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Abstract

BACKGROUND—The androgen receptor (AR) plays a critical role in prostate cancer
development and progression. Therefore, the inhibition of AR function is an established
therapeutic intervention. Since the expression of the AR is retained and often increased in
progressive disease, AR protein down-regulation is a promising therapeutic approach against
prostate cancer. We show here that the curcumin analog 27 (ca27) down-regulates AR expression
in several prostate cancer cell lines.

METHODS—ca27 at low micromolar concentrations was tested for its effect on AR expression,
AR activation, and induction of oxidative stress in human LNCaP, C4-2, and LAPC-4 prostate
cancer cells.

RESULTS—ca27 induced the down-regulation of AR protein expression in LNCaP, C4-2, and
LAPC-4 cells within 12 hr. Further, ca27 led to the rapid induction of reactive oxygen species
(ROS). To further support this finding, ca27 treatment led to the activation of the cellular redox
sensor NF-E2-related factor 2 (Nrf2) and the induction of the Nrf2-regulated genes NAD(P)H
quinone oxidoreductase 1 and aldoketoreductase 1C1. We show that ROS production preceded
AR protein loss and that ca27-mediated down-regulation of the AR was attenuated by the
antioxidant, N-acetyl cysteine.

CONCLUSIONS—ca27 induces ROS and mediates AR protein down-regulation through an
oxidative stress mechanism of action. Our results suggest that ca27 represents a novel agent for the
elucidation of mechanisms of AR down-regulation, which could lead to effective new anti-
androgenic strategies for the treatment of advanced prostate cancer.
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INTRODUCTION

The androgen receptor (AR) is a ligand activated steroid hormone receptor and a key
regulator of both normal prostate development and function [1]. The AR plays a critical role
in both prostate cancer development and progression [2]. Consequently, the current
therapeutic strategies for prostate cancer intervention, such as androgen ablation therapy [3]
target the inhibition of AR function. Such treatment, in its most aggressive form is based on
combinations of androgen synthesis suppression and AR inhibition [4]. Fortunately, the
majority of men undergoing androgen ablation therapy successfully respond to this therapy.
However, the median response to androgen ablation is typically <2 years, and patients recur
with progressive disease within 12-18 months, developing androgen ablation resistant
cancer [5]. This advanced stage is characterized by the continuous expression and function
of the AR in the presence of low concentrations of androgens [6,7]. Under these conditions,
the AR supports prostate cancer cell survival, as the down-regulation of AR protein in
androgen ablation resistant prostate cancer cells and animal models leads to cell growth
inhibition and death [8,9]. These findings emphasize the importance of the AR and its
signaling axis for all stages of prostate cancer, thus rendering it a prominent and promising
target [2,4,10,11]. Therefore, the identification of chemical agents that down-regulate AR
expression by known or novel mechanisms warrant further investigation for development as
a novel prostate cancer therapeutic approach.

We have previously reported the synthesis of an enone analog chemical library of the natural
diphenolic product curcumin (diferuloylmethane, or 1,7-bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadien-3,5-dione) [12-14]. In the present study, we report on a
compound from this library, curcumin analog 27 (ca27) [14]. ca27 belongs to a series of
symmetrical diphenolic analogs which in contrast to curcumin feature a shorter 5-carbon
unsaturated linker with a single carbonyl group (Fig. 1A) [14]. The two phenolic rings of
ca27 feature symmetrical ortho-hydroxyl groups. The carbon linker retains the character of
an a,p-unsaturated ketone, which has properties of a Michael acceptor for strong
nucleophilic groups [15]. Structure analysis relationship studies reported by several other
groups indicate that this property is responsible for conferring the anti-proliferative abilities
of curcumin analogs [15,16].

In the current study, we have demonstrated that ca27 mediates the down-regulation of AR
protein expression and activity. We further provide a potential mechanism of action for ca27
on the AR by studying its effect on the redox status in prostate cancer cells. We show that
ca27 induced the generation of intracellular reactive oxygen species (ROS) by the 2,7'-
dichlorofluorescein diacetate (DCF) assay. In support of this finding, ca27 increased the
activation of the cellular redox sensor, NF-E2-related factor 2 (Nrf2), followed by
expression of the Nrf2 regulated detoxification genes, NAD(P)H: quinone oxidoreductase 1
(NQOL1) and aldoketoreductase 1C1 (AKR1C1). Finally, we show that the antioxidant N-
acetyl-L-cysteine abrogates ca27 mediated AR down-regulation, which provides further
support that ca27 induced AR protein loss is mediated by oxidative stress. Importantly, ca27
and similar curcumin analogs represent a novel class of agents for the elucidation of
mechanisms of AR down-regulation in prostate cancer cells which could lead to effective
new anti-androgenic strategies for the treatment of advanced prostate cancer.

MATERIALS AND METHODS

Chemical Reagents

The curcumin analog 27 (ca27) (1,5-Bis(2-hydroxyphenyl)-1,4-pentadien-3-one) was
synthesized and characterized as previously described [14]. This diphenolic chemical was
solubilized in 100% dimethy! sulfoxide (DMSO) stored protected from light at 4°C. The
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synthetic androgen methyltrienolone (R1881) was from Perkin EImer/NEN Life Science
Products (Boston, MA). MG132, N-acetyl-L-cysteine (NAC) and actinomycin D (Act D)
were from Sigma Chemical Co. (St. Louis, MO).

Cell Culture and Treatment Protocols

The human prostate cancer cell lines LNCaP (American Type Culture Collection, Manassas,
VA), C4-2 (gift from Dr. G.N. Thalmann, University of Bern, Switzerland) and a variant of
the LAPC-4 (acquired from Dr. George Wilding, University of Wisconsin Paul P. Carbone
Comprehensive Cancer Center) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with 5% heat-inactivated fetal bovine
serum (FBS) and streptomycin—penicillin antibiotics (DMEM/FBS). To evaluate androgenic
responses cells were cultured in DMEM containing 4% charcoal-stripped FBS and 1% heat-
inactivated FBS (DMEMY/CSS). All cells were maintained at 37°C in a humidified 5% CO,
atmosphere. ca27 was added to the cells for the indicated lengths of time and final
concentrations. Vehicle controls never amounted to a final concentration of >0.1% DMSO.

Cell Proliferation and Viability Assays

Cells were plated in quadruplicate in 12-well tissue culture plates (Invitrogen) in DMEM/
FBS and treated with ca27 at the indicated final concentrations for 96 hr. After cell
detachment in 2.5% Trypsin/EDTA (Invitrogen), cell proliferation was determined by total
cell count in a hemacytometer by light microscopy. Viability was determined by trypan blue
dye exclusion (0.4%; Sigma). Results are expressed as percent of vehicle control.

Promoter Activation Assays

Cells were cultured in quadruplicate in 24-well plates (Invitrogen) in DMEM/CSS. After 48
hr, cells were co-transfected with a reporter plasmid carrying a mouse mammary tumor virus
(MMTV) promoter regulating luciferase cDNA expression [17] and a control plasmid
carrying a thymidine kinase (TK) promoter regulating Renilla luciferase cDNA expression
(Promega, Madison, WI) using Lipofectamine 2000 transfection agent (Invitrogen). Twenty-
four hours post-transfection, cells were treated with ca27 at the indicated concentrations for
24 hr. After stimulation with 1 nM R1881 for 6 hr, whole cell extracts were generated using
Cell Culture Lysis Reagent (Promega, Madison, WI1). Luciferase activity was measured
using the Luciferase Assay Substrate kit (Promega, Madison, WI) and relative luciferase
units determined on a Perkin Elmer Victor3V 1420 counter and analyzed using Wallac 1420
software (Perkin Elmer, Turku, Finland). Cells were cultured as described above and co-
transfected with a reporter plasmid carrying an antioxidant response element promoter
regulating luciferase cDNA expression, pPNQO1hARE [18] and the control TK promoter
plasmid. Forty-eight hours post-transfection, cells were treated with the indicated
concentrations of ca27 for 16 hr. Luciferase activity was determined as outlined above.
Normalized luciferase expression is expressed as a percent of vehicle control.

AR activation was further measured using the multifunctional androgen receptor screening
(MARS) assay [19]. Androgen independent PC-3 human prostate cancer cells were co-
transfected with a wild-type AR expressing plasmid and a plasmid carrying an MMTV
promoter containing an AR response element driving destabilized enhanced green
fluorescent protein (dSEGFP). In this assay, AR activation is stimulated by R1881 at 1 nM.
Images of fluorescent cells were captured using an Olympus IX70 inverted fluorescent
microscope and fluorescence was quantified by ImageJ software [20]. The number of
fluorescent cells was expressed as percent of control.
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MRNA Expression Analysis by Quantitative (Real Time) Reverse Transcriptase Polymerase
Chain Reaction (QRT-PCR)

Cells were cultured in quadruplicate in 24-well plates (Invitrogen) in DMEM/FBS and
treated with ca27 for 3 or 12 hr at the indicated concentrations. Total RNA was extracted
using TRIzol Reagent (Invitrogen) and cDNA was prepared using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). PCR was performed
using an Applied Biosystems 7900HT Fast Real-Time PCR System (Carlsbad, CA). PCR
cycling parameters were 95°C for 10 min followed by 40 cycles of 95°C for 15 sec, and
60°C for 1 min. Forward and reverse primers for the AR and the normalization control gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were available in the QuantiTect
Primers Assays from Qiagen (Valencia, CA). Forward and reverse primers for PSA, NQO1,
AKR1C1 and MafG were purchased from Integrated DNA Technologies (Coralville, 1A).
PSA forward primer sequence is 5-CGCTGGACAGGGGGCAAAA-3' and the reverse
primer sequence is 5-~ACAAGTGGGCCCCCAGAA-TCA-3'. NQO1 forward primer
sequence is 5’-TG-AGCTCGAGCCCCGGACTGCACCAGA-3' and the reverse primer
sequence is 5-CTACCGCGGCAAGT-CAGGGAAGCCTGGAAAGAT-3. AKR1C1
forward primer sequence is 5-GATGGCCTAAACAGAAA-TGTGCGAT-3' and the reverse
primer sequence is 5'-GGATAATTAGGGGGGCCAGCAA-3'. MafG forward primer
sequence is 5-GCTGTGCCCCCGGG-TTATGA-3' and the reverse primer sequence is 5'-
CCGTCAGGCTGGTGCCATTCT-3". AR, PSA, NQO1, AKR1C1, and MafG mRNA
expression levels normalized to GAPDH were determined using the AACt method and are
shown relative to control.

ROS Detection by DCF

Cells were cultured in 96-well plates (Corning Inc., Corning, NY) in DMEM/FBS for 48 hr
and then treated with ca27 for 1 hr at the indicated concentrations. Cells were analyzed for
the formation of ROS by use of the fluorescent probe, DCF (Invitrogen) as described by
Basu et al. [21]. DCF fluorescent units per well were measured 1 hr after DCF addition.
DNA content per well was measured by the Hoechst 33258 dye (Sigma) [22]. Fluorescence
measurements for both the DCF assay and Hoechst dye were taken using a TECAN plate
reader (TECAN Austria GmbH, Salzburg, Austria) and analyzed with Magellan software.
Over 12 replicates were used per treatment group. Hoechst dye normalized DCF fluorescent
units are shown relative to control.

Protein Expression by Western Blot

Cells were cultured in quadruplicate in 12-well plates (Invitrogen) in DMEM/FBS and
treated with ca27 for 12 hr at the indicated concentrations. Cells were washed in cold
phosphate buffered saline (PBS) and whole cell extracts were generated using 1% lgepal
CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecy! sulfate (SDS), 0.1 mg/ml
phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, and 10 pg/ml aprotinin in PBS.
Protein concentrations were determined using the BCA Proteins Assay kit (Pierce
Biotechnology, Rockford, IL). Protein (30 pg) were size-separated by SDS polyacryalmide
gel electrophoresis (SDS-PAGE) in triplicate in 12.5% gels (BioRad, Hercules, CA) and
electro-transferred to Immobilon-P membranes (Millipore Corp., Bedford, MA) using a
GENIE wet transfer system (Idea Scientific, Minneapolis, MN). Membranes were blocked
in Trizma base (Tris) buffered saline (TBS) containing 5% nonfat dry milk at 4°C and then
incubated with mouse anti-AR monoclonal antibody (441; Santa Cruz Biotechnology, Santa
Cruz, CA) or mouse anti-p-actin monoclonal antibody (A5441; Sigma) at the concentrations
indicated by the manufacturers. After washing in TBS, the membranes were incubated with
a horseradish peroxidase-conjugated goat anti-mouse 1gG (Biomeda, Foster City, CA).
Bound antibodies were detected using Western Lightening Chemiluminescence Reagent
Plus (Boston, MA) on a Kodak Image Station 4000MM (Rochester, NY). Band intensities
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were determined by densitometric analysis (ratio AR: B-actin) using Kodak Molecular
Imaging Software (Rochester, NY). AR expression is shown relative to DMSO control.

Statistical Analysis

RESULTS

Significant differences in values between groups were assessed using the unpaired t-test
with Sigma-Stat 3.1 software (Systat Software, San Jose, CA). P-values of <0.05 were used
to signify statistical significance.

Inhibition of AR Expression by ca27 in Human Prostate Cancer Cells

The effects of the synthetic curcumin analog ca27 (Fig. 1A) were first determined on the
endogenous AR protein expression in different human prostate cancer cell lines, i.e.,
LNCaP, C4-2, and LAPC-4. The cells were treated with ca27 for 12 hr at concentrations in
the low micromolar range of 1 to 5 uM. Western blot analysis and densitometric quantitation
revealed a significant decrease in AR protein expression in LNCaP (Fig. 1B), C4-2 (Fig.
1C), and LAPC-4 (Fig. 1D) cells treated with 5 pM ca27. ca27 (5 uM) led to a significant
reduction of AR protein expression to approximately 30% of control within 12 hr for all the
cell lines tested. In addition, there was a significant decrease in AR protein expression in
LAPC-4 (Fig. 1D) cells treated with 1 uM ca27. Curcumin did not down-regulate the AR in
our experimental system, as shown in Figure 1E. C4-2 cells treated with 20 uM ca27 for 72
hr demonstrated a significant loss of AR protein expression, whereas treatment with up to 20
uM curcumin for 72 hr did not inhibit AR protein expression (Fig. 1E). Similar results were
observed in LNCaP cells (data not shown). To determine whether proteasomal degradation
is involved in AR down-regulation, we used the proteasomal inhibitor MG132. As shown in
Figure 1F, loss of AR protein expression by ca27 is independent of MG132 administration.
LNCaP cells pretreated with 10 pM MG132 for 1 hr and then with 5 uM ca27 for 6 hr
showed no inhibition of protein down-regulation in the presence of the proteasomal inhibitor
(Fig. 1F). Collectively, these data indicate that ca27 mediates the down-regulation of
endogenous AR protein in LNCaP, C4-2, and LAPC-4 prostate cancer cells within 3 hr of
treatment independent of proteasomal degradation.

To test whether ca27 affects AR protein levels independent of mMRNA transcription, we used
the transcription inhibitor actinomycin D (Act D). LNCaP cells were treated with 10 uM Act
D or 5 uM ca27 for 3 and 6 hr (Fig. 2). AR protein expression was significantly inhibited by
5 uM ca27 after 3 hr (Fig. 2A). At this time point, AR mRNA and protein expression were
unaffected by Act D (Fig. 2A and C). However, Act D significantly inhibited AR mRNA
expression after 6 hr (Fig. 2C) but did not inhibit AR protein expression at this time point
(Fig. 2B). Together, these data indicate that ca27 at least in part down-regulates AR protein
levels independent of its effect on AR mRNA transcription.

Inhibition of Cell Growth and Induction of Cell Death byca27 in Human Prostate Cancer

Cells

The anti-proliferative effects of ca27 were tested on LNCaP and C4-2 prostate cancer cells.
Due to the relatively long doubling time of LNCaP and C4-2 of approximately 48 hr, cell
proliferation data was analyzed after 96 hr of treatment. The effect of ca27 on prostate
cancer cell growth was determined by cell counts upon treatment with ca27 concentrations
between 0.5 uM and 15 uM. As shown in Figure 3A, ca27 at 210 uM markedly inhibited
growth of both LNCaP and C4-2 cells. Using trypan blue exclusion, we also determined the
extent of cell death induced by ca27. As shown in Figure 3B, the rate of cell death increased
extensively and variably at concentrations of >2.5 uM for C4-2 cells and >10 uM for
LNCaP cells. These data indicate that the synthetic curcumin analog ca27 both inhibited
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prostate cancer cell growth and induced cell death. Of note, the loss of AR protein
expression occurs within a shorter exposure time to ca27 and at lower concentrations (Fig.
1B and C), demonstrating that it precedes the effects on cell viability. Nevertheless, the loss
of AR expression may contribute to cell growth inhibition and death, although a pleiotropic
effect of ca27 acting through additional pathways cannot be excluded.

Inhibition of AR Activation by ca27 in Human Prostate Cancer Cells

Other reports demonstrating that curcumin analogs have inhibitory action against the AR
[23-25] prompted us to test the effect of ca27 on AR function. LNCaP and C4-2 cells (Fig.
4A and B) were transiently transfected with a reporter plasmid expressing luciferase
regulated by the MMTYV promoter containing androgen responsive elements [17], cultured
in medium containing charcoal stripped serum, and treated for 24 hr with increasing
concentrations of ca27. AR activation measured by luciferase activity was determined 6 hr
after addition of 1 nM R1881 synthetic androgen. As shown in Figure 4A, ca27 significantly
inhibited AR activation in LNCaP cells at 5 M. ca27 affected AR activation similarly in
C4-2 cells, with more variation and potentially at lower concentrations of 2 uM (Fig. 4B).

The ability of ca27 to inhibit AR activation was confirmed using the MARS assay
developed to screen for compounds with antagonistic and agonistic effects on androgenic
activity [19]. The MARS assay features androgen independent PC-3 human prostate cancer
cells transiently co-transfected with an expression vector for the wild-type human AR and a
plasmid carrying an androgen-sensitive promoter regulating the expression of destabilized
enhanced GFP [19]. In this sensitive assay, ca27 inhibited AR activation at low micromolar
concentrations. In particular, ca27 above 0.05 uM proved to be a potent inhibitor of AR
activation (Fig. 4C). Collectively, these data indicate that ca27 is a potent inhibitor of AR
activation.

Inhibition of Prostate Specific Antigen Expression by ca27 in Human Prostate Cancer Cells

To corroborate ca27 mediated AR down-regulation, we analyzed the effect of ca27 on the
well-established transcriptional target of the AR, prostate specific antigen (PSA). LNCaP
and C4-2 cells were treated with 1 and 5 uM ca27 for 12 hr, followed by assessment of
endogenous PSA mRNA expression by qRT-PCR. In agreement with the observations on
AR, PSA expression was significantly inhibited by 1 uM ca27 at 12 hr (Fig. 4D and E).
Further, the effect of ca27 on PSA mRNA expression was tested after 3 hr when AR protein
expression was significantly reduced as previously shown in Figures 1 and 2. At this time
point ca27 did not reduce PSA mRNA expression in LNCaP or LAPC-4 cells (Fig. 4F and
G). Together, these data indicate that ca27 is able to rapidly affect a biologically important
downstream target of androgenic activity in prostate cancer cells, i.e., PSA. Further, the lack
of PSA mRNA reduction after the short exposure time of 3 hr supports that ca27’s effect on
PSA mRNA is a result of reduced AR activity due to AR down-regulation.

Increased Cellular Oxidative Stressbyca27 Leads to AR Down-Regulation in LNCaP Cells

Given the rapid action of ca27, we evaluated the status of oxidative stress upon ca27
treatment in human prostate cancer cells. LNCaP cells were treated for 1 hr with 1-5 uM
ca27 and assayed for the production of ROS as measured by DCF fluorescence. Treatment
of LNCaP cells with 3 uM ca27 led to a significant production of ROS (Fig. 5A). In order to
determine if this significant increase in oxidative stress by ca27 induces the down-regulation
of AR protein expression, LNCaP (Fig. 5B) and LAPC-4 (Fig. 5C) cells were
simultaneously treated with ca27 and the antioxidant NAC for 3 hr. ca27 (5 uM)
significantly inhibited AR protein expression after this short incubation time in both cell
lines. Further, NAC prevented ca27 mediated AR protein loss in both LNCaP and LAPC-4
cells. To determine if the down-regulation of AR protein expression could be due to the
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inhibition of AR mRNA by ca27, LNCaP, and LAPC-4 cells were treated with 5 uM ca27
for 3 hr and AR mRNA was measured by qRT-PCR. In agreement with our previous result
(Fig. 2C), within this short time period ca27 significantly inhibits AR mRNA expression in
both cell lines (Fig. 5D and E). Further, AR mRNA expression is recovered when cells are
simultaneously treated with ca27 and NAC demonstrating that the alleviation of oxidative
stress induced by ca27 prevents the inhibition of AR expression. This result supports the
hypothesis that induction of cellular oxidative stress by ca27 contributes to the down-
regulation of AR expression in human prostate cancer cells.

Activation of Nrf2 and Up-Regulation of Nrf2 Regulated Genesbyca27

A typical downstream effect of cellular oxidative stress is the activation of the critical
cellular redox sensor Nrf2. The increased ROS generation by ca27 treatment led us to
investigate the activation status of Nrf2. A 5 uM ca27 treatment in LNCaP cells significantly
increased Nrf2 activation, as measured by an antioxidant response element promoter driving
a luciferase reporter (Fig. 6A). In addition, in LAPC-4 cells there was a significant
activation of Nrf2 by 1 uM ca27 (Fig. 6B). This result demonstrates that ca27 leads to
increased transcriptional activation by Nrf2. In addition, these concentrations are in
agreement with the induction of AR protein down-regulation in the LNCaP and LAPC-4
cells as shown in Figure 1B and D. To further illustrate activation of Nrf2, we evaluated
Nrf2 regulated genes such as NQO1, AKR1C1, and MafG. LNCaP cells were treated with 5
uM ca27 for 3 hr and NQO1, AKR1C1, and MafG mRNA expression was measured by
gRT-PCR. NQO1, AKR1C1 and MafG mRNA expression were increased >2-fold by ca27
treatment in comparison to the vehicle control (Fig. 6C). Collectively, these results
corroborate the induction of oxidative stress by ca27 by demonstrating the activation of Nrf2
and the increased expression of Nrf2 regulated genes.

DISCUSSION

The development of prostate cancer relies initially on androgenic activation of the AR by
testosterone and its more active metabolite dihydrotestosterone (DHT) [1-2]. While AR
activation in normal prostatic tissue represents part of normal physiology and maintains
normal differentiation of epithelial cells, in the malignant setting it leads to the expression of
target genes that promote tumorigenesis and cancer progression [11,26]. Clinically, the
persistence of AR expression and function in androgen ablation resistant prostatic tissue is
manifested by the successful yet transient application of second line androgen ablation
strategies after primary failure, and by symptoms associated with androgen withdrawal [27-
29]. Furthermore, this stage of disease is characterized by a number of molecular
mechanisms supporting the function of the AR in very low or even absent levels of DHT
[10,30,31]. Importantly, AR function under these conditions is still essential for prostate
epithelial cell survival, as targeted AR down-regulation in androgen ablation resistant
prostate cancer cell and animal models leads to cell growth inhibition [8-9]. Therefore,
given the persisting importance of the AR and its signaling axis in advanced prostate cancer,
it remains a prominent and promising target for this stage of disease.

The natural product curcumin (diferuloylmethane) has been shown to inhibit many targets in
prostate epithelial cells with an importance in cancer formation and progression. Among
these targets are transcription factors, receptors, intracellular kinases, cytokines, and growth
factors [32]. Curcumin’s effect on the AR and on its target PSA has been demonstrated by
several independent investigators using both endogenously expressed AR in LNCaP cells
and ectopically expressed AR in PC-3 cells [33,34]. However, in these reports curcumin was
used at relatively high concentrations, typically at >20 puM. It has previously been reported
that curcumin has poor bioavailability, which has been determined in both animal models
and humans [35]. This limitation has led researchers to generate a variety of synthetic
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analogs of curcumin and to investigate their capability to affect a number of molecular
pathways implicated in tumorigenesis and cancer progression [16,36—39]. Typical structure
modifications include the introduction of substituents on the biphenyl moieties and
modifications of the length of the linker between the biphenyl rings. A specific group of
such analogs has been exploited towards their ability to inhibit AR function [23-25], and
some of these agents have been shown to down-regulate the expression of AR [24].

Along this line, we report here on the anti-androgenic action of curcumin analog ca27,
which originates from our previously reported chemical libraries [12—-14]. In particular, we
have shown that ca27 at concentrations below those typically used for curcumin inhibits the
growth of LNCaP and C4-2 human prostate cancer cells. Our data indicate that the observed
growth inhibition and cell death of prostate cancer cells by ca27 could be in part mediated
by the suppression of AR function. In fact, AR protein expression is significantly down-
regulated by ca27 within 3 hr of treatment in various human prostate cancer cell lines. This
rapid loss of AR protein expression could be due in part to the initial concomitant loss of AR
MRNA expression. However, our investigations using the transcriptional inhibitor
actinomycin D at multiple time points indicate an additional post-transcriptional inhibitory
effect of ca27 on AR protein. Further, ca27 demonstrates selectivity of mMRNA modulation
as ca27 significantly reduced AR but not PSA mRNA expression in LNCaP and LAPC-4
cells, indicating that PSA mRNA reduction is a result of reduced AR activity due to AR
down-regulation.

Evaluation of ca27 induced AR protein down-regulation indicated a distinct mechanism.
Accordingly, we examined the actions of a well-established AR degradation mechanism, the
ubiquitin-proteasomal pathway [40,41], and found that ca27 mediated loss of AR expression
was not prevented by the proteasomal inhibitor MG132. This indicates an alternative down-
regulation pathway for the AR activated by ca27. Accordingly, we show here that a potential
mechanism for ca27 mediated AR down-regulation is through the induction of cellular
oxidative stress. We demonstrate the pro-oxidant activity of ca27 by the increased ROS
generation in human prostate cancer cells. The induction of ROS by ca27 was further
demonstrated by the transcriptional activation of a known cellular redox sensor, the
transcription factor Nrf2 [42]. Further, the expression of Nrf2 regulated detoxification genes,
NQO1 and AKR1C1 [42,43], were significantly increased by ca27. This is in agreement
with a previous study by Dinkova-Kostova et al. [44] who reported that the identical
structure induces NQO1 activity in murine hepatoma and papilloma cells. Further, ca27
induced the mRNA expression of the small Maf protein, MafG. MafG is a known
heterodimerization partner of Nrf2 and leads to Nrf2 transcriptional activity, and MafG
expression has been shown to be regulated by Nrf2 transcriptional activity under oxidative
stress conditions [45]. Evidence that AR down-regulation is mediated by ca27 induced ROS
generation is provided by our data showing that AR loss is attenuated by the addition of the
antioxidant NAC. Finally, the generation of cellular oxidative stress by ca27 could partially
explain the proteasomal-independent down-regulation of the AR observed in this study, as
previous studies have demonstrated that increased cellular oxidative stress can lead to
protein aggregates, which inhibit the functions of the proteasome [46,47]. While the exact
mechanism(s) of ca27 mediated AR protein down-regulation is at present unknown, it seems
to entail oxidative stress mediated pathways. Our results are in agreement with two recent
studies showing that AR mRNA transcription was inhibited in LNCaP and rat hepatoma
cells by the pro-oxidant tert-butyl hydro-peroxide [48], and that the black seed oil ingredient
thymoquinone induces oxidative stress and affects AR expression [49].
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CONCLUSIONS

We conclude that the curcumin analog ca27 represents a lead structure with anti-androgenic
activity in human prostate cancer cells, possibly through the induction of oxidative stress.
Therefore, ca27 and similar compounds can be exploited as molecular tools to study
pathways relevant to AR protein down-regulation. By extension, given the prominent role of
the AR in prostate cancer [2,4,10,11] and because AR degradation has been recognized as an
effective therapeutic strategy [9-10], we propose that ca27 is a potential lead in the

de

velopment of novel therapeutics for prostate cancer. This is in agreement with recent

reports on other compounds derived from natural products with similar anti-androgenic
activities mediated by oxidative stress [50], and may represent an emerging theme for novel
prostate cancer therapeutics.
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Structure of ca27 and down-regulation of AR protein expression in prostate cancer cell lines.
ca27 (1,5-Bis(2-hydroxyphenyl)-1,4-pentadien-3-one) (A) consists of two phenolic rings
with symmetrical hydroxyl groups on the ortho position of the aryl rings, which are linked
by an unsaturated 5-carbon spacer with a single carbonyl. The synthesis of ca27 was
previously described in Weber et al. 2006 [14]. Down-regulation of AR protein expression
ca27 in LNCaP, C4-2 and LAPC-4 cells. LNCaP (B), C4-2 (C) and LAPC-4 (D) cells were
treated with 1 and 5 pM ca27. AR protein was measured by western blotting and
densitometric analysis (ratio AR: B-actin) after 12 hours. LNCaP (E) cells were treated with
20 puM ca27 or curcumin for 72 hours AR protein expression was measured and quantitated
as described above. LNCaP (F) cells were pretreated with 10 p MMG132f or 1 hour before
the addition of 5 uM ca27 for 6 hours. One representative western blot is shown; bars in the
graph represent the average of triplicate values + standard deviation. * denote P <
0.05comparedto control.
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Fig. 2.

Down-regulation of endogenous AR protein expression by the synthetic curcumin analog
ca27 in LNCaP cells after 3 hr. LNCaP (A) cells were treated with10 uM Act D or 5
uMca27 for 3 hr or 6 hr. AR protein (A and B) was measured by Western blotting and
densitometric analysis (ratio AR: B-actin) after the indicated time. One representative
Western blot is shown; bars in the graph represent the average of quadruplicate values + SD.
AR and GAPDH mRNAs (C) were measured by gRT-PCR. Bars represent the average of
quadruplicate values + SD. AR expression normalized to GAPDH is shown relative to
control. * denotes P < 0.05comparedto control.
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Growth inhibition (A) and induction of cell death (B) in LNCaP and C4-2 human prostate
cancer cells by the synthetic curcumin analog ca27. Cell growth and death were determined
by total cell counts and trypan blue positive cell counts, respectively. Cells were cultured in
the presence of 0.5,1, 2.5, 5,10, orl5 uM ca27 for 96 hr. Bars represent the average of
quadruplicate values + SD. Cell growth and cell viability are expressed as percent of control.
* denotes P < 0.05comparedto control.

Prostate. Author manuscript; available in PMC 2012 May 1.



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

1duasnuey Joyiny vd-HIN

Fajardo et al.

Page 17

A ARactivationinLNCaP B AR activationin C4-2

AR activationin PC-3

Y
S

160

C
£
3
o 3 140 s
8120 a g
100 * + 120 53
2 s ga
£ 80 £:100 g2
S S 80 * o £
© * o &z
3 bt S 60 * 83
£ 40 2 £3
=Y S 40 <
= - -
x 20 & 20 3
0 ° E
Control 2uM 5uM Control 2uM 5uM
ca27 ca27
D LNCaP12h E ca-212n F  LNCaP3h
g 14 Q 12 o 15
A2 + - @
g e 1 +
<2 < 2 = s
g3 ! x$ o8 zZw 1
ESos Es % @
53 33 os <s
g @ 06 * ag * * 63
% o4 * g 04 205
T [ k
0.2 0.2 2
o 0 0
Control  1uM S5uM Control  1uM 5uM Control ca27?
ca27 ca27
G LAPC-43h

15 4

0.5 1

PSA mRNA
relative expression + SD

Control caz27

Fig. 4.

Inhibition of AR activation and endogenous PSA expression by the synthetic curcumin
analog ca27 in LNCaP, C4-2, and PC-3 cells. A and B: LNCaP (A) and C4-2 (B) cells were
co-transfected with AR reporter plasmid driving fire fly luciferase and aTK reporter plasmid
driving Renilla luciferase. Cells were treated with ca27 at 2 and 5 uM for 24 hr. Normalized
luciferase activity (relative luciferase units, RLU) was determined 6 hr after addition of1 nM
R1881synthetic androgen. C: MARS assay (21): AR- and dsEGFP-transfected PC-3 cells
were treated with increasing concentrations of ca27 for 24 hr and stimulated with 1 nM
R1881. Bars in A"C represent the average of quadruplicate values + SD. AR activation is
expressed as percent of control. D and E: LNCaP (D) andC4-2 (E) cells were treated with 1
and 5 pMca27. PSA and GAPDH mRNAs were measured by gRT-PCR after12 hr. Bars
represent the average of quadruplicate values + SD. PSA expression normalized to GAPDH
is shown relative to control. LNCaP (F) and LAPC-4 (G) cells were treatedwith5 uMca27
for 3 hr. Bars represent the average of triplicate values + SD. PSA expression normalized to
GAPDH is shown relative to vehicle control. * denotes P < 0.05, respectively compared to
control.

Prostate. Author manuscript; available in PMC 2012 May 1.



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

1duasnuey Joyiny vd-HIN

Fajardo et al.

Page 18

A |ncap B LNCaP C LAPC4
Control NAC ca27 ca27+NAC Control NAC c¢a27 ca27+NAC
250 ]
- -
£ 200 1 * AR AR
3
§5 150
°F " T f— —
*3-3 100 1 B-actin \ i — p-actin -—
EX
3.
-~ 50 4
5
o 150 __150
04 £ o £ 0o
Control 1uM  3uM  5uM a2 100 # E E(:mo #
2&s 25k
ca27 P * £5¢ ¥
H gg 50 $55 50
a58 aly
a s [
- £ A " © 4 > O QO
3 ki o o >
€ F & ¢ ¥ \g
& ° & ,\,e“ ooo‘ NN
& &
D LNCaP3h E LAPC+43h
o . # a #
Q 12 a 12
+ 1 + 1 - P,
s 1 . * s *
$3 $%
x & 081 * z ¢ 9%
Ea Ega *
x 3 06 x5 06 1
e e
= 04 4 = 0.4 1
g 04 k-
2 02 £ 0.2
0 - T 0 4 - - .
Control NAC ca27 ca27+NAC Control NAC ca27 ca27+NAC
Fig. 5.

Increased ROS generation induced by the synthetic curcumin analog ca27 and prevention of
AR down-regulation by antioxidant NAC in LNCaP cells. LNCaP cells were treated with
increasing concentrations (1, 3, and 5 uM) ofca27 forl hr. Increased ROS production was
measured by DCF fluorescence and normalized to DNA content (A). LNCaP (B) and
LAPC-4 (C) cells were treated for 3 hr with or without 5 mMMNAC in the presence or
absence of 5 p Mca27 and assayed for AR protein expression by Western blot; one
representative Western blot is shown. Protein expression was quantitated by densitometry.
Bars represent the average of triplicate values + SD. AR expression normalized to p-actin is
shown relative to vehicle control. LNCaP (D) and LAPC-4 (E) cells were treated for 3 hr
with or without 5 mMMNAC in the presence or absence of 5 uM ca27 and assayed for AR
MRNA expression and normalized to GAPDH bar graph shown is relative to control. *
denotes P < 0.05, respectively compared to control. #denotes P < 0.05, respectively
compared to ca27 treatment.
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Fig. 6.

Nrf2activation and up-regulation ofNrf2 regulated genes in LNCaP and LAPC-4cellsby the
synthetic curcumin analog ca27. LNCaP (A) and LAPC-4 (B) cells were co-transfected with
Nrf2 reporter plasmid driving luciferase and TK reporter plasmid driving Renilla luciferase.
Normalized luciferase activity was determined 16 hr post-treatment with 1 and 5 uM ca27.
Bars represent the average of quadruplicate values + SD. Nrf2 activation is expressed as %
of control. LNCaP cells (C) were treated with vehicle control or 5 pM ca27 for 3 hr. NQO1,
AKR1C1, and MafG mRNA expression was measured by qRT-PCR. Bars represent the
average of triplicate values + SD. NQO1, AKR1C1land MafG expression normalized to
GAPDH is shown relative to control. * denotes P < 0.05, respectively compared to control.
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