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Abstract

Androgen receptor (AR) signaling plays a pivotal role in growth and survival of prostate cancer
cells. c-Jun is an important member of the activator protein 1 (AP-1) family and was shown to
interact with AR. However, the role of c-Jun in AR signaling remains controversial, with being a
coactivator or a corepressor reported. Here, utilizing multiple approaches, we show that c-Jun
efficiently inhibits AR activity and the growth of prostate cancer cells. Overexpression of c-Jun
inhibits not only the activities of various androgen-responsive promoters but also the transcripts of
multiple AR target genes. Interestingly, long-term c-Jun overexpression also down-regulates AR
expression at both the protein and mRNA levels. Molecular analysis suggests that c-Jun inhibits
AR transactivation potential via an unknown target gene. The inhibition of AR by c-Jun occurs in
both hormone naive and castration-resistant prostate cancer cells. Our results unravel a novel
mechanism by which c-Jun antagonizes the AR signaling.
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1. Introduction

Prostate cancer represents the most common non-cutaneous human cancer and is the second
leading cause of cancer deaths among men in the US (Jemal et al., 2010). Like normal
prostate gland, the proliferation and survival of prostate cancer cells rely on androgens,
which signal through the androgen receptor (AR). Thus, androgen ablation therapy, also
known as hormone therapy, is the most effective way to control advanced prostate cancer
(Salesi et al., 2005). Despite the success of hormone therapy, most tumors eventually relapse
and develop into castration-resistant prostate cancer (CRPC) due to the aberrant restoration
of AR activity (Feldman and Feldman, 2001). Interestingly, numerous studies have showed
that AR signaling axis remains essential for the development and maintenance of CRPC
(Chen et al., 2004; Gao et al., 2006; Snoek et al., 2009; Yuan et al., 2006; Zegarra-Moro et
al., 2002).
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Similar to other steroid hormone receptors, AR is composed of an N-terminal domain
(NTD) which contains a major activation domain, AF-1, a DNA-binding domain (DBD), a
hinge region and a C-terminal ligand binding domain (LBD) containing a weak activation
domain, AF-2 (Dehm and Tindall, 2007). Unliganded AR is sequestered in the cytoplasm by
heat shock proteins (Marivoet et al., 1992). Upon binding to testosterone or
dihydrotestosterone (DHT), the two major physiology androgens, AR dissociates from heat
shock proteins and translocates to the nucleus where it functions as a transcription factor by
binding as a homodimer to the androgen-response element (ARE) in the promoter and/or
enhancer regions of target genes.

c-Jun is a basic region leucine zipper (bZIP) transcription factor and is an important member
of the activator protein 1 (AP-1) family (Vogt, 2001). The basic region of c-Jun is required
for DNA binding while the leucine zipper enables c-Jun to form a homodimer or a
heterodimer with other AP-1 members, such as Fos and activating transcription factor 2
(ATF2). Depending on the dimerization partner, c-Jun/AP-1 complex binds to TPA-
responsive elements (TRE) or cyclic AMP-responsive elements (CRE) in the promoter
region of target genes that are involved in several cellular responses including proliferation,
apoptosis and differentiation (Eferl and Wagner, 2003). Phosphorylation at residues Ser-63
and Ser-73 by c-Jun N-terminal kinases (JNKs) was shown to enhance the transactivation
activity of c-Jun (Karin, 1995; Smeal et al., 1991)

Many molecular and genetic studies have provided evidence that AP-1 activity may also be
implicated in the development and progression of prostate cancer. The expression of JunB
and Fos were found to be up-regulated in primary prostate tumors but down-regulated in
metastatic samples (Chandran et al., 2007). Conversely, Ouyang et a/. reported that while
both c-Jun and Fos are up-regulated in metastatic prostate cancer, only high c-Jun
expression is associated with poor prognosis (Ouyang et al., 2008). However, in the same
report, it was found that only few cases (3-4%) of prostate cancer showed high expression
of the AP-1 proteins. On the other hand, it has also been observed that some AP-1 proteins
are also down-regulated in a subset of prostate cancer patients. In fact, Edwards et a/. found
that while 16% of CRPC patients showed c-Jun up-regulation, 20% of CRPC patients
exhibited c-Jun down-regulation (Edwards et al., 2004). Moreover, Tamura et a/. showed
that transcripts of both c-Jun and Fos were down-regulated in CRPC (Tamura et al., 2007).
Although these studies examined the expression level of AP-1 proteins in prostate cancer
tissues, it remains unclear whether and how their transcriptional activity correlates to the
development and progression of prostate cancer.

In addition to functioning as an AP-1 transcription factor, AP-1 proteins also interact with
other family of transcription factors such as NF-kappaB (Fujioka et al., 2004; Shyu et al.,
2008), NFAT (Macian et al., 2000) and nuclear hormone receptors (Herrlich, 2001; Lamph,
1991). In fact, several studies have suggested that c-Jun may physically interact with AR
and modulate the AR activity. Sato et a/. reported that c-Jun can interact with the DNA-
binding domain of AR via its leucine zipper region to inhibit the DNA-binding as well as the
transcriptional activity of AR (Sato et al., 1997). Recently, Mulholland and the coworkers
proposed that the up-regulation of ¢-Jun in PTEN null murine prostate cancer cells
contributes to CRPC progression by suppressing AR function and thus reducing the
androgen-dependence (Mulholland et al., 2011). Conversely, it was also shown that c-Jun
functions as an AR coactivator by enhancing the intramolecular interaction between amino
and carboxyl termini of AR (Bubulya et al., 2001; Bubulya et al., 2000; Bubulya et al.,
1996; Chen et al., 2006; Shemshedini et al., 1991; Wise et al., 1998). Despite the
controversy of being an AR coactivator or corepressor, it remains unclear if transcriptional
activity of c-Jun is involved in these regulations. Because of the critical role of AR in
prostate cancer development and progression and because of the potential regulatory role of
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AP-1 in the AR signaling, we took a different approach to evaluate the impact of the
transcriptional activity of c-Jun on the AR signaling. We found that the DNA binding and
transcriptional activities of c-Jun, rather than its physical interaction with AR, are required
for the maximal inhibition of the AR signaling. Taken together, our results suggest that an
unknown target gene of c-Jun is required for the inhibition of the AR activity and future
identification of such a target gene will provide new insight into the regulatory role of AP-1
in the AR signaling and prostate cancer development and progression.

2. Material and Methods
2.1. Antibodies

Polyclonal anti-AR antibody (sc-816) and monoclonal anti-phospho-c-Jun antibody (sc-822)
were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Monoclonal anti-
PSA antibody (1984-1) was purchased from Epitomics (Burlingame, CA). Monoclonal Anti-
B-Tubulin (T0198) and anti-Flag M2 (F3165) antibodies were from sigma. Monoclonal
Anti-Human PARP antibody (4C10-5) was purchased from BD Biosciences (San Diego,
CA).

2.2. Cell Culture

LNCaP and COS-1 cells were purchased from American Type Culture Collection
(Manassas, VA). C4-2 cells were obtained from the University of Texas MD Anderson
Cancer Center (Houston, TX). LNCaP cells were cultured in RPMI11640 medium with 10%
fetal bovine serum (FBS) and C4-2 cells were maintained in T-medium with 10% FBS
(Gleave et al., 1991; Wu et al., 1994). COS-1 cells were cultured in DMEM medium
supplemented with 5% FBS. For androgen treatment, LNCaP or C4-2 cells were cultured in
phenol red-free RPMI1640 with 10% charcoal/dextran-stripped FBS (designated androgen-
depleted medium) for 24 hr before transient transfection or doxycycline (Dox) induction of
c-Jun expression for another 24 hr. Cells were then treated with 10 nM R1881 for 24 hr. To
determine the effect of c-Jun on the expression of endogenous AR-regulated genes, cells
were cultured in regular medium (RPMI 1640 with 10% FBS for LNCaP cells; T-medium
with 10% FBS for C4-2 cells) before induction of c-Jun expression for indicated periods of
time.

2.3. Plasmids

Human c-Jun was amplified from a cDNA library originated from HEK 293T cells and was
cloned in frame into the EcoRI/Kpnl site of pFlag-CMV2 (sigma). Plasmids encoding c-
Jun63A/73A, c-JunALZ (c-JunA280-317), c-Jun A—D?%5 In265 and TAM67 (c-
JunA3-122) were generated by PCR or ligation PCR (Ali and Steinkasserer, 1995). To clone
pLVX-Tight-Puro-Flag-c-Jun, the cDNA encoding Flag-c-Jun was amplified from pFlag-c-
Jun by primer sets: BamHI-Kozak-Flag F (5'-CGG GAT CCG CCG CCA CCA TGG ACT
ACA AAG ACG ATG ACG-3") and c-Jun-stop-ECORV R (5'-GGG ATA TCT TAA AAT
GTT TGC AAC TGC TGC G-3"). The amplified cDNA was then cloned into BamHI and
Klenow-blunted EcoRI sites of pLVX- Tight-Puro (Clontech). Similar strategy was used to
clone all other Flag-c-Jun mutants into pLVX-Tight-Puro. All constructs generated by the
PCR-based method were confirmed by DNA sequencing. For generation of c-Jun short
hairpin RNA (shRNA) plasmid, annealed oligonucleotides (The RNAi Consortium
TRCN0000010366) targeting TAGTACTCCTTAAGAACACAA in the 3" untranslated
region of c-Jun were cloned into pLKO-Tet-On (Wiederschain et al., 2009) to produce
pLKO-Tet-On-c-JunKD.
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2.4. Generation of Dox-inducible stable cell lines

LNCaP or C4-2 stable cell lines with inducible wild-type or mutant c-Jun were generated by
Lenti-X Tet-On Advanced Inducible Expression System (Clontech) according to the
manufacturer’s protocol with the following modifications. Cells were first infected with
viral particles constitutively expressing rtTA-advanced protein (a mutant Tetracycline-
repressor). To generate viral particles, HEK 293T cells cultured in 10-cm culture dish were
cotransfected with 2 pg of pLVX-Tet-On, 1.5 ug of pHR'-CMV-ARS8.20vpr, and 0.5 g of
pHR’-CMV-VSV-G using Fugene HD reagent (Roche Applied Science). The supernatant
containing viruses was harvested 2 days post-transfection and was then filtered through a
0.45 wm filter to remove cell debris. Infection was carried out by applying 4 ml of viral
supernatant to LNCaP or C4-2 cells cultured in 11 ml complete medium. Polybrene was
added at a final concentration of 8 pg/ml to facilitate infection. Two days after infection,
cells were selected with 500 pg/ml G418 for more than one week. The cells stably
expressing rtTA-advanced protein (LNCaP- or C4-2-rtTA cells) were then transduced with
lentiviral particles packaged with pLVX-Tight-Puro-Flag-c-Jun (wild type or mutants) using
similar procedures as described above. Following transduction for 2 days, cells were then
selected with 2 pg/ml puromycin for 2 additional days. To generate LNCaP cells with
inducible c-Jun knockdown, cells were infected with lentiviral particles packaged with
pLKO-Tet-On-c-JunKD followed by puromycin selection using similar methods described
above.

2.5. Luciferase Reporter Gene Assay

LNCaP or C4-2 cells were trypsinized and washed with phosphate-buffered saline (PBS)
once, followed by seeding in a 12 well plate at a density of 1 x 10° cells/well in androgen-
depleted medium. Twenty-four hours later, cells were transfected with 0.5 pg of an
androgen-responsive luciferase reporter construct, 100 ng of pRL-TK (Promega) along with
indicated amount of plasmids encoding wild type or mutant c-Jun using Fugene HD
transfection reagent (Promega). Empty vector (pFlag) was added to keep the same amount
of transfected DNA per well. At 24 h post-transfection, cells were treated with ethanol
(vehicle control) or 10 nM R1881 and then incubated for another 24 h. Firefly and Renilla
luciferase activities were measured by the Dual Luciferase Reporter Assay kit (Promega) as
previously described (Hsu and Hu, 2012). Relative luciferase activity (Firefly/ Renilla) was
shown as mean+S.E. from at least three independent experiments performed in duplicate. To
analyze the expression level of the exogenous c-Jun proteins (Fig. 1E and 3E), 60 g of cell
lysate were precipitated by incubating with 4 volume of acetone at —20°C overnight. The
protein was then pelleted by centrifugation at 14,000 rpm for 20 min at 4°C. The pelleted
protein was air dried, followed by resuspension in 2X SDS sample buffer and Western blot
analysis using anti-Flag-antibody.

2.6. Quantitative real-time PCR (QRT-PCR)

RNA was isolated from LNCaP cell lines using TRIzol (Life Technologies). One microgram
of the total RNA was reverse transcribed using random primers (100 ng) and MMLV
reverse transcriptase (Promega). qRT-PCR was conducted using Brilliant SYBER Green
QPCR Master Mix (Stratagene) in a Mx3000P qPCR system (Stratagene). Expression levels
of AR-regulated genes were normalized to GAPDH and were calculated using the 27AACT
method (Livak and Schmittgen, 2001). Results are presented as mean+S.E. from at least
three independent experiments performed in duplicate. The sequences of primers used are
listed below. PSA F: 5’-TTG TCT TCC TCA CCC TGT CC-3’; PSA R: 5'-GAG AGG
CCA CAA GCA CCT G-3"; KLK2 F:5'-TGG CTG TGT ACA GTC ATG GA-3"; KLK2
R:5’-CCT GTG TCT TCA GGC TCA AA-3"; TMPRSS2 F: 5"-AGG TGC ATC CGG
CTC AGT A-3’; TMPRSS2 R: 5'-GGG TCA AGG TGA TGC ACA GT-3"; PCDH11 F:
5-GCG TTT CTG ACT GTG GCT ATC-3"; PCDH11 R: 5'-GGA AGG GGA ATG GAA
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TTT TG-3"; UGT2B15 F: 5'-TCA AAT GAT TTT CAT GGA GAG G-3; UGT2B15R:
5-GCT TTC CCC ATT GTC TCA AA-3’; GAPDH F: 5-CTG AC TCA CAC GCG ACA
CC-3"; GAPDH R: 5'-CCC TGT TGC TGC AGC CAA AT-3"; AR F: 5'-GTG GAA GCT
GCA AGG TCT TC-3’; ARR 5"-CGA AGA CGA CAA GAT GGA CA-3’. AR nascent
RNA was measured by the following forward and reverse primers that recognize exon 1 and
intron 1 of AR gene, respectively. AR nascent F: 5'-GGT GAG CAG AGT GCC CTA
TC-3’; AR nascent R:5'-GCG ACA TTT CTG GAA GGA AA-3".

2.7. Cell counting analysis

LNCaP or C4-2 stable cell lines were seeded in regular medium at a density of 5 x 10° cells/
10 cm dish. On the next day, designated day 0, cells from one dish were trypsinized for
determining starting cell number by trypan blue exclusion assay (Strober, 2001). At the
same time, cells in other dishes were treated with or without 100 ng/ml Dox. Cell number
was counted on day 1, 3 and 5 followed by Dox treatment. Medium with indicated amounts
of Dox was refreshed on Day 1 and 3. Results are presented as mean£S.E. from at least three
independent experiments.

2.8. Cell cycle analysis

LNCaP- or C4-2-rtTA-c-Jun cells were treated with or without Dox for 3 days using same
protocol as described in cell counting analysis. Cells were then trypsinized and fixed with
ice-cold 70% ethanol. Followed by 30 min incubation at 4°C, fixed cells were resuspended
in PBS solution containing 100 pg/ml RNase A and 20 pg/ml propidium iodide. After 1 hr
incubation at room temperature, DNA contents of cells were measured by a CytomicsTM
FC 500 (Beckman Coulter). Cell cycle was then analyzed using the Dean-Jett-Fox algorithm
of FlowJo software.

2.9. BrdU incorporation assay

The bromodeoxyuridine (BrdU) incorporation assay was performed using BrdU and its
antibody from BrdU Cell Proliferation Assay Kit (Calbiochem Cat#QIA58). LNCaP- or
C4-2-rtTA- c-Jun cells (8.3 x 10% cells/well) were seeded onto coverslips in six-well plates
overnight. Followed by treatment with or without Dox for 3 days, cells were labeled with
BrdU for 4 hr and then fixed by 70% ice-cold ethanol for 5 min. Cells were then incubated
with 1.5N HCI for 30 min at RT. After washing with PBS, cells were blocked by 5% non-fat
milk and stained by anti-BrdU antibody. Cells were then incubated with anti-mouse 1gG
Texas Red-conjugated secondary antibody and 2.5 wg/ml of 4”,6-diamidino-2-phenylindole
(DAPI) for 1 hr. The BrdU incorporated cells were examined by a Nikon TE2000-U
inverted fluorescence microscope. All images were taken at 200x magnification and
percentage of BrdU positive cells were shown as mean+S.E. quantified from at least 9
randomly selected fields.

2.10. Statistical Analysis

3. Results

The data were expressed as meanzS.E. Statistical analysis was performed by the unpaired
two-tailed student’s ftest analyzed by GraphPad Prism 5 (La Jolla, CA).

3.1. c-Jun inhibits activities of multiple AR-responsive promoters

We examined the role of c-Jun overexpression in the activation of several AR-regulated
promoters in LNCaP prostate cancer cells that express endogenous AR. As shown in Figure
1A to 1C, overexpressed c-Jun not only inhibited R1881-induced PSA promoter activity but
also suppressed the activities of the mouse mammary tumor virus promoter (MMTV-Luc)
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and the probasin promoters (ARR3tk-luc) in a dose-dependent manner. To rule out the
possibility that c-Jun inhibited the androgen-induced reporter gene activities by binding to
AP-1 sites in the promoter regions, we examined the effect of c-Jun on luciferase reporter
driven by tandem repeats of ARE. As shown in Figure 1D, c-Jun also suppressed the R1881-
induced ARE-Luc reporter (Fig. 1D), suggesting that c-Jun inhibits the AR responsive
reporter without binding to the promoter regions. Overexpression of ¢c-Jun did not suppress
R1881-induced AR protein expression (Fig. 1E), suggesting that c-Jun could inhibit AR
activity without affecting its protein level. Taken together, these results suggest that c-Jun
exerts a global inhibitory effect on the AR activity in LNCaP cells.

Because the AR in LNCaP cells harbors a T877A mutation in LBD (Sobel and Sadar, 2005),
we next sought to determine if c-Jun also inhibits function of wild-type AR. To this end, we
performed similar PSA reporter assay in AR-negative COS-1 cells. Effects of c-Jun
overexpression on PSA promoter activity were evaluated in COS-1 cells with or without co-
transfection of plasmids encoding wild-type AR. As shown in Figure 1F, reconstitution of
AR expression is prerequisite for the induction of APSA promoter activity by R1881 in
COS-1 cells. Hence, the system allows us to specifically examine the function of AR.
Consistent with the results from LNCaP cells, overexpressed c-Jun also inhibited the R1881-
activated PSA reporter gene in COS-1 cells (Fig. 1F), suggesting that AR inhibitory function
of c-Jun is not cell type-specific or restrict to the T877A AR mutant.

3.2. Overexpression of c-Jun suppresses multiple AR-regulated gene expression at
endogenous level

To confirm these observations in a more physiological relevant context, we examined the
effect of c-Jun on androgen-induced PSA protein expression. Consistent with the
observation in the promoter activity assay, transient expression of c-Jun suppressed R1881-
induced PSA protein expression (Fig. 2A). To gain more insight into the effects of c-Jun on
AR function, we utilized lentivirus to generate an inducible system in which c-Jun
expression is controlled in a doxycycline (Dox)-dependent manner in LNCaP cells. Cells
with inducible c-JunALZ were generated as a negative control based on a previous report
that LZ region is responsible for its interaction with AR (Sato et al., 1997). The purpose of
using Dox-inducible system was to prevent artifacts during clonal selection of c-Jun
overexpressing cells. Treatment of cells with Dox (100 ng/ml) for 2 days induced the
expression of exogenous Flag-c-Jun in ~70% of cells (data now shown). We first examined
the time course of ¢c-Jun induction on endogenous PSA protein levels. As shown in Figure
2B, the endogenous PSA protein expression was reduced within 6 hr upon c-Jun induction.
The down-regulation of PSA sustained at least to 24 hr, at which time point no obvious
change in AR expression was observed. Induction of ¢c-Jun, but not c-JunALZ, down-
regulated both steady state and androgen-induced PSA protein expression (Fig. 2C and D).
Furthermore, induction of c-Jun, but not c-JunALZ, also significantly down-regulated steady
state MRNA levels of and two other androgen-regulated genes, KL K2 and transmembrane
protease, serine 2 (7TMPRSS2) (Fig. 2. E-G), suggesting that c-Jun globally inhibits AR
transactivation function. Because AR was also shown to function as a transcription
repressor, we then examined the effects of c-Jun on two AR-repressed genes, PCDH11
(YYang et al., 2005) and UGTZB15 (Bao et al., 2008). Although c-Jun overexpression caused
a ~2-fold increase of PCDH11 transcripts (Fig. 2H), it did not affect the expression of
UGT2B15 (Fig. 21), suggesting that c-Jun alleviates AR transrepression function in a gene
context-dependent manner. Taken together, our results strongly suggest that c-Jun is a potent
inhibitor for the AR transactivation function. To determine if endogenous c-Jun suppresses
AR activity, we generated an LNCaP stable cell line in which c-Jun expression can be
inducibly knocked down by Dox. Interestingly, no significant change in PSA protein level
was observed in c-Jun knockdown cells (Fig. 2J), suggesting that basal level of c-Jun in
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LNCaP cells is not sufficient to inhibit AR function. In fact, the steady state c-Jun level in
LNCaP cells is relatively low compared with PC3 or DU145 cells, two other human prostate
cancer cell lines with little AR expression (Ouyang et al., 2008; Sun et al., 1999).

3.3. The AR inhibitory function correlates to the transactivational activity of c-Jun

It was reported that c-Jun may inhibit the AR activity by its physical interaction with AR via
its leucine zipper region (Sato et al., 1997). This conclusion was largely based on the
observation that deletion of the zipper region abrogated the AR inhibitory function. Since
transcriptional function of AP-1 proteins is dependent on dimerization, c-Jun mutant without
LZ region is also transcriptionally inactive. To further determine whether the inhibition of
the AR activity by c-Jun is mediated by its AP-1 activity or by its physical interaction with
AR, we tested the AR-inhibitory function of several c-Jun mutants with impaired
transactivation function. The mutants used include: c-Jun63A/73A, in which both serines 63
and 73 were replaced with non-phosphorylatable alanines; c-JunALZ, in which LZ region
was deleted; c-Jun A—D?265 In265 whose DNA binding activity is abrogated by
introduction of aspartic acids in the DBD (Brown et al., 1996); c-JunA3-122 (TAMG67), in
which the N-terminal transactivation domain was deleted (Fig. 3A) (Brown et al., 1996). It
is important to note that TAM67 and the DNA binding-deficient mutant retain the ability to
dimerize. The transcriptional activity of these mutants was first evaluated using two
different c-Jun responsive promoters: luciferase reporters driven by a junZresponse element
or by three tandem repeats of TRE. We confirmed that c-JunALZ, c-Jun A—D?25° In265 and
TAMG7 are transcriptionally inactive (Fig. 3B and C). Surprisingly, the 63A/73A mutation
only partially reduced (~30% reduction) the transactivation potential of c-Jun on 3XTRE
promoter activity. Importantly, consistent with our previous observation (Liu et al., 2006a),
the non-phosphorylatable mutant activated the jun2-promoter activity as well as wild-type c-
Jun. These results suggest that the effect of the double alanine mutation on c-Jun
transcriptional activity is promoter context-dependent and that this mutation does not always
affect the transactivation potential of c-Jun. We then examined the effect of these mutants on
R1881-induced PSA promoter activity. A Venus fluorescent protein was used as a negative
control for the effect of protein overexpression on PSA promoter activity. Overexpression of
Venus slightly reduced androgen-induced PSA promoter activity, which may result from
nonspecific competition for transcription and translation machinery (Fig 3D). The c-Jun63A/
73A mutant inhibited AR activity as well as wild-type one (Fig. 3D and S1), suggesting that
the phosphorylation event at these two serine residues is dispensable for the AR inhibitory
function. Consistent with the finding of Sato et a/.(Sato et al., 1997), deletion of the LZ
region significantly alleviated the c-Jun inhibitory activity. Remarkably, the AR inhibitory
function of c-Jun was completely lost in DNA binding-deficient mutant (c-Jun A—D?265
In265) and was significantly attenuated in the transactivation domain-deleted mutant
(TAMG67). Immunoblotting analysis verified that the lack of the AR inhibitory role was not
due to lower expression of these mutants. In fact, the expression level of these
transcriptionally inactive Jun proteins was even slightly higher than wild-type c-Jun (Fig
3E). To further confirm the effects of these mutants on AR function in a more
physiologically relevant context, we examined PSA protein levels in LNCaP stable
transfectants expressing various inducible c-Jun mutants. As shown in Figure 3F,
endogenous PSA protein of LNCaP cells was significantly down-regulated by induction of
c-Jun or c-Jun63A/73A, but not c-JunALZ, c-Jun A—D?55 In265 or TAM67. Taken
together, these results suggest that transcriptional activity of c-Jun is critical for its AR
inhibitory role.

3.4. Long-term c-Jun overexpression leads to down-regulation of AR protein

We next determined the long-term effect of c-Jun expression on AR signaling. Interestingly,
AR protein was significantly decreased 3 days after c-Jun induction (Fig. 4A). To determine
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the mechanism underlying the down-regulation of AR protein, we evaluated if c-Jun
regulates AR expression at the levels of transcription or protein stability in LNCaP cells. We
found that AR mRNA level was significantly down-regulated (~37% reduction) at 24 hr
post-c-Jun induction (Fig. 4B). A significant down-regulation of nascent AR RNA transcript
was also observed in c-Jun-overexpressing cells (Fig. 4C), suggesting that c-Jun reduces AR
mRNA level by suppressing AR transcription. We then determine AR protein stability by
treating cells with cycloheximide, a protein synthesis inhibitor. The cycloheximide treatment
(for up to 9 hr) did not significantly alter endogenous AR protein level in cells with ¢c-Jun
induction (Fig. 4D), suggesting that AR protein remained stable under the condition of c-Jun
overexpression. Taken together, our results suggest that long-term c-Jun induction
diminishes AR protein level by inhibiting AR transcription.

3.5. Overexpression of c-Jun inhibits proliferation of LNCaP cells

It is well known that AR signaling axis is required for growth of androgen-dependent
prostate cancer cells. Our result that c-Jun inhibits AR function prompted us to test if
induction of c-Jun affects proliferation of LNCaP cells. LNCaP-rtTA-c-Jun, c-JunALZ or c-
Jun A—D265 In265 cells were treated with or without Dox (100 ng/ml) and cell numbers
were counted on day 0, 1, 3 and 5. As shown in Figure 5A, treatment of LNCaP-rtTA-c-Jun
with 100 ng/ml Dox for 5 days significantly reduced the cell number from 43.9+8.2 to
15.7+2 x 10°. In contrast, neither c-JunALZ nor c-Jun A—D?2%° In265 induction
significantly reduced cell number. Flow cytometry analysis showed that c-Jun induction for
3 days suppressed cell cycle progression, as evidenced by increased G1 population and
reduced S and G2/M populations (Fig. 5B). Moreover, c-Jun induction also suppressed the
Brdu incorporation rate (Fig 5C), confirming the suppressive role of c-Jun in LNCaP cell
proliferation. On the other hand, we did not observe poly (ADP-ribose) polymerase (PARP)
cleavage, an apoptosis marker, in LNCaP cells that overexpressed c-Jun (Fig. S2),
suggesting that the reduced cell number of cells is primarily due to the inhibition of cell
proliferation rather than the induction of apoptosis. Taken together, c-Jun not only inhibits
AR activity but also cell proliferation of androgen-dependent prostate cancer cells.

3.6. c-Jun inhibits AR function in castration-resistant prostate cancer cells

Several previous studies showed that a subset of castration-resistant prostate cancer patients
also showed c-Jun down-regulation (Edwards et al., 2004; Tamura et al., 2007), though its
clinical significance remains unclear. To determine whether c-Jun overexpression may have
a differential effect on hormone naive prostate cancer cells and CRPC cells, we next
examined the role of c-Jun in CRPC cells. For the purpose of comparison, we chose the
C4-2 cell line, which is widely used as a CRPC line and is derived from LNCaP cells (Wu et
al., 1994). We found transfection of c-Jun dose-dependently inhibited R1881-indeuced PSA
promoter activity in C4-2 cells as well (Fig 6A). We similarly generated C4-2 stable cell
lines with inducible expression of c-Jun proteins and found that like in LNCaP cells, c-Jun,
but not c-JunALZ or c-Jun A—D?25 In265, suppressed endogenous PSA expression (Fig.
6B). Interestingly, overexpression of c-Jun, but not c-JunALZ or c-Jun A—D?2%5 In265, for
5 days also reduced cell number of C4-2 cells (Fig. 6C). Overexpression of ¢c-Jun inhibited
cell cycle progression (Fig. 6D) and Brdu incorporation (Fig. 6E) in C4-2 cells, albeit to a
lesser extent compared to LNCaP cells. The decreased anti-proliferative effect in C4-2 cells
as opposed to LNCaP cells was likely due to lower induction of Flag-c-Jun expression in
C4-2 cells (data not shown). Our observations are consistent with previous reports that AR
signaling remains important for proliferation of CRPC cells (Chen et al., 2004; Snoek et al.,
2009; Yuan et al., 2006; Zegarra-Moro et al., 2002). Taken together, these results suggest
that c-Jun is capable of suppressing AR function, through a mechanism that depends on the
transcriptional activity of c-Jun, in prostate cancer cells that acquired castration resistance.
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4. Discussion

The interplay between AP-1 and steroid hormone receptors has been extensively studied
(Herrlich, 2001; Karin and Chang, 2001; Kushner et al., 2000; Pfahl, 1993). With regard to
the impact of c-Jun on AR signaling, both stimulatory (Bubulya et al., 2001; 2000; 1996;
Chen et al., 2006; Shemshedini et al., 1991; Wise et al., 1998) and inhibitory (Chung et al.,
2001; Lobaccaro et al., 1999; Murtha et al., 1997; Sato et al., 1997; Yuan et al., 2010)
effects were reported and these observations suggested that c-Jun may act as a coactivator or
corepressor of AR by physically interacting with AR. In the present study, we provide
evidence here supporting that c-Jun is a potent inhibitor for AR function and the
transcriptional activity of c-Jun, rather than the AR/c-Jun interaction, plays a major role for
this inhibition. First, c-Jun dose-dependently inhibited activity of four AR responsive
luciferase reporters. Second, c-Jun overexpression suppressed steady state and androgen-
induced PSA protein expression in LNCaP cells. Third, c-Jun down-regulated mRNA levels
of multiple AR target genes, including PSA, KLKZand TMPRSSZ. Forth, the inhibitory
effect of c-Jun on PSA promoter activity and protein expression was significantly alleviated
in transactivation-deficient mutants, including the transactivation domain-deleted (TAMG67),
dimerization- (c-JunALZ) and DNA binding-deficient (c-Jun A—D?26% In265) mutants.

The impact of c-Jun on AR activity has been a controversial issue. Although c-Jun was
reported to potentiate AR activity (Bubulya et al., 2001; 2000; 1996; Chen et al., 2006;
Shemshedini et al., 1991; Wise et al., 1998), the opposite effects were observed by others
(Chung et al., 2001; Lobaccaro et al., 1999; Murtha et al., 1997; Sato et al., 1997; Yuan et
al., 2010). Interestingly, the use of AR ligands is the major discrepancy, with DHT and
R1881 been utilized by groups reported that c-Jun positively and negatively regulates AR
activity, respectively. Because DHT, but not R1881, is known to be rapidly converted to
other inactive metabolites in many cell lines (Bjelfman et al., 1997; Martini, 1982; Negri-
Cesi and Motta, 1994), DHT does not stimulate AR activity as effectively as R1881. Indeed,
DHT only weakly stimulated MMTV promoter activity in reports showing that c-Jun
enhanced AR activity (Bubulya et al., 1996; Shemshedini et al., 1991; Wise et al., 1998).
Interestingly, we found that c-Jun stimulated MMTYV promoter activity in the absence of
androgen (Fig. 1B), presumably due to the binding to the putative AP-1 sites reported
(Vacca et al., 1989). Thus, a more careful examination is needed when using MMTV
promoter to determine the impact of c-Jun on AR function. On the other hand, it was
reported that LNCaP cells stably overexpressing c-Jun exhibited higher AR activity (Chen et
al., 2006). Our results that c-Jun induction suppressed growth of LNCaP cells raised the
concern that generation of stable cell line with constitutive c-Jun overexprsssion could likely
confer a selection pressure which favors the growth of clones that are less dependent on AR
signaling for proliferation. Hence, we believe our strategy of utilizing the inducible
expression system allowed us to investigate the impact of ¢-Jun on AR function more
accurately.

It was also proposed that AP-1 inhibits AR activity by competing with limited amount of
CREB binding protein (CBP), which serves as a coactivator for both AR and c-Jun
(Fronsdal et al., 1998). The amino-terminal region, especially the Ser-63/73, of c-Jun is
required for the interaction with CBP (Bannister et al., 1995). Because AR activity was
efficiently inhibited by c- Jun63A/73A but not by the bZIP mutants whose N-terminal
domains remain intact, the repression is less likely due to the competition with limited
amount of CBP. Instead, our finding that AR inhibition was significantly attenuated in c-Jun
mutants that lose the transcriptional activity suggests that c-Jun may indirectly inhibit AR
function via activating a downstream target gene. Since cyclin D1 was shown to be a ¢c-Jun
target gene (Albanese et al., 1995; Bakiri et al., 2000; Herber et al., 1994) and an AR
corepressor (Comstock et al., 2011; Petre et al., 2002; Petre-Draviam et al., 2003), we

Mol Cell Endocrinol. Author manuscript; available in PMC 2014 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsu and Hu

Page 10

considered the possibility that cyclin D1 may mediate the inhibitory effect. However, we did
not observe a significant increase in cyclin D1 expression at both mRNA and protein levels
in LNCaP cells with c-Jun induction (data not shown). Thus, c-Jun may inhibit AR through
transactivating downstream target genes other than cyclin D1. A microarray analysis of
differentially expressed genes in LNCaP cells with or without c-Jun induction may help
identify the critical target genes that are responsible for the AR inhibition.

One interesting finding is that c-Jun also down-regulated the expression of AR at the protein
level after three days induction (Fig. 4A), whereas induction of c-Jun for one day only affect
the expression of AR at the transcript level (Fig. 2B and 4B). Because of high stability of
AR protein in LNCaP cells cultured in regular medium (Fig. 4D), it may take longer time
(more than 24 hr) to see any significant change in protein level. Because PSA expression is
reduced as early as 6 hr followed by c-Jun induction when AR protein remains unchanged
(Fig. 2B), the down-regulation of AR protein is not essential for the inhibition of AR
function. Nevertheless, sustained elevation of c-Jun expression could further suppress AR
signaling by inhibiting AR expression. Thus, the elevated c-Jun level may inhibit AR
signaling axis via a dual mechanisms; with a suppression of AR activity first and a down-
regulation of AR protein level later. In addition to functioning as a transcriptional activator,
c-Jun was also reported to suppress gene expression by binding to the promoter region
(lvanov et al., 2001; Schreiber et al., 1999). Further experiments are needed to clarify if c-
Jun inhibits AR transcription directly via binding to the AP-1 sites identified in human AR
promoter (Mizokami et al., 1994). Alternatively, c-Jun per se does not inhibit AR
transcription. Instead, c-Jun target genes may inhibit AR transcription.

In conclusion, our results suggest that the transcriptional activity of c-Jun is required for its
efficient inhibition of AR function. Given that both the AR activity and the proliferation of
hormone naive prostate cancer cells and CRPC cells are suppressed by c-Jun
overexpression, identification of the critical c-Jun downstream target genes will provide a
novel therapeutic strategy aimed at treating a subset of prostate cancer in which c-Jun down-
regulation may underly the progression of the disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. c-Jun suppresses activities of multiple AR-responsive promoters

(A) to (D) Effects of c-Jun overexpression on the activities of various androgen-responsive
promoters in LNCaP cells. LNCaP cells were transfected with 0.5 g of luciferase reporter
driven by PSA promoter (A), MMTYV promoter (B), probasin promoter (C), or synthetic
ARE (D), 100 ng of pRL-TK and increasing concentrations (0, 10, 100, and 1000 ng) of
pFlag-c-Jun expression vector. After 24 hr, cells were treated with ethanol (EtOH) or 10 nM
R1881 for another 24 hr. (E) Western blot analyzing the AR and Flag-c-Jun expression in
luciferase lysates from (A). (F) Effect of c-Jun overexpression on AR-transactivated PSA
promoter in COS-1 cells. COS-1 cells were co-transfected with 1 g of empty vector or
pHA-AR, 0.5 pg PSA promoter, 100 ng of pRL-TK and increasing concentrations (0, 10,
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100, and 1000 ng) of pFlag-c-Jun expression vector. After 24 hr, cells were treated with

ethanol (vehicle control) or 10 nM R1881 for another 24 hr. Error bars, S.E. (n=3 for each
experiment).
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Figure 2. c-Jun suppresses multiple AR target genes at endogenous level

(A) Effect of c-Jun overexpression on endogenous PSA level in LNCaP cells. LNCaP cells
cultured in androgen-depleted medium for 24 hr, followed by transient transfection with
empty vector (Vec) or plasmids encoding Flag-c-Jun (Jun). After 24 hr, cells were treated
with 10 nM R1881 or the ethanol control (EtOH) for another 24 hr before harvesting for
immunoblotting analysis of AR, PSA and Flag-c-Jun (Flag). (B) Time course of c-Jun
induction on endogenous PSA protein expression in LNCaP cells. LNCaP-rtTA-c-Jun cells
were treated with 100 ng/ml doxycycline (Dox) for indicated periods of time. AR, PSA and
Flag-c-Jun (Flag) were immunoblotted. (C) Effect of LZ deletion on c-Jun-inhibited PSA
expression in LNCaP cells. LNCaP-rtTA-c-Jun or c-JunALZ cells were treated with 100 ng/
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ml Dox for 24 hr. AR, PSA and Flag-c-Jun (Flag) were immunoblotted. (D) Wild-type but
not LZ-deleted c-Jun efficiently suppresses androgen-induced PSA expression in LNCaP
cells. LNCaP-rtTA-c-Jun or c-JunALZ cells were cultured in androgen-depleted medium for
24 hr, followed by induction of wild-type or mutant c-Jun with indicated concentrations of
Dox. Twenty-four hours post c-Jun induction, cells were treated with 10 nM R1881 for
another 24 hr. AR, PSA and Flag-c-Jun (Flag) were then immunablotted. (E) to (1) Effect of
c-Jun or c-JunALZ expression on steady state mMRNA levels of PSA, KLK2, TMPRSS?,
PCDH11and UGTZB15in LNCaP cells. LNCaP-rtTA-c-Jun or c-JunALZ cells were treated
with 100 ng/ml Dox for 24 hr. Transcripts of PSA (E, n=4), KLKZ2 (F, n=3), TMPRSS2 (G,
n=3), PCDH11 (H, n=3), and UGTZB15 (1, n=3) were determined by gqRT-PCR. The single
and the double asterisk indicate the P value between control (Con) and Dox groups is less
than 0.05 and 0.001, respectively (Student’s #test). (J) Effect of c-Jun knockdown on PSA
expression in LNCaP cells. LNCaP-c-JunKD cells were treated with Dox (100 ng/ml) for 4
days followed by immunoblotting analysis of AR, PSA and c-Jun expression.
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Figure 3. Thetranscriptionally inactive c-Jun mutantsfail to efficiently suppress AR activity

(A) Schematic view of various c-Jun mutants. NTD, N-terminal domain; LZ, leucine zipper,
(B) and (C) Transcriptional activity of c-Jun mutants determined by luciferase reporters
driven by the junZ2response element or three tandem repeats of TRE. LNCaP cells were
transfected with 0.5 pg of junZ-luc (B) or 3XTRE-luc (C), 100 ng of pRL-TK along with 1
g of pPCMV-Flag (vector) or indicated pFlag-c-Jun (wild type or mutants) for 24 hr before
assaying the luciferase activities. Error bars, S.E. (n=3). (D) Effects of c-Jun mutants on AR
activity in LNCaP cells were evaluated by PSA reporter utilizing the method as described in
legend of Figure 1. Error bars, S.E. (n=3~5). The asterisk and the double asterisk indicate
P<0.05 and P<0.005, respectively (Student’s #test). (E) Examination of the exogenous c-Jun
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expression in (D) by immunoblotting with a Flag antibody. (F) Effect of Flag-c-Jun mutants
on endogenous PSA expression. LNCaP-rtTA-c-Jun cells (wild-type or mutants) were
treated with 100 ng/ml Dox for 24 hr, followed by immunoblotting for AR, PSA and Flag-c-
Jun proteins expression. All Flag-c-Jun mutants (Flag) were detected with the anti-Flag
antibody.
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Figure 4. Long-term c-Jun induction down-regulates AR expression at transcription level

(A) LNCaP-rtTA-c-Jun or c-JunALZ cells were treated with 100 ng/ml doxycycline (Dox)
for 72 hr, followed by immunoblotting analysis of AR, PSA and Flag-c-Jun expression. (B)
and (C) LNCaP-rtTA-c-Jun or c-JunALZ cells were treated with Dox (100 ng/ml) for 24 hr.
Transcripts of AR mRNA (B, n=4) and nascent AR RNA (C, n=4) were determined by gRT-
PCR. The double asterisk indicates the P value between control (Con) and Dox groups is
less than 0.01 (Student’s #test). (D) LNCaP-rtTA-c-Jun cells were treated with Dox (100 ng/
ml) for 24 hr followed by cycloheximide (10 pg/ml) treatment for indicated periods of time.
AR and Flag-c-Jun were immunoblotted.
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Figure 5. Overexpression of c-Jun inhibits proliferation of LNCaP cells

(A) Effect of c-Jun overexpression on cell number of LNCaP cells. LNCaP-rtTA-c-Jun cells
(wild-type or mutants) were treated with or without 100 ng/ml of doxycycline (Dox) for 5
days. Cell numbers were counted on day 0, 1, 3, and 5. The asterisk indicates a significant
difference (P<0.05) when compared with the control group (Student’s #test). Error bars,
S.E. (n=3). (B) Effect of c-Jun overexpression on cell cycle progression of LNCaP cells.
LNCaP-rtTA-c-Jun cells were treated with or without Dox for 3 days, followed by flow
cytometry analysis of cell cycle progression. (C) Effect of c-Jun overexpression on DNA
synthesis of LNCaP cells. LNCaP-rtTA-c-Jun cells were treated with or without Dox for 3
days and followed by Brdu incorporation assay. Shown are representative merged images of
BrdU labeling (red) and DAPI staining (blue). Bar, 100 wm. The number indicates the
percentage of Brdu incorporated cells%S.E.
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Figure 6. c-Jun suppresses AR function in castration-resistant prostate cancer cells

(A) Effect of c-Jun overexpression on R1881-induced PSA promoter activity in C4-2 cells.
PSA reporter assay was performed in C4-2 cells using method as described in Figure 1A.
Error bars, S.E. (n=3). (B) Induction of c-Jun inhibits endogenous PSA expression in C4-2
cells. C4-2-rtTA-c-Jun cells (wild-type or mutants) were treated with 100 ng/ml of
doxycycline (Dox) for indicated periods of time. AR, PSA and Flag-c-Jun (Flag) proteins
were immunoblotted. (C) Overexpression of c-Jun reduces cell number of C4-2 cells.
Effects of c-Jun (wild-type or mutants) induction on cell number of C4-2 cells were
determined using the method as describe in Figure 5A. The asterisk indicates a significant
difference (P<0.05) when compared with the control group (student’s £test). Error bars, S.E.
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(n=4 for c-Jun or c-JunALZ; n=3 for c-Jun A—D?2%° In265). (D) Effect of c-Jun
overexpression on cell cycle progression of C4-2 cells. C4-2-rtTA-c-Jun cells were treated
with or without Dox for 3 days, followed by flow cytometry analysis of cell cycle
progression. (E) Effect of c-Jun overexpression on DNA synthesis of C4-2 cells. C4- 2-
rtTA-c-Jun cells were treated with or without Dox for 3 days and followed by Brdu
incorporation assay. Shown are representative merged images of BrdU labeling (red) DAPI
staining (blue). Bar, 100 wm. The number indicates the percentage of Brdu incorporated
cells£S.E.
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