment of p160 coactivators such as SRC-1 to the AR is mediated through the TAU5
motif in the AR NTD [35]. We therefore sought to determine whether SRC-1 plays a role in
androgen-independent activation of truncated AR variants and whether FOXO1 interferes
with this function of SRC-1. As shown in Figure 5A, ectopic expression of SRC-1 markedly
increased the transcriptional activity of the truncated AR variant derived from splicing of
AR exons 1, 2, 3, and CE2 (also referred to as AR-V5) [12], but not other variants. SRC-1
also increased the activity of a synthetic AR variant mimicking mutant AR-1/ 2/3, which
only contains AR exons 1, 2, 3, and the AR hinge region (Fig. 5A). Thus, the coactivator
SRC-1 enhances transcriptional activity of select truncated AR variants, suggesting a novel
regulatory role for the various unique COOH-terminal extensions. This result is consistent
with previous observations that different AR variants differ in other functions such as
cellular localization and transcriptional activity [12,13,43,44].

Like SRC-1 [35], FOXO1 binds to the TAU5 motif in the AR NTD (Fig. 3). Therefore, we
sought to determine whether there is any competition between FOXO1 and SRC-1 for
binding to the AR. To this end, we performed in vitro protein binding assays. As expected,
both SRC-1 and FOXO1 directly bound to the AR NTD (Fig. 5B, lanes 1 and 2). While
approximately the same amount of SRC-1 proteins was used, addition of FOXO1 proteins
diminished the binding of AR-NTD to SRC-1 (Fig. 5B, lane 3). In agreement with this
result, expression of constitutively active FOXO1 abrogated SRC-1-enhanced transcriptional
activity of the truncated AR variant AR-CE2/AR-V5 and a synthetic variant composed of
AR exons 1/2/3 and the hinge region in PC-3 cells (Fig. 5C). Thus, these results suggest that
one of the mechanisms by which FOXO1 inhibits ligand-independent activation of the AR is
to compete with the function of coactivators such as SRC-1.

FOXO1 Affects Expression of Endogenous Genes Regulated by AR Splice Variants
To further assess the relevance of FOXO1 inhibition of androgen-independent activation of
the AR, we examined whether FOXO1 regulates the activities of endogenous full-length AR
and truncated AR variants on endogenous AR target genes including PSA, hK2, NKX3.1,
and MASPIN. To this end, we employed AR region-specific siRNAs to knock down full-
length AR by targeting the LBD or full-length AR plus the majority of AR variants by
targeting the exon 3 in 22Rv1 cells (Fig. 6A,B). Similar to a previous report [11], depletion
of the full-length AR alone slightly increased PSA expression but had little or no effect on
expression of hK2, NKX3.1 and MASPIN (Fig. 6C, lanes 1 and 3), while the underlying
mechanism is not clear at present. In contrast, expression of AR activated genes PSA, hK2
and NKX3.1 was largely downregulated and expression of the AR repressed gene MAS-PIN
was upregulated by further knockdown of the majority of AR variants (Fig. 6C, lanes 3 and
5), supporting an important role of AR variants in regulation of these AR target genes in
22Rv1 cells. As demonstrated in Figure 6B,C (lanes 1 and 2), expression of FOXO1
decreased expression of the AR activated genes PSA, hK2, and NKX3.1 in the presence of
both full-length AR and AR variants in 22Rv-1 cells. In agreement with this result, ectopic
expression of FOXO1 increased expression of the AR repressed gene MASPIN (Fig. 6C,
lanes 1 and 2). In the absence of full-length AR, ectopic expression of FOXO1 also
decreased expression of PSA, hK2, and NKX3.1 and increased expression of MASPIN (Fig.
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6C, lanes 3 and 4), almost to the same degree when both the full- length AR and variants
were present (Fig. 6C, lanes 1 and 2). These observations suggest that the antagonizing
effect of FOXO1 on AR target gene expression appears to be primarily mediated by its
inhibition of the transcriptional activities of constitutively active alternatively spliced AR
variants. Furthermore, 22Rv1 cells express a broader repertoire of AR truncated variants
than any other PCa cell lines and xenografts examined due to tandem duplication of a
genomic segment between AR exons 2 and 4 [11,13]. Consistent with the fact that some AR
variants such as AR/1/2/ 2b cannot be targeted by siAR-4 (Fig. 6A), there were certain
species of AR variants retained in siAR4-transfected 22Rv1 cells (Fig. 6B). Importantly,
transfection of siAR-4 expressed cells with FOXO1 further decreased expression of PSA
and hK2 and increased expression of MASPIN (Fig. 6C, lanes 5 and 6). There was no effect
of FOXO1 transfection on expression of NKX3.1 under these conditions (Fig. 6C, lanes 5
and 6). These data suggest that FOXO1 has differential effect on AR variants-mediated
regulation of AR target gene expression in 22Rv1 cells. Together, our data show that
FOXO1 inhibits expression of endogenous AR target genes regulated by alternatively
spliced AR variants in 22Rv1 PCa cells.

DISCUSSION
Androgen blockade and antiandrogen therapies are currently the standard treatments for
advanced/ disseminated PCa. This therapy targets the ligand-binding domain in the COOH-
terminus of the AR. The fact that prostate cancers invariably progress to a castration-
resistant stage following androgen deprivation therapy implies that one of the possibilities
for the failure of the therapy may be due to ligand-independent activation of the AR NTD.
Therefore, the AR NTD represents one of the major potential targets for the treatment of
CRPC. Importantly, the majority of the proteins that bind to and modulate the AR function
interact with AR NTD [42]. Consistent with the finding that p160 coactivators are important
for the androgen-independent activation of the full-length AR [35], we demonstrated that
overexpression of SRC-1 augments ligand-independent activity of the truncated AR variant
AR-CE2/AR-V5 and the synthetic variant composed of AR exons 1/2/3 and the hinge region
(Fig. 5). These results suggest that like the full-length AR, the recruitment of AR
coactivators appears to be important for the activation of certain alternatively spliced,
truncated AR variants. It is worth noting that the transcriptional activities of different AR
splice variants are variable depending on cell line and target promoter context [12,13,43–
45]. Thus, transcriptional activation of different truncated AR variants may rely on different
mechanisms, including differential coactivator utilization. This aspect of the truncated AR
variants may depend on the identity and function of the different amino acid sequences at
the COOH terminus [12,13,15,43,44]. Therefore, it will be important in the future to
systematically dissect the role of various coactivators in transcriptional activation of
truncated AR variants.

Previously, we demonstrated that the forkhead transcription factor FOXO1 binds to and
inhibits androgen-independent activation of the AR [22]. This effect of FOXO1 is
independent of its transactivation function [22]. A recent study shows that the function of
the AR-V7 (termed as AR-CE3 in this study) is regulated by FOXO1 in a PTEN-PI3K-
AKT-dependent manner, although it remains unknown how FOXO1 affects AR-V7’s
transcriptional activity [46]. We demonstrated in the present study that the AR inhibitory
function of FOXO1 is mediated through its NH2-terminus. In this region, there is a putative
repression domain (RD) that has long been suspected to possess a function in transcription
repression [28,29]. We further found that there are three putative mSin3A interacting motifs
(SIDs) in the RD of FOXO1. However, mutagenesis studies demonstrated that deletion of
the SID motifs in the RD of FOXO1 had no effect on FOXO1-mediated inhibition of the AR
in PCa cells, suggesting that inhibition of the AR by FOXO1 is mediated through other

Bohrer et al. Page 7

Prostate. Author manuscript; available in PMC 2014 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mechanisms. We provide evidence that FOXO1 directly binds to the TAU5 motif in the AR
NTD. Consistent with the previous observation that the recruitment of the p160 coactivator
SRC-1 to the AR NTD is mediated through the TAU5 motif [35], we also found that SRC-1-
augmented activation of truncated AR variants was abolished by expression of FOXO1.
Moreover, we further showed that the physical interaction between SRC-1 and AR NTD
was diminished by FOXO1. Based upon these observations, we envision a working model in
which FOXO1 directly binds to the TAU5 motif in the AR NTD and thereby inhibits the
ligand-independent, coactivator-enhanced transcriptional activity of AR variants. Thus, our
data reveal a novel AR inhibitory mechanism of FOXO1.

We and others demonstrated previously that inhibition of the AR by FOXO1 requires the
nuclear localization of FOXO1 [21,22]. It is well established that loss of the PTEN tumor
suppressor leads to constitutive activation of Akt, which results in phosphorylation and
nuclear exclusion of FOXO1 [47]. Intriguingly, Akt has been shown to be a preferential
transcription target of one of the gain-of-function truncated AR variants, but not the wild-
type AR in PCa cells [13]. Moreover, expression of the majority of AR splice variants
identified is much higher in PTEN-positive PCa cell lines including CWR-R1, 22Rv1,
VCaP, and Myc-CaP than in PTEN-null cells such as LNCaP xenografts [11,13,15]. Thus,
further studies are warranted to explore if loss of PTEN and expression of AR splice variants
are mutually exclusive events in human PCa specimens.

In summary, we demonstrated that the AR inhibitory effect of FOXO1 is mediated by NH2-
terminal domain. While this effect of FOXO1 is independent of the putative mSin3A
interaction domains identified in the NH2-terminal transcription repression domain of
FOXO1, we provide evidence that FOXO1 binds directly to the TAU5 motif in the AR NTD
that is known to be required for the recruitment of AR coactivators and ligand-independent
activation of the AR. Consistent with this observation, we further showed that FOXO1 not
only inhibits the constitutive activation of the alternatively spliced AR variants that lack the
ligand-binding domain, but also abolishes the transcriptional activity of the AR variants
enhanced by the AR coactivator SRC-1 by blocking the binding of SRC-1 to AR. Together,
our present study demonstrates a novel role of FOXO1 in inhibition of the constitutive
function of the alternatively spliced AR variants. Given the emerging role of the AR variants
in castration-resistant progression of PCa, FOXO1 inhibition of AR variants may be targeted
for the development of new therapeutics against castration-resistant PCa.
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Fig. 1.
FOXO1 inhibition of AR transactivation independent of the putative repression domain in
the NH2-terminus. A: Left, schematic diagram showing a series of COOH-terminal
truncated FLAG-tagged FOXO1 mammalian expression constructs. FKH, forkhead (DNA
binding) domain; NLS, nuclear localization signal; NES, nuclear exportation signal; LxxLL,
nuclear receptor interaction motif; TAD, transcription activation domain. Right, inhibition of
AR transcriptional activity by the NH2-terminus of FOXO1. LNCaP cells were transfected
with the PSA-Luc reporter construct in combination with the empty control vector or
different FOXO1 mutants. At 24 hr after transfection, cells were treated with 1 nM of R1881
(a synthetic androgen) for 12 hr and harvested for luciferase activity measurement as
described in the Materials and Methods Section. Columns, mean among three individual
experiments; bars, SD. Expression of FLAG-tagged FOXO1 and AR proteins were analyzed
by western blot using the indicated antibodies (inset).B: Left, schematic diagram showing
mutants of FOXO1 NH2-terminus (amino acids 1–267) with deletion of different mSin3a
interaction domains (SIDs) identified in many transcription repressors. Right, inhibition of
AR transcriptional activity by FOXO1NH2-terminus (1–267) is independent of the SID
domains. LNCaP cells were transfected with the AR reporter gene 3xARE-Luc and FOXO1
mutants as indicated. Cells were treated and luciferase activities in cells were measured as
in(A).
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Fig. 2.
FOXO1 directly interacts with the AR through a small region in the forkhead domain. A: In
vitro protein binding assays with GST– FOXO1 recombination proteins and 35S-labeled in
vitro transcribed and translated AR. Left, schematic diagram of GST–FOXO1
recombination proteins. Right, purified GST and GST–FOXO1 fusion proteins (lower panel)
were incubated with 35S-labeled in vitro transcribed and translated AR proteins(middle
panel)and pull-down assays were performed. Pull-down proteins were subjected to SDS–
PAGE analysis and auto radiography (upper panel).B: GST pull-down assays with whole
cell lysates of LNCaP cells and GST–FOXO1 recombination proteins. Left, GST–FOXO1
recombination protein diagram. Right, purified GST and GST–FOXO1 fusion proteins
(lower panel) were incubated with whole cell lysate of LNCaP and pull-down assays were
performed. The pull-down proteins were analyzed by western blot using anti-AR antibody
(upper panel). The asterisk indicates a non specific band recognized by the anti-AR
antibody.
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Fig. 3.
FOXO1 directly binds to AR at the TAU5 domain. A: Schematic diagram of AR NTD
deletion mutants of AR fused to GST. NTD, NH2-terminal domain. TAU 5, transactivation
unit 5.B: Purified GST and GST-AR fusion proteins (lower panel) were incubated with in
vitro transcribed/translated 35S-labeled FOXO1. Bound FOXO1 proteins were subjected to
SDS–PAGE analysis and autoradiography (upper panel).
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Fig. 4.
FOXO1 inhibits transcriptional activity of AR variants. PC-3 (A,C) or DU145 (B) cells were
transfected with the PSA-Luc reporter and the plasmid for V5-tagged wild-type FOXO1
(FOXO1-WT) or FLAG-tagged constitutively active FOXO1 (FOXO1-A3). At 48 hr after
transfection, luciferase activities were measured and normalized to renilla levels. Columns,
mean among three individual experiments; bars, SD. Expression of AR variants and FOXO1
in transfected PC-3 cells were analyzed by western blot (C). Immunoblotting of extracellular
signal-regulated kinase 2 (ERK2) was included as a loading control.
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Fig. 5.
FOXO1 blocks the transcriptional activity of AR variants augmented by the transcription
coactivator SRC-1. A: PC-3 cells were transfected with the PSA-luc reporter and the
indicated plasmids. At 48 hr after transfection, luciferase activities were measured and
normalized to renilla levels. Columns, mean among two individual experiments; bars, SD.
B: Analysis of binding of AR-NTD with in vitro transcribed/translated FOXO1 and SRC-1
proteins. Purified GST-AR NTD fusion proteins were incubated with in vitro transcribed/
translated 35S-labeled FOXO1 and/or SRC-1 (lower panel). Bound FOXO1 and SRC-1
proteins were subjected to SDS–PAGE analysis and autoradiography (upper panel). C: PC-3
cells were transfected and luciferase activities were measured as in (A).Columns, mean
among three individual experiments; bars, SD.
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Fig. 6.
FOXO1 regulates expression of endogenous AR target genes in 22Rv1 CRPC cells. A:
Schematic diagram of AR mRNA and protein, AR siRNA targeting sites and major AR
splice variants identified in 22 Rv1 cells. B,C: 22Rv1 cells were transfected with non-
specific (NS) or AR siRNAs and empty vector or FLAG-tagged FOXO1. At 48 hr after
transfection, cells were harvested for Western blot analysis (B) or real-time RT-PCR (C).
Immunoblotting of extracellular signal-regulated kinase 2 (ERK2) was included as a loading
control. Columns, mean among three individual experiments; bars, SD.

Bohrer et al. Page 17

Prostate. Author manuscript; available in PMC 2014 February 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


