MOLECULAR AND CELLULAR BIOLOGY, Mar. 2006, p. 1908-1916
0270-7306/06/$08.00+0  doi:10.1128/MCB.26.5.1908-1916.2006

Vol. 26, No. 5

Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Androgen and Its Receptor Promote Bax-Mediated ApoptosisT

Yuting Lin,"* John Kokontis,> Fangming Tang,”> Bradley Godfrey,' Shutsung Liao,> Anning Lin,

3

Youting Chen,? and Jialing Xiang"*

Department of Biological, Chemical, and Physical Science, Illinois Institute of Technology, Chicago, lllinois 60616"; Department of

Neurobiology, Xuzhou Medical College, Xuzhou 221002, People’s Republic of China®; and Ben May Institute for
Cancer Research, The University of Chicago, Chicago, Illinois 60637°

Received 18 April 2005/Returned for modification 11 June 2005/Accepted 11 November 2005

Androgen and its receptor (AR) have been reported to have pro- or antiapoptotic functions. However, the
underlying molecular mechanism is incompletely understood. We report here that androgen and AR promote
Bax-mediated apoptosis in prostate cancer cells. UV irradiation and ectopic expression of Bax induce apoptosis
in AR-positive, but not AR-negative prostate cancer cells. UV- and Bax-induced apoptosis is abrogated in
AR-positive cells that express small interference RNA (siRNA) of AR and is sensitized by reintroduction of AR
into AR-negative cells. Although AR is able to promote Bax-mediated apoptosis independently of androgen, the
promotion by AR can be further potentiated by androgen via AR-dependent transcription activation. AR is
essential for the translocation of Bax to mitochondria in UV- or Bax-induced apoptosis. Inhibition of Bax
expression by Bax siRNA suppresses UV-induced apoptosis in AR-positive cells. In addition, introduction of
AR into AR-negative prostate cancer cells upregulates expression levels of the BH3-only protein Noxa, whereas
inhibition of Noxa expression reduces the promotion by AR on UV-induced apoptosis. Thus, our results reveal
a novel cross talk between the androgen/AR hormonal signaling pathway and the intrinsic apoptotic death

pathway that determines the sensitivity of stress-induced apoptosis in prostate cancer cells.

The steroid hormone androgen is required for male sexual
development and maintenance of the male phenotypes (38). In
its target cells, androgen is converted to its reduced form by the
specific 5-a-reductase (2, 5). The reduced form of androgen is
active and exerts its biological functions via androgen receptor
(AR) in androgen responsive tissues or organs (11, 47). AR is
a member of the steroid hormone receptor superfamily and is
a latent transcription factor (35, 48). In the absence of andro-
gen, unliganded AR remains in the cytoplasm (21, 60). Upon
binding to androgen, the androgen/AR complex translocates
into the nucleus, where it induces expression of androgen re-
sponse genes that are involved in many cellular activities, from
proliferation to programmed cell death (2, 38, 60, 64). The
activity of AR can also be regulated by protein phosphoryla-
tion, heat shock proteins, and dimerization (40, 62, 67).

The androgen/AR complex plays a critical role in the devel-
opment of prostate cancer (7, 17, 18). The growth of prostate
cancer is initially androgen dependent, and therefore androgen
ablation has been a leading choice of metastatic prostate can-
cer therapy (30, 52). However, malignant prostate cancer even-
tually relapses and grows independently of androgen (16). An
important feature of androgen-independent prostate cancer
cells is that they are insensitive to apoptosis induced by hor-
monal therapy, conventional chemotherapy, and radiation
treatment (28). Alternative strategies have been explored to
induce apoptosis in androgen-independent prostate cancer
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cells. Previous studies have shown that downregulation of the
antiapoptotic Bcl-2 family proteins such as Bcl-2 and Bcel-x; or
upregulation of the proapoptotic Bcl-2 family proteins such as
Bax can sensitize or trigger apoptosis in androgen-independent
prostate cancer cells (22, 26).

The multidomain proapoptotic protein Bax plays a critical
role in the intrinsic apoptotic pathway (1, 39, 58). In viable
cells, Bax mainly exists as a monomer in the cytoplasm (29, 66).
Upon stimulation by various death insults, Bax undergoes con-
formational changes and subsequently translocates to mito-
chondria, where it inserts into the outer membrane as oligo-
mers, resulting in the release of cytochrome ¢ and apoptosis
(23, 51, 66). The proapoptotic activity of Bax is tightly con-
trolled by many cellular regulators. Bcl-2 forms heterodimers
with Bax and prevents its insertion into the mitochondrial
membrane (3, 58). Therefore, the ratio of Bcl-2 to Bax is
critical for the determination of the apoptotic threshold (71).
On the other hand, the induction of the active conformation of
Bax by death stimuli is mediated by the BH3-only proapoptotic
Bcl-2 family proteins Bid, Bim, Noxa, and Puma and other
yet-to-be identified proteins/lipids (9, 33, 41, 42, 56, 57). BH3-
only subfamily members are known to induce apoptosis by
association with antiapoptotic Bcl-2 family members or by
stimulating other apoptosis-promoting factors (12, 41, 44, 57).
Furthermore, the tumor suppressor and transcription factor
p53 can enhance the proapoptotic activity of Bax, either in-
ducing Bax expression or sequestrating Bcl-2 or Bel-xL in the
cytoplasm (4, 53). Many apoptotic stimuli, such as UV irradi-
ation and anticancer agents, utilize Bax to kill cells (10, 72).
Overexpression of Bax alone is also sufficient to induce apo-
ptosis in many types of cells, including cultured androgen-
independent prostate cancer cells, and to reduce prostate tu-
mor size in the host animals as well (26, 46, 68, 69).

Androgen is known to suppress apoptosis in androgen-de-
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pendent prostate cancer cells via AR-mediated repression of
apoptotic genes (19). However, the role of androgen in apop-
tosis of androgen-independent prostate cancer cells is contro-
versial, being suggested to be proapoptotic or antiapoptotic
(25, 31, 50, 61). Considering that in vivo a low amount of
androgen is still produced even after castration, a paradox is
whether androgen is beneficial or detrimental to the treatment
of malignant prostate cancer. We show here that androgen and
AR promote stress-mediated apoptosis via augmentation of
BAX translocation to mitochondria and upregulation of Noxa
protein expression.

MATERIALS AND METHODS

Reagents. Antibodies against Bax (N20 and P19), Bak, AR (C19), and hem-
agglutinin (HA) were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
Bim antibody was from Stressgen (Victoria, British Columbia, Canada). Anti-
PUMA antibody was from Calbiochem (La Jolla, CA). Anti-Noxa antibody was
a generous gift from Y. Tesfaigiz, University of New Mexico. Antibody against
Cox-IV (cytochrome ¢ oxidase complex IV) was from Molecular Probes (Eu-
gene, OR), and antibody against B-actin was from Sigma (St. Louis, MO).
Polyclonal antibody against AR (AN-21) was described previously (36). Anti-
bodies against Bcl-2, Bad, and Bid were generous gifts from Stanley Korsmeyer.
The synthetic androgen R1881 was from New England Nuclear (Boston, MA),
and the specific androgen antagonist Casodex (Cdx) was from AstraZeneca
Pharmaceuticals (Wilmington, DE). A Super-Signal chemiluminescence detec-
tion kit was from Pierce Chemical Co. (Rockford, IL). The fluorogenic caspase-3
substrate  DEVD-AFC (carbobenzoxy-Asp-Glu-Val-Asp-7-amino-4-trifluoro-
methyl coumarin) was purchased from Calbiochem (La Jolla, CA).

Cell culture and stable cell lines. Human prostate cancer cell LNCaP sublines
104-S, 104-R1, and CDXR were generated and maintained as described previ-
ously (36). Androgen-dependent 104-S cells were grown in Dulbecco modified
Eagle medium with 10% fetal bovine serum, supplemented with 1 nM DHT
(5a-dihydrotestosterone). Androgen-independent 104-R1, CDXR, and PC3 cells
were cultured in Dulbecco modified Eagle medium with 10% dextran-coated,
charcoal-stripped fetal bovine serum (27).

Recombinant adenovirus infection and immunoblotting analysis. The repli-
cation-deficient recombinant adenoviral vectors encoding Cre/LoxP inducible
HA-Bax (Ad/Bax), Cre recombinase (Ad/Cre), or luciferase (Ad/Luc) were gen-
erated as described previously (69, 70). All recombinant adenoviruses were
propagated in HEK293 cells, purified, and titrated by standard protocols (59).
For viral infection, the ratio of Ad/Bax to Ad/Cre was 5:1 at a total multiplicity
of infection of 50 —100 (70). In control experiments, Ad/Luc (luciferase) plus
Ad/Cre or Ad/Bax plus Ad/GFP (green fluorescent protein) were kept at the
same ratio.

Cell death and apoptosis assays. Cell viability was measured by using a col-
orimetric method with 3-(4,5-dimethylthiazol-2yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS), according to the manufacturer’s in-
structions (Promega, Madison, WI). For apoptotic death assays, cells were
stained with Hoechst stain (H33258), visualized by UV microscopy, and quanti-
tated by counting condensed and fragmented nuclei in five randomly selected
areas unless described otherwise. The apoptosis-mediated alteration of mem-
brane phospholipids was monitored by annexin V-fluorescein isothiocyanate and
quantified by a fluorescence-activated cell sorter (FACS). Mitochondrial mem-
brane potential (Aym) was measured with 3,3’-dihexyloxacarbocyanine iodide
(DiOCq) (3), followed by FACS analysis (68). Caspase activity assays were
carried out by using the fluorogenic caspase-3 substrates (DEVE-AFC) as de-
scribed previously (68).

Subcellular fractionation. LNCaP 104-R1 cells (107) were harvested by gently
scraping cells off the dishes in culture medium, pelleted by centrifugation, and
washed once with phosphate-buffered saline. Cells were resuspended in five
times the volume of buffer A (20 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM
MgCl,, 250 mM sucrose, 1 mM EGTA, 1 mM EDTA, and a cocktail of protease
inhibitors). After incubation on ice for 30 min, cells were fragmented by passing
through a 22-gauge needle 20 times (55). Cell homogenates were centrifuged at
900 X g for 5 min to remove unbroken cells and nuclei. The postnuclear ho-
mogenates were centrifuged at 16,000 X g for 30 min at 4°C to obtain the
cytosolic fraction. The pellets were washed once with buffer A and then centri-
fuged at 16,000 X g for 30 min to obtain the mitochondrion-rich membrane
fraction. The quality of each fraction was determined by immunoblotting with the
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antibody against the cytosolic marker B-actin, or the mitochondrial marker Cox
IV (15).

RNA interference. Complementary 64-base short-hairpin RNA oligonucleo-
tides were synthesized (Integrated DNA Technologies, Inc., Coralville, IA) con-
taining a 19-base C-terminal AR sequence (5'-GCACTGCTACTCTTCAGCA-
3") in inverted repeat orientation (6). After annealing, the 64-mer duplex was
inserted into BgllI/HindIII-digested pH1RP RNA interference expression vector
(20). After transfection of LNCaP 104-R1 cells using Effectene reagent (QIA-
GEN, Valencia, CA), G418-resistant colonies were selected and clones were
screened for reduced AR expression by immunoblotting analysis with anti-AR
polyclonal antibody (AN21) (37). All siRNA duplexes were purchased from
Dharmacon Research. The siRNA targeting sequence for Bax is 5'-GACGAA
CUGGACAGUAACA-3', that for for Noxa is 5'-GGAAGUCGAGUGUGCU
ACU-3', and that for luciferase is 5'-CGUACGCGGAAUACUUCGA-3'. The
transfection of siRNA oligonucleotides was performed with Lipofectamine 2000
(Stratagene) according to the manufacturer’s recommendations.

Site-directed mutagenesis. AR mutation that substitutes tyrosine for a cysteine
at amino acid 619 (C619Y) was created by using PCR-based site mutagenesis kit
(QuikChange) from Stratagene according to the manufacturer’s procedure. The
forward mutation primer is 5'-CTTGTCGTCTTCGGAAATATTATGAAGCA
GGGATGAC-3', and the reverse mutation primer is 5'-GTCATCCCTGCTTC
ATAATATTTCCGAAGACGACAAG-3'. All PCR products and the mutation
were verified by DNA sequences. Wild-type AR and the AR (C619Y) mutant
were subcloned into pSG5 expression vector (Stratagene).

RESULTS

Ectopic expression of Bax and UV irradiation selectively
induce apoptosis in AR-positive, but not AR-negative prostate
cancer cells. The proapoptotic Bcl-2 family protein Bax plays a
critical role in apoptosis in many cell types (1, 24). Although
Bax mediates apoptosis induced by many death signals, such as
UV irradiation (10, 13), ectopic expression of Bax alone is also
able to induce cell death (68). To understand how Bax-medi-
ated apoptosis is regulated in androgen-independent prostate
cancer cells, we used a Cre/loxP-inducible adenoviral vector
encoding HA-Bax (Ad/Bax) (70). Coinfection of the cells with
Ad/Bax, along with an adenoviral vector encoding bacterial P1
Cre recombinase (Ad/Cre) that specifically recognizes the loxP
sites (32) results in expression of HA-Bax (69, 70). Cells of
various prostate cancer cell lines were infected with Ad/Bax,
along with Ad/Cre, or a control adenoviral vector encoding
luciferase (Ad/Luc). Immunoblotting analysis with anti-HA
antibody revealed that expression levels of HA-Bax were sim-
ilar among different prostate cancer cells 24 h postinfection
(Fig. 1A). The expression levels of HA-Bax were ~2-fold
greater than the endogenous Bax levels (data not shown).
Among the cells examined, androgen-dependent LNCaP 104-S
cells and androgen-independent LNCaP 104-R1 and CDXR
cells were AR positive, whereas androgen-independent PC3
cells were AR negative (Fig. 1B). Although LNCaP 104-S,
104-R1, and CDXR cells were sensitive to Bax-induced cell
death, PC3 cells were resistant (Fig. 1C). Bax-induced cell
death had apoptotic features in 104-R1 cells, including caspase
activation as measured by caspase activity assays (Fig. 1D),
translocation of membrane phospholipid phosphatidylserine as
detected by annexin V assays (Fig. 1E) and decreased mito-
chondrial potential as monitored by DiOC,(3) using FACS
analysis (Fig. 1F). Similar results were obtained with other
AR-positive prostate cancer cells examined (data not shown).
Thus, Bax selectively induces apoptosis in AR-positive prostate
cancer cells.

To determine whether UV also selectively induces apoptosis
in AR-positive cells, the above prostate cancer cells were ex-
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FIG. 1. Bax and UV selectively induce apoptosis in AR-positive,
but not in AR-negative prostate cancer cells. (A) Prostate cancer cell
lines were infected with adenoviral vector encoding HA-Bax (Ad/Bax),
Cre (Ad/Cre), or luciferase (Ad/Luc) (multiplicity of infection = 100,
24 h), as indicated. Expression of HA-Bax was analyzed by immuno-
blotting with anti-HA antibody. (B) Expression levels of AR in various
prostate cancer cell lines in panel A were examined by immunoblotting
with anti-AR antibody (AN21). (C) The viability of the infected cells in
panel A was measured by MTS assays. S, 104-S; R1, 104-R1. (D, E, and
F) Apoptotic cell death of the infected 104-R1 cells in panel A was
characterized by caspase activity assays with the fluorogenic caspase-3
substrate DEVD-AFC (D), by detecting apoptotic membrane alter-
ation with FITC-annexin V staining (E), and by measuring the mito-
chondrial membrane potential changes (F), as indicated. (G and H)
The same panel of cells in panel A was treated with or without UV
radiation (10 mJ/cm?) for 16 h. Apoptotic cells were detected and
quantitated by nuclear staining with Hoechst (H33258) (G) or by
caspase assays using the fluorogenic substrate DEVD-AFC (H). S,
104-S; R1, 104-R1.

posed to UV (10 mJ/cm?, 16 h). The apoptotic cell death assays
revealed that AR-positive 104-S, 104-R, and CDXR cells were
sensitive to UV-induced apoptosis, whereas AR-negative PC3
cells were insensitive (Fig. 1G). Similar results were obtained
with caspase activity assays (Fig. 1H). These results suggest
that like Bax, UV also selectively induces apoptosis in AR-
positive, but not in AR-negative prostate cancer cells.

AR is required for Bax-mediated apoptosis. The above ob-
servations suggest that Bax-mediated apoptosis (ectopic ex-
pression of Bax- or UV-induced apoptosis) in prostate cancer
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FIG. 2. AR s required for UV- and Bax-induced apoptosis in pros-
tate cancer cells. (A) 104-R1 cells were stably transfected with mam-
malian expression vectors encoding AR siRNA (AR si), the control
scramble siRNA (Ctrl si), or empty vector. Expression levels of AR
proteins were examined by immunoblotting with anti-AR antibody
(AN21). (B and C) 104-R1 (AR si and Ctrl si) cells were infected with
Ad/Bax plus Ad/Cre (HA-Bax +) or Ad/Bax plus Ad/Luc (HA-Bax —)
for 24 h. The apoptotic cell death was then detected and quantitated by
Hoechst (H33258) staining (B) or by caspase activity assays with the
fluorogenic substrate DEVD-AFC (C). (D) Cells were treated with
UV (10 mJ/ecm?) for 18 h. The apoptotic cell death was detected as
described in panel B. (E, F, and G) AR-negative PC3 cells were
transiently transfected with an expression vector encoding AR or green
fluorescent protein (GFP). After 20 h, cells were infected with Ad/Bax
plus Ad/Cre for another 16 h. (E) Expression of AR and HA-Bax
proteins was analyzed by immunoblotting with antibodies against AR
or HA, respectively. (F) The apoptotic cells were examined by nuclear
staining with Hoechst (H33258) and visualized under UV fluorescence
microscope. (G) Apoptotic cells were also quantitated by counting
immunostaining AR-positive cells, which also have apoptotic nuclei as
shown by staining with Hoechst stain (H33258). GFP-positive cells
were quantitated in the same manner.

cells may be regulated by AR. To test this hypothesis, we used
104-R1 cells that had been stably transfected with mammalian
expression vectors encoding double-stranded siRNA for AR
(AR siRNA) or the control scramble siRNA. Immunoblotting
analysis with anti-AR antibody revealed that expression levels
of AR proteins were dramatically decreased by AR siRNA but
not by the control siRNA (Fig. 2A, compare lanes 2 and 3). As
a control, the amount of B-actin was similar between AR
knockdown and parental 104-R1 cells (Fig. 2A). Inhibition of
AR expression by AR siRNA did not affect the cell growth rate
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or its androgen independency (data not shown). Ectopic ex-
pression of HA-Bax induced apoptosis in control 104-R1 cells,
as measured by apoptotic cell death assays (Fig. 2B) and
caspase activity assays (Fig. 2C). Under the same conditions,
HA-Bax was unable to induce apoptosis in 104-R1 cells ex-
pressing AR siRNA (Fig. 2B and C). Similarly, apoptotic cell
death induced by UV was abrogated in 104-R1 cells expressing
AR siRNA. UV induced 40% apoptotic cell death in parental
104-R1 cells, but only 9% apoptotic cell death, which is similar
to basal level of cell death, in 104-R1 cells expressing AR
siRNA (Fig. 2D). These results suggest that AR is required for
UV- and Bax-induced apoptosis in AR-positive prostate can-
cer cells.

If AR affects the sensitivity of prostate cancer cells to Bax-
mediated apoptosis, introduction of AR into AR-negative PC3
cells, which originally were resistant to Bax-induced apoptosis
(Fig. 1C), should sensitize the cells to Bax killing. To test this
notion, PC3 cells were transfected with mammalian expression
vectors encoding AR or empty vector, followed by infection
with Ad/HA-Bax, along with Ad/Cre or the control Ad/Luc.
Immunoblotting analysis showed that AR-transfected PC3
cells expressed AR proteins, whose expression levels were sim-
ilar in the presence or absence of HA-Bax (Fig. 2E). AR-
expressing PC3 cells became sensitive to Bax-mediated
apoptosis compared to control PC3 cells, as monitored by
immunostaining AR™ cells that also have apoptotic nuclei as
detected by Hoechst (H33258) staining (Fig. 2F and G). These
data suggest that introduction of AR restores the sensitivity of
AR-negative PC3 cells to Bax-mediated apoptosis.

Androgen, via AR-dependent transcription, potentiates Bax-
mediated apoptosis. Typically, AR functions in a complex with
androgen (38), although it has been reported that AR has
androgen-independent functions under certain circumstances
(36). The requirement of AR for apoptosis induced by ectopic
expression of Bax or UV irradiation in prostate cancer cells
prompted us to ask whether Bax-mediated apoptosis can be
further regulated by androgen. To test this idea, we used a
specific androgen inhibitor Casodex (Cdx), which significantly
inhibited the stimulation by a synthetic androgen R1881 on the
activity of ARE-LUC reporter gene in 104-R1 cells (Fig. 3A)
(62, 63). 104-R1 cells were infected with Ad/HA-Bax, along
with Ad/Cre or the control Ad/Luc, followed by treatment with
or without R1881, in the presence or absence of Cdx. Apop-
totic cell death assays revealed that R1881 potentiated Bax-
mediated apoptosis (Fig. 3B, 37% cell death induced by HA-
Bax plus R1881 in comparison to 19% cell death induced by
HA-Bax alone). In the presence of Cdx, HA-Bax plus R1881
only induced 27% cell death (Fig. 3B). Consistently, Cdx ab-
rogated the stimulatory effect of R1881 on HA-Bax-induced
caspase-3 activation (Fig. 3C). Thus, the promotion of Bax-
mediated apoptosis by androgen depends on its ability to stim-
ulate the transcriptional activity of AR.

To directly determine whether the transcriptional activity of
AR is involved in the promotion of Bax-mediated cell death by
the androgen/AR complex, we used a transcriptional inactive
AR(C619Y) mutant, in which cysteine 619 has been replaced
by tyrosine that disrupts the coordination of zinc finger in AR
DNA-binding domain and thereby eliminates AR DNA bind-
ing and transcription activity (54). AR-negative PC3 cells were
transfected with mammalian expression vectors encoding wild-
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FIG. 3. Androgen potentiates Bax-mediated apoptosis in 104-R1
cells via AR-dependent transcription. (A) AR transcriptional assays
with ARE-luciferase. 104-R1 cells were transfected with ARE-lucif-
erase reporter gene in the presence or absence of R1881 (1 nM). The
specific androgen antagonist casodex (Cdx, 5 wM) was added to the
culture medium 30 min prior to the addition of R1881 to block the
transcription activity of AR. The activity of ARE-LUC was measured
as described previously (54). (B) 104-R1 cells were infected with Ad/
Bax, along with Ad/Cre or the control Ad/Luc, for 2 h. Infected cells
were incubated with or without the synthetic androgen R1881 (1 nM)
for another 15 h. Apoptotic death was measured by Hoechst (H33258)
staining. (C) Caspase-3 activity assays with DEVD-AFC. (D) AR-
negative PC3 cells were transfected with mammalian expression vec-
tors encoding wild-type AR (AR WT), the transcription-deficient
AR(C619Y) mutant (AR MT), or empty vector. Expression of AR
proteins was detected by immunoblotting with anti-AR antibody
(C19). B-Actin was used as a control. (E) PC3 cells were transfected
with mammalian expression vectors encoding WT AR or AR(C619Y)
mutant, along with ARE-luciferase reporter gene in the presence or
absence of R1881 (1 nM). The activity of ARE-LUC was measured as
described previously (54). (F) PC3 cells transfected with WT AR or
AR(C619Y) mutant were irradiated with or without UV irradiation
(10 mJ/em?®) or infected with Ad/HA-Bax, along with Ad/Cre or the
control Ad/Luc. Apoptotic cells were visualized and quantitated by
nuclear staining with Hoechst (H33258).

type (WT) AR and the AR(C619Y) mutant, along with ARE-
LUC reporter gene, followed by stimulation with or without
R1881. Immunoblotting analysis showed that WT AR and
AR(C619Y) had similar levels of expression (Fig. 3D). As
expected, expression of WT AR mediated R1881-induced
ARE-LUC activity (Fig. 3E). In contrast, the AR(C619Y) mu-
tant was unable to mediate R1881-induced ARE-LUC activity
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(Fig. 3E). Apoptotic cell death assays revealed that PC3 cells
expressing the transcriptionally inactive AR(C619Y) mutant
had less apoptosis induced by ectopic expression of HA-Bax-
or UV compared to PC3 cells expressing WT AR (Fig. 3F).
These results suggest that although AR itself can promote
Bax-mediated apoptosis, androgen-stimulated AR transcrip-
tion activity was also involved in sensitizing cells to Bax- and
UV-mediated cell death.

The translocation of Bax to mitochondria requires AR and
can be enhanced by androgen. For Bax to Kkill, it needs to
undergo conformational changes, oligomerize, and translocate
to the outer membrane of mitochondria (65, 66). To under-
stand how Bax-mediated apoptosis is regulated by androgen
and AR, we determined the effects of androgen and AR on the
translocation of Bax to mitochondria. 104-R1 cells stably ex-
pressing AR siRNA or control siRNA were infected with Ad/
HA-Bax, along with Ad/Cre or Ad/Luc. Cellular fractionation
in combination with immunoblotting analysis revealed that un-
der the condition of androgen deprivation, there was signifi-
cant HA-Bax in both cytoplasmic and mitochondrion-rich frac-
tions in control 104-R1 cells 24 h postinfection (Fig. 4A,
compare lane 1 and lane 2). This is consistent with the obser-
vations that under the same conditions 104-R1 cells underwent
apoptosis (Fig. 2B). In contrast, when AR expression was in-
hibited by AR siRNA (Fig. 2A), the distribution of HA-Bax to
mitochondria-rich fractions was significantly reduced (Fig. 4A,
compare lane 4 to lane 2). This is consistent with the observa-
tions that under the same conditions 104-R1(AR siRNA) cells
were resistant to HA-Bax-induced apoptosis (Fig. 2B). The
difference of HA-Bax distribution between cytoplasmic and
mitochondrion-rich fractions was not the result of incomplete
separation of cytoplasmic and mitochondrion fractions, as
monitored by immunoblotting analysis of the cytoplasmic
marker B-actin and the mitochondrial marker COX IV (Fig.
4B). We also determined whether Bax translocation to mito-
chondria could be further regulated by androgen. At an earlier
time point (16 h postinfection), the distribution of HA-Bax to
mitochondrion-rich fractions was clearly potentiated by andro-
gen in control 104-R1 cells (Fig. 4B, compare lane 4 to lane 2).
The augmentation by androgen on the distribution of HA-Bax
to mitochondrion-rich fractions depended on AR since it was
abolished by inhibition of AR expression by siRNA (Fig. 4B,
compare lane 8 to lane 4). Thus, AR is required for Bax
translocation to mitochondria, which can be further aug-
mented by androgen.

Next, we examined the effect of AR on the translocation of
endogenous Bax to mitochondria in response to UV irradia-
tion. In 104-R1 cells, the translocation of endogenous Bax to
mitochondrion-rich membrane fractions reached near maxi-
mum by 8 h after UV irradiation (Fig. 4C), at which time there
was no significant apoptosis (Fig. 4D). Thus, during this period
of time, UV-induced translocation of Bax to mitochondria was
prior to apoptosis, rather than the consequence of cell death.
Under these conditions, the translocation of Bax induced by
UV irradiation was inhibited in 104-R1 cells expressing AR
siRNA compared to that in 104-R1 cells expressing the control
siRNA (Fig. 4E). Conversely, UV only induced the transloca-
tion of Bax to mitochondria in AR-expressing PC3 cells but not
in AR-negative PC3 cells (Fig. 4F). In contrast, the distribution
of Bcl-2 between cytoplasmic and mitochondrion-rich mem-
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FIG. 4. Positive regulation of Bax translocation to mitochondria by
AR and the androgen/AR complex. (A) 104-R1 cells stably transfected
with AR siRNA (AR si) or the control siRNA (Ctrl si) were infected
with Ad/Bax, along with Ad/Cre or the control Ad/Luc, under the
conditions of androgen deprivation. After 24 h, cells were fractionated
into the cytosolic fraction and the mitochondrion-rich membrane frac-
tion by differential centrifugation. (A) The localization of HA-Bax was
examined by immunoblotting with anti-HA antibody. The separation
of the cytoplasm from mitochondria was monitored by immunoblotting
with the antibody against -actin, which is a cytosolic marker, and the
antibody against Cox IV, which is a mitochondrial marker. (B) Control
(Ctrl si) or AR knockdown (AR si) 104-R1 cells were infected as
described in panel A in the presence or absence of R1881 (1 nM). The
localization of HA-Bax was analyzed as described in panel A, except
the infection time was only 16 h. (C and D) 104-R1 cells were irradi-
ated with or without UV (10 mJ/cm?) for various times as indicated. A
set of sample aliquots was used to determine the translocation of
endogenous Bax to mitochondrion-rich fractions (C), and another set
of the aliquots was used to analyze the progression of apoptosis (D). (E
and F) Control (Ctrl si) and AR knockdown (AR si) 104-R1 cells
(E) and PC3 cells transfected with expression vector encoding AR or
empty vector (F) were irradiated with or without UV (10 mJ/cm?) for
16 h and then fractionated (C, cytosol; M, membrane). The fractions
were examined with antibodies against Bax. Bcl-2 and B-actin were
used as controls (only control immunoblots of 104-R1 [Ctrl si] and PC3
[AR] are shown).

brane fractions was not affected by AR (Fig. 4E and F), sug-
gesting that AR promotes the translocation of Bax to mito-
chondria independently of Bcl-2. Taken together, AR
promotes Bax-mediated apoptosis via regulation of Bax trans-
location to mitochondria.

Bax is an effector of AR in UV-induced apoptosis. The re-
quirement of AR for the mitochondria translocation of Bax
prompted us to test whether Bax is involved in the promotion
by AR on apoptosis. To test this possibility, AR-positive
104-R1 cells expressing Bax siRNA, which specifically inhib-
ited Bax expression (Fig. 5A), or the control siRNA, were
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FIG. 5. Bax is required for UV-induced apoptosis in AR-positive
cells. (A and B) AR-positive 104-R1 cells were transfected with Bax
siRNA (Bax si) or its control siRNA (Ctrl si). After 20 h, cells were
irradiated with or without UV (10 mJ/cm?) for 16 h. Expression of Bax
was analyzed by immunoblotting with anti-Bax antibody (A), and the
apoptotic cell death was monitored by Hoechst (H33258) staining (B).
(C and D) AR-negative PC3 cells were transfected with mammalian
expression vector encoding AR or empty vector, along with Bax siRNA
or the control siRNA for 18 h before irradiation with or without UV
(10 mJ/cm?). Expressions of Bax and AR were analyzed by immuno-
blotting with antibody against Bax or AR, respectively, in panel C. The
apoptotic cell death were visualized and quantitated by nuclear stain-
ing with Hoechst stain (H33258) in panel D.

exposed UV. Apoptotic cell death assays revealed that UV-
induced apoptosis was significantly reduced in 104-R1 cells
expressing Bax siRNA but not in 104-R1 cells expressing the
control siRNA (Fig. 5B). Thus, Bax was indeed involved in
UV-induced apoptosis in AR-positive 104-R1 cells. Similar
results were obtained with AR-expressing PC3 cells. Bax ex-
pression was significantly inhibited by its siRNA (Fig. 5C), but
not the control siRNA, in AR-expressing PC3 cells. Apoptotic
cell death assays revealed that UV induced apoptosis in AR-
expressing PC3 cells but not in AR-negative PC3 cells (Fig. 5D,
compare lane 2 to lane 3). The apoptosis induced by UV in
AR-expressing PC3 cells was significantly inhibited by Bax siRNA
but not by the control siRNA (Fig. 5D, compare lane 4 to lane 5).
Taken together, Bax mediates, at least in part, the promotion of
AR on UV-induced apoptosis in AR-positive cells.

The BH3-only protein Noxa is also involved in the promo-
tion by AR on Bax-mediated cell death. The proapoptotic ac-
tivity of Bax is negatively regulated by the antiapoptotic Bcl-2
family proteins Bcl-2 but positively regulated by the proapop-
totic Bcl-2 family BH3-only proteins such as Bad and Bik (44).
It is possible that the androgen/AR complex promotes apopto-
sis induced by ectopic expression of Bax and UV irradiation via
regulation of the Bcl-2 network. To test this scenario, AR-
negative PC3 cells were transfected with an expression vector
encoding AR or an empty vector, followed by treatment with
or without R1881. Immunoblotting analysis revealed that
among eight Bcl-2 family proteins examined, including Bax,
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FIG. 6. Noxa is involved in the promotion by AR on Bax-mediated
apoptosis. (A) AR-negative PC3 cells were transfected with expression
vector encoding AR or empty vector in the presence or absence of
R1881 (1 nM). After 24 h, cells were harvested and subjected to
immunoblotting analysis with antibodies against AR (C19), Bax, Bcl-2,
Bid, Bak, Bad, Puma, Bim, and Noxa. (B) PC3 cells were transfected
with expression vectors encoding WT AR or the AR(C619Y) mutant
or empty vector for 24 h. Cell lysates were subjected to immunoblot-
ting analysis with antibodies against AR and Noxa. (C and D) PC3 cells
were cotransfected with AR, along with Noxa siRNA or control
siRNA, for 24 h, followed by UV irradiation (10 mJ/cm?) for an
additional 14 h. Cell lysates were subjected to immunoblotting analysis
with antibodies against Noxa and AR (C); the apoptotic cell death was
visualized and quantitated by nuclear staining with Hoechst stain
(H33258) (D).

Bcl-2, Bid, Bak, Bad, Puma, Bim, and Noxa, only the expres-
sion of the BH3-only protein Noxa was significantly induced by
AR (Fig. 6A, compare lane 2 to lane 1). However, R1881 did
not further stimulate AR-induced expression of Noxa (Fig. 6A,
compare lane 3 to lane 2). Expression of the transcription-
deficient AR(C619Y) mutant at the levels similar to that of
WT AR also induced expression of Noxa in PC3 cells (Fig. 6B).
These results suggest that the induction of Noxa by AR was
independent on its transcription activity.

Noxa is a BH3-only protein which is involved in apoptosis via
activation of the intrinsic apoptotic pathway (57). The upregu-
lation of Noxa protein expression by AR may contribute to its
promotion of cell death. To test this hypothesis, PC3 cells were
transfected with expression vector encoding AR or empty vec-
tor, along with Noxa siRNA or the control siRNA. AR induced
Noxa expression was not affected by cotransfected control
siRNA but significantly inhibited by Noxa siRNA (Fig. 6C).
The inhibitory effect of Noxa siRNA was specific since the
expression of AR or B-actin was not affected (Fig. 6C). To
determine whether upregulation of Noxa by AR contributes to
Bax-mediated cell death, PC3 cells expressing AR, along with
Noxa siRNA or control siRNA, were irradiated with UV.
Apoptotic cell death assays revealed that expression of AR
sensitized cell to UV-induced apoptosis (Fig. 6D). The promo-
tion of UV-induced apoptosis by AR was partially inhibited by
Noxa siRNA but not the control siRNA (Fig. 6D). These data
suggest that the promotion by AR on Bax-mediated cell death
was partially mediated by its upregulation of Noxa expression.
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DISCUSSION

The multidomain proapoptotic Bcl-2 family protein Bax
plays a critical role in the intrinsic apoptotic pathway (1, 39, 58,
65). Overexpression of Bax alone is sufficient to induce apop-
tosis (68), and Bax also mediates the apoptotic signal from
many death stimuli such as UV irradiation (10, 65, 72). Al-
though it has been shown that the proapoptotic activity of Bax
can be inhibited by Bcl-2 and be promoted by some of the
BH3-only proteins or other yet-to-be identified proteins/lipids
(9, 33, 41, 42, 56), the underlying mechanism is incompletely
understood. We demonstrate here that androgen and AR pro-
mote stress-mediated apoptosis via augmentation of BAX
translocation to mitochondria and upregulation of Noxa pro-
tein expression. This conclusion is based on the following ev-
idence.

First, AR-positive 104-R1, 104-S, and CDXR cells, but not
AR-negative PC3 cells, were sensitive to apoptosis induced by
UV irradiation and ectopic expression of Bax (Fig. 1). Second,
inhibition of AR expression by AR siRNA in AR-positive
104-R1 cells abolished UV- and Bax-induced apoptosis (Fig.
2), whereas introduction of AR into AR-negative PC3 cells
sensitized the cells to these apoptotic insults (Fig. 2). Third,
AR promoted Bax-mediated apoptosis via transcription-de-
pendent and -independent manners (Fig. 3). Fourth, AR and
the androgen/AR complex were able to promote the translo-
cation of Bax to mitochondria (Fig. 4). Fifth, Bax is a major
downstream effector of AR in promoting UV-induced apopto-
sis in AR-positive prostate cancer cells (Fig. 5). Sixth, the
promotion by AR on Bax-mediated apoptosis was partially
mediated by its upregulation of the BH3-only protein Noxa
protein levels (Fig. 6). Taken together, these results demon-
strate that androgen and AR positively regulate the proapop-
totic activity of Bax in prostate cancer cells.

The role of the male steroid hormone androgen in apoptosis
of androgen-independent prostate cancer cells is highly con-
troversial, being suggested to have an antiapoptotic or pro-
apoptotic role (25, 31, 50, 61). It has been reported that an-
drogen induces apoptosis in AR-expressing PC3 cells (25). In
contrast, it has been shown that the androgen antagonist Cdx
(62, 63) induces apoptosis in AR-positive LNCaP cells, sug-
gesting that androgen may be required for cell survival (43).
Consistent with this, it has been reported that androgen blocks
apoptosis induced by tumor necrosis factor alpha or FasL in
LNCaP cells (34). Our results demonstrated that androgen
promotes Bax-mediated apoptosis (Fig. 3 and 4) in AR-posi-
tive prostate cancer cells. Therefore, androgen may exert dif-
ferent effects on apoptosis depending upon the cell context and
the death stimulus.

How does androgen promote Bax-mediated apoptosis? Our
results showed that the promotion by androgen depended on
AR transcription activity. Under androgen-deprivation condi-
tions, AR was required for UV- and HA-Bax-induced apopto-
sis (Fig. 2B, 2C, 3B, and 3C). Addition of androgen further
promoted Bax-mediated apoptosis in 104-R1 cells (Fig. 3B and
C). However, this promotion was abolished by the androgen
agonist Cdx, which inhibited the transcription activity of AR
(Fig. 3A). In the presence of Cdx, the promotion of Bax killing
by androgen/AR was reduced to the levels similar to that seen
in the absence of androgen (Fig. 3B and C). Thus, the stimu-
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lation by androgen on Bax-mediated apoptosis depended on
the transcription activity of AR. This notion was further sup-
ported by the observations that the transcription-deficient
AR(C619Y) mutant (Fig. 3E) was less potent than WT AR in
promoting Bax-mediated apoptosis (Fig. 3F). How androgen-
mediated transcription promotes Bax killing has yet to be de-
termined. Androgen treatment did not induce detectable
changes in expression of known Bax regulators, including an-
tiapoptotic Bcl-2 family members such as Bcl-2 and proapop-
totic Bel-2 family proteins such as Bid, Bad, Bak, Puma, and
Noxa (Fig. 6A). Detailed mechanisms apart, our results
showed that androgen via AR was able to promote the trans-
location of Bax to mitochondria in the early phase of HA-Bax-
induced apoptosis (Fig. 4C), thereby enhancing apoptosis (Fig.
4D). Future studies are needed to determine which androgen
target gene(s) mediates the promotion by androgen on Bax-
mediated apoptosis.

AR is essential for Bax-mediated apoptosis in AR-positive
prostate cancer cells. Normally, AR functions as a transcrip-
tion factor after binding to its ligand androgen (38). However,
AR also has androgen-independent functions (36). Our results
showed that under androgen-deprivation conditions, inhibition
of AR expression by AR siRNA (Fig. 2A) abrogated UV- and
Bax-induced apoptosis in 104-R1 cells (Fig. 2B, C, and D),
whereas introduction of AR into AR-negative PC3 cells (Fig.
2E) sensitized the cells to Bax-mediated apoptosis (Fig. 2F and
G). In addition, blockade of AR transcriptional activity by Cdx
only inhibited the promotion by androgen but not by AR on
Bax-mediated apoptosis (Fig. 3A, B, and C). This suggests that
nongenotropic AR activity may be involved in this regulation.
This conclusion is further supported by the finding that the
transcription-deficient AR(C619Y) mutant (Fig. 3E), although
it was less potent than WT AR, was still able to promote UV-
and Bax-induced apoptosis (Fig. 3F). These findings put AR in
the same group as Nur77/TR3 and other steroid hormone
receptors that have ligand-independent functions (8, 45). It has
been reported that Nur77/TR3, which is an orphan member of
the steroid-thyroid hormone nuclear receptor family, can bind
to Bcl-2 and convert the latter from a protector to a Kkiller,
thereby activating the intrinsic apoptotic pathway (8, 49). Note
that the requirement for AR in Bax-mediated apoptosis may
be affected by other cellular signaling regulators. We found
that AR-negative androgen-independent DU145 cells, which
are deficient of retinoblastoma protein, were less sensitive to
Bax killing than 104-R1 cells, but nevertheless they were less
resistant than PC3 cells (data not shown).

How does AR promote apoptosis? The translocation of Bax
to mitochondria is one of the key steps for Bax-mediated
apoptosis (23, 66). Our results showed that AR was required
for UV to induce the translocation of endogenous Bax to
mitochondria (Fig. 4C), prior to apoptosis (Fig. 4D). Inhibition
of AR expression by AR siRNA also suppressed the translo-
cation of exogenous HA-Bax (Fig. 4A), thereby inhibiting HA-
Bax-induced apoptosis (Fig. 2B and C). The translocated Bax
did insert into the outer membrane of mitochondria since it
was resistant to alkali treatment (data not shown). Thus, our
results provide a mechanistic link between the androgen/AR
pathway and the proapoptotic protein Bax. It is still incom-
pletely understood how AR promotes the translocation of Bax
to mitochondria. There was no detectable translocation of AR
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to mitochondria, nor is there evidence of direct interaction
between AR and Bax (data not shown). Our results also
showed that AR was able to upregulate the protein levels of
the BH3-only Noxa independently of its transcription activity
(Fig. 6A and B). Inhibition of AR-induced upregulation of
Noxa proteins (Fig. 6C) partially suppressed UV-induced
apoptosis (Fig. 6D), suggesting that the upregulation of Noxa
by AR is involved in the promotion by AR on apoptosis. It has
been reported that murine Noxa selectively interacts with an-
tiapoptotic Bcl-2 family protein Mcl-1, and in coordination
with other BH3-only proteins, to promote apoptosis (12, 57).
Unlike murine Noxa, which has two BH3 domains, human
Noxa only has a single BH3 domain, and the exact mecha-
nism(s) by which human Noxa induces apoptosis has yet to be
determined. It is possible that Noxa may coordinate with Bax
in the promotion of AR on stress-induced apoptosis. Future
studies are needed to test this hypothesis.

The finding that Bax-mediated apoptosis requires AR and
can be further enhanced by androgen in AR-positive andro-
gen-independent prostate cancer cells has potentially impor-
tant implications in prostate cancer therapy. After castration,
prostate cancer will eventually grow in an androgen-indepen-
dent manner, and recent studies have shown that administra-
tion of androgen to castrated mice can suppress the growth of
androgen-independent tumors in vivo (14). Our results pro-
vided a molecular mechanism by which androgen suppresses
growth of androgen-independent tumors and demonstrate that
potentially therapeutic interventions via Bax-mediated apopto-
sis may be more suitable for AR-positive, but not AR-negative
prostate cancer.
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