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Prostate cancers that progress during androgen-dep-

rivation therapy often overexpress the androgen re-

ceptor (AR) and depend on AR signaling for growth.

In most cases, increased AR expression occurs with-

out gene amplification and may be due to altered

transcriptional regulation. The transcription factor

nuclear factor (NF)-�B , which is implicated in tumor-

igenesis, functions as an important downstream sub-

strate of mitogen-activated protein kinase, phospha-

tidylinositol 3-kinase, AKT, and protein kinase C and

plays a role in other cancer-associated signaling path-

ways. NF-�B is an important determinant of prostate

cancer clinical biology, and therefore we investigated

its role in the regulation of AR expression. We found

that NF-�B expression in prostate cancer cells signif-

icantly increased AR mRNA and protein levels, AR

transactivation activity, serum prostate-specific anti-

gen levels, and cell proliferation. NF-�B inhibitors

decrease AR expression levels, prostate-specific anti-

gen secretion, and proliferation of prostate cancer

cells in vitro. Furthermore, inhibitors of NF-�B

demonstrated anti-tumor activity in androgen dep-

rivation-resistant prostate cancer xenografts. In ad-

dition, levels of both NF-�B and AR were strongly

correlated in human prostate cancer. Our data sug-

gest that NF-�B can regulate AR expression in pros-

tate cancer and that NF-�B inhibitors may have

therapeutic potential. (Am J Pathol 2009, 175:489–499;

DOI: 10.2353/ajpath.2009.080727)

Androgens play a critical role in normal prostate function

and in the development and progression of prostate can-

cer.1–3 Prostate cancer cells are typically androgen de-

pendent, and androgen deprivation is the standard sys-

temic therapy for this disease. Virtually all prostate

cancer patients treated with anti-androgens eventually

progress, an ominous clinical state for which no consis-

tently effective therapy exists. The mechanisms involved

in the development of resistance are poorly understood.

AR mutations, AR gene amplification, and activation of

the AR through other signal transduction pathways have

been implicated.2

The majority of tumors progressing during androgen

deprivation therapy (referred to here as androgen depri-

vation-resistant prostate cancer or ADRPC) express

higher levels of AR transcript and protein suggesting that

a marked increase in AR expression is a critical event in

therapy resistance.4–7 Recent studies also demonstrate

that increased AR expression is both necessary and

sufficient to convert prostate cancer growth from a hor-

mone therapy-sensitive to a resistant state in xenograft

models.8 Since AR mRNA levels are often increased in

ADRPC without gene amplification,6,7 it is likely mediated

by transcription factors and transcription regulating

signal transduction pathways that are altered during

progression.

Nuclear Factor (NF)-�B is a family of transcription fac-

tors composed of homo- and hetero-dimers initially iden-

tified as an enhancer binding protein for the � immu-

noglobulin light chain in B lymphocytes.9 Five known

mammalian subunits have been identified and include
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p65 (RelA), RelB, c-Rel, p50/p105, and p52/p100. NF-�B

dimers are retained in the cytoplasm complexed with

inhibitory (I)�B proteins. Upon cellular stimulation, I�B is

phosphorylated by I�B kinases and dissociates from

NF-�B subunits. As a consequence, NF-�B can translo-

cate to the nucleus and regulate gene expression via in-

teraction with �B enhancer elements.10

The NF-�B family of transcription factors are implicated

in oncogenesis by stimulating cell proliferation, inhibiting

apoptosis, and promoting metastasis and angiogene-

sis.11 There is growing evidence that NF-�B proteins play

important roles in the development and progression of a

number of human malignancies.11–13 Constitutive NF-�B

activity is common in solid tumors and has been demon-

strated in cell lines of head and neck squamous cell

carcinoma,14 pancreatic adenocarcinoma,15 melano-

ma,16 and breast cancer.17,18 Nuclear localization of p65,

which is indicative of NF-�B activation, has also been

observed in tumor samples from pancreatic adenocarci-

noma,15 melanoma,19 hepatocellular carcinoma,20 thy-

roid C-cell carcinoma,21 and breast cancer.18 Further-

more constitutive activation of NF-�B has been proposed

to be involved in the progression of breast cancers to

hormone independent growth.17,18,22

Several studies have examined the expression of

NF-�B in human prostate cancer and its relationship to

clinical features of the disease. NF-�B/p65 is overex-

pressed in prostatic intraepithelial neoplasia and cancer

compared with benign epithelium.23 Nuclear levels of

NF-�B/p65 correlate with NF-�B-dependent expression

of BclII, cyclin D1, matrix metalloproteinase-9, and vas-

cular endothelial growth factor.24 Recent work indicates

that NF-�B/p65 expression is predictive of biochemical

recurrence in patients with positive surgical margins after

radical prostatectomy and nuclear localization of NF-�B

is increased in prostate cancer lymph node metastasis25

and can be used to predict patient outcome.26 These

results demonstrate that NF-�B/p65 is frequently acti-

vated in human prostate adenocarcinoma and expres-

sion may be related to progression.

NF-�B is constitutively activated in ADRPC xenografts

where AR expression is also up-regulated.8,27 In addition,

apigenin treatment, which inhibits the growth of andro-

gen-responsive LNCaP human prostate carcinoma cells,

results in a significant decrease in AR protein expression

and down-modulation of the constitutive expression of

NF-�B/p65.28 These studies suggest there is a positive

correlation between the expression of NF-�B and AR in

prostate cancer cell lines and xenograft models although

the underlying molecular relationship is not entirely clear.

Furthermore, NF-�B has been shown to regulate tran-

scription of the AR gene in rat Sertoli cells.29 No prior

study has addressed the direct transcriptional regulatory

interaction between NF-�B and AR in prostate cancer.

We investigated the molecular mechanisms of regulation

of AR by NF-�B using cellular and animal models and

demonstrated that NF-�B can directly regulate AR ex-

pression and activity and proliferation of human prostate

cancer cells. Our data suggest that inhibition of NF-�B

might be a novel therapeutic strategy appropriate for

prostate cancers with activated NF-�B and AR signaling

pathways.

Materials and Methods

Cell Culture

The human prostate cancer cell line LNCaP was obtained

from the American Type Culture Collection (Manassas,

VA) and maintained in RPMI 1640 medium (Invitrogen

Corporation, Carlsbad, CA) supplemented with 10% fetal

bovine serum (FBS). The LNCaP/C5 and LNCaP/I�B�M

cell lines were kindly provided by Edward Gelmann

(Georgetown University)30 and maintained in RPMI 1640

medium supplemented with 10% FBS and 200 �g/ml of

G418. The LNCaP/V3 and LNCaP/p65 cell lines were

described previously31 and maintained in RPMI 1640

medium supplemented with 10% FBS and 200 �g/ml of

G418.

Plasmids

The MMTV-Luc reporter and constructs encoding NF-�B

p50 and p65 subunits were kindly provided by Terry

Brown (The Johns Hopkins University). The pNF�B-TA-

Luc plasmid, as well as the plasmids encoding I�B� and

I�B�M (it contains amino acid substitutions of serines 32

and 36 to alanine) were purchased from BD Biosciences

(Palo Alto, CA).

Transfection

LNCaP cells was plated at 200 � 103 cells/well in 12-well

plates and transfected 2 days later in accordance with

the manufacturer’s instructions using Lipofectamine Plus

reagent (Invitrogen Life Technologies, Carlsbad, CA). To

minimize interference from androgen, transfected cells

were maintained in RPMI 1640 medium supplemented

with 10% charcoal-stripped serum. Two days after trans-

fection, cells were harvested and the luciferase activity of

the reporter constructs was measured with a dual lucif-

erase assay kit (Promega, Madison, WI). Luciferase ac-

tivity was normalized to Renilla luciferase from pRL-TK

plasmid used as the normalization control.

Transfection with Small Interfering RNA

ON-TARGETplus SMARTpool p65 (RelA) and p50 (NF�B1)

small interfering (si)RNAs each consists of four double-

stranded siRNAs commercially designed and tested by

Dharmacon, Inc. (Dallas, TX). The pool of siRNAs contained

the p65-specific sequences 5�-GGAUUGAGGAGAAAC-

GUAA-3�, 5�-CCCACGAGCUUGUAGGAAA-3�, 5�-GGCU-

AUAACUCGCCUAGUG-3�, and 5�-CCACACAACUGAGC-

CCAUG-3�. The pool of siRNAs contained the p50 specific

sequences 5�-GGAGACAUCCUUCCGCAAA-3�, 5�-GAU-

GGGAUCUGCACUGUAA-3�, 5�-GAAAUUAGGUCUGGG-

GAUA-3�, and 5�-GCAGGAAGGACCUCUAGAA-3�. Con-

trol (nonsilencing) siRNA (Qiagen, Germantown, MD) was
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used as the negative control (Cat# 1027281). LNCaP cells

at 50% to 70% confluent were transfected with p65 (RelA)

and p50 SMARTpool siRNAs (100 nmol/L each) or control

siRNA (100 nmol/L) by LipofectAMINE 2000 (Invitrogen,

Carlsbad, CA) for 4 to 6 hours at 37°C in six-well culture

plates in Opti-MEM (Invitrogen). Following transfection, cells

were grown in complete RPMI 1640 medium and collected

48 hours later.

Immunohistochemistry

Multitissue blocks of formalin-fixed, paraffin-embedded

tissue from 52 cases of androgen-independent meta-

static prostate cancer were prepared using a tissue ar-

rayer (Beecher Instruments, Silver Spring, MD). The

blocks contained three representative 0.6-mm cores from

diagnostic areas of each case. Immunohistochemical de-

tection of p65 (SC-8008, Santa Cruz Biotechnology, Inc.,

Santa Cruz, CA) and AR (Clone AR441, DAKO Corporation,

Carpinteria, CA) was performed with standard streptavidin-

biotin-peroxidase methodology as described.32 Immuno-

histochemical studies were manually scored on a semi-

quantitative scale: negative (0), weak, (1) moderate (2), and

strong (3).

Western Blot

Whole cell protein was extracted using the T-PER Tissue

Protein Extraction Reagent (Cat# 78510, Pierce Biotech-

nology Inc., Rockford, IL). Protein concentration was de-

termined (Bio-Rad, Hercules, CA) and Western blot anal-

ysis was performed using standard procedures33 with

antibodies against human AR (Clone AR441, DAKO Cor-

poration, Carpinteria, CA), NF-�B p65 (SC-109, Santa

Cruz Biotechnology, Inc., Santa Cruz, CA), NF-�B p50

(SC-1190, Santa Cruz Biotechnology, Inc., Santa Cruz,

CA), and �-actin (C-15, Sigma, Saint Louis, MO).

Proliferation Assay

Cells were maintained in RPMI 1640 supplemented with

10% FBS. Equal numbers of LNCaP cells and LNCaP/p65

cells (100,000 cells/well) were seeded into 12-well tissue

culture plates. Cells were stained by trypan blue and cell

numbers were determined by direct counting on hema-

cytometers. For the treatment of Parthenolide, LNCaP

cells (10,000 cells/well) were seeded in 96-well microtiter

plates and maintained in RPMI supplemented with 10%

FBS for 48 hours. Cells were treated with Parthenolide (0,

2, 5, and 10 �g/ml) for 6 hours. Cell viability and prolif-

eration were measured using the 3-(4,5 dimethylthiazol-

2-yl)�2,5- diphenyl tetrazolium bromide colorimetric as-

say (American Type Culture Collection, Manassas, VA)

and quantified by measuring absorbance at 570 nm (Vic-

tor V7 microplate reader, Perkin Elmer, Wellesley, MA).

Real-Time Reverse Transcription-PCR

Total RNA from cultured cells or mouse tissues was ex-

tracted using RNeasy Mini Kit (Qiagen, Valencia, CA) and

0.25 �g of total RNA was reverse transcribed to cDNA

using the SuperScript III One-Step RT-PCR System with

Platium TaqDNA Polymerase (Invitrogen Life Technolo-

gies, Carlsbad, CA). To construct the AR recombinant

plasmid as standards, the primer/probe mix (Applied

Biosystems, Foster City, CA) was used for reverse tran-

scription (RT)-PCR to amplify the target gene. The PCR

fragment was gel purified and inserted into the pGEM-T

Easy Vector according to manufacturer’s instructions

(Promega Corporation, Madison, WI). To make TATA-

binding protein (TBP) recombinant plasmid, similar strat-

egy was used and the PCR product was cloned into

TOPO cloning vector pCR2.1 according to manufactur-

er’s instructions (Invitrogen Inc., Carlsbad, CA). Plasmid

constructs were verified by DNA sequencing. Real-time

quantitative RT-PCR was performed using iCycler (Bio-

Rad Laboratories, Inc., Hercules, CA). Briefly, serially

diluted plasmid DNA (10 � 106 copies) was used to gen-

erate standard curves for absolute quantitation of the

target genes, AR and TBP, in each sample. The AR PCR

primer/probe mix (20�) was purchased from ABI

(Hs00171172_ml, Applied Biosystems, Foster City, CA).

The sequence of primers for TBP is: (Forward) 5�-CAC-

GAACCACGGCACTGATT-3�; (Reverse) 5�-TTTTCTT-

GCTGCCAGTCTGGAC-3�. The sequence of the probe

for TBP is 5�mGTGCACAGGAGCCAAGAGTGAAGA xp-

3�(m: 6-FAM; xp: TAMRA) (Sigma, Saint Louis, MO). Each

PCR reaction contained 25 �l TaqMan Universal PCR

Master Mix (Part number: 4304437, Applied Biosystems,

Foster City, CA), 1� primer and probe mix for AR and 0.2

�mol/L of each primer and probe for TBP, 10 �l cDNA

(1:5 dilution) or 10 �l of serially diluted plasmid DNA as

standards, and water to make the final volume of 50 �l.

Real time PCR reactions were performed in 96-well PCR

plates (Bio-Rad Laboratories, Inc., Hercules, CA). Cy-

cling conditions were 95°C for 8 minutes, 95°C for 30

seconds (40 �), and 60°C for 1 minute (40�).

Measurements of PSA

To measure total PSA (tPSA), we used the commercial-

ized version of a previously reported dual-label assay

(DELFIA Prostatus PSA F/T Dual Assay, Perkin Elmer Life

Sciences, Turku, Finland) that measures tPSA on an

equimolar basis using H117/H50 monoclonal antibod-

ies.34 Detection limit was 0.05 ng/ml.

Chromatin Immunoprecipitation

Chromatin Immunoprecipitation (ChIP) was performed

using the ChIP kit (Cat# 17-295, Upstate Biotechnology,

Inc., Charlottesville, VA) according to manufacturer’s in-

struction. 4 �g of rabbit polyclonal antibody specific to

p50 (Cat# ab7971-1, Abcam Inc., Cambridge, MA) or the

same amount of normal rabbit IgG (SC-2027, Santa Cruz

Biotechnology, Inc., Santa Cruz, CA) were used in each

reaction of ChIP. For PCR, 1 to 5 �l of DNA was used in

25 to 30 cycles of amplification. The primer sequences

for the putative NF-�B binding motifs were as follows: 1F:

5�-ACAGTCTTCATCAAAGAAAG-3�; 1R: 5�-GGTATAC-
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ACCTACTTTTGTAAG-3�; 2F: 5�-CTACTTACATATGGTGA-

GGTAT-3�; 2R: 5�-AAACCTAAACTAGTCTTCCA-3�; 34F:

5�-GCACAAGATAAAGCTACAAC-3�; 34R: 5�-ATGGAAA-

GAGAGAGAAAATG-3�; 56F: 5�-GGAGGCCCAGGGTCTC-

TACTGACAT-3�; 56R: 5�-TGCAGCCGCTTGCTTTTCCA-3�;

7F: 5�-CTTGGAAAAGCAAGCGGCTGCATA-3�; 7R: 5�-TA-

GATCGGGCCTCGTGGCATTG-3�; 8F: 5�-ACAATGCCAC-

GAGGCCCGAT-3�; 8R: 5�-AAACCAACAGGGTGGAGGC-

GAG-3�. To demonstrate the binding specificity, two control

PCRs were performed using primers that bind to the region

located �5 kb region upstream of the AR transcription start

site. The primer sequences were: 1C F:5�-CAGCCAGGG-

GAGAAG TTAG G-3�; 1C R: 5�-CCTCTGCTGATTTGTGGA-

CATC-3�; 2C F: 5�-GATGAGAAAGTAGTCCATTATAAGC-

3�; 2C R:5�-TGAACTGGATTGGAGATGAA-3�.

Tumor Animal Model Studies

Animal studies have been approved by the institutional

review board of Memorial Sloan-Kettering Cancer Center.

Athymic nude mice (NCI) aged 6 to 8 weeks old were

procured and allowed to acclimatize for one week. The

androgen independent prostate cancer line, CWR22Rv1

(kindly provided by Dr. Yuhong Shi, Antitumor Assess-

ment Core, Memorial Sloan-Kettering Cancer Center)

was implanted into the subcutaneous tissue of the flank.

Tumors were allowed to establish for 6 days before drug

treatment. The mice were treated with solvent control or

parthenolide alone. Parthenolide was administered by

oral gavage daily (QDx5/week) at 40 mg/kg daily. The

mice were maintained in a pathogen-free environment

with free access to food. Body weight and tumor volume

were measured twice weekly in three dimensions using

calipers. At the end of experiment, mouse blood and

tissues were collected for measurement of PSA and AR

levels.

Results

NF-�B Activates the AR Promoter in LNCaP

Cells

Recent studies demonstrating that the accumulation of

NF-�B is associated with increased AR expression and

higher binding activity in androgen-independent xeno-

grafts,8,27 and the regulation of AR transcription by NF-�B

in rat Sertoli cells29 suggest NF-�B modulates AR func-

tion possibly through transcriptional regulation. In addi-

tion a query of the 5� regulatory region of the AR gene

(GenBank accession no.X78592) using the Transcription

Element Search System (http://www.cbil.upenn.edu/cgi-bin/

tess/tess) identified eight putative NF-�B cis-acting, con-

sensus binding elements within 3.6 kb upstream of the

transcription start site. To determine whether NF-�B plays

a regulatory role in AR function, we asked whether NF-�B

is sufficient to activate transcription from the AR promoter

in prostate cancer cells. LNCaP cells were transiently

transfected with expression vectors for the p65 and p50

subunits along with the AR promoter-reporter construct

hARp-Luc. Over expression of p65, or the combination of

p65 and p50, activated the AR promoter in a dose-de-

pendent manner. Expression of p50 alone, the NF-�B

subunit without a transcriptional activation domain,

slightly inhibited the human AR promoter activity (Figure

1A). Furthermore, over expression of the NF-�B inhibitor,

I�B�, or I�B�M (a dominant-active form of I�B� contain-

ing alanine substitutions at serines 32 and 36), inhibited

the AR promoter activation in a dose-dependent manner

(Figure 1B). These results indicated that NF-�B is suffi-

cient to activate the AR promoter in prostate cancer cells

and suggest that p65 could be involved in the physiolog-

ical and pathophysiologic regulation of AR expression.

p65 Induces Endogenous AR Expression in

LNCaP Cells and Promotes Cell Proliferation

Since overexpression of p65 is sufficient to activate an

AR promoter construct in LNCaP cells, we next asked if

p65 could regulate endogenous AR expression in pros-

tate cancer cells. To test this, we used LNCaP cells stably

transfected with the expression vector pcDNA3 contain-

ing p65, the major activation subunit of NF-�B (LNCaP/

p65), or the empty vector (LNCaP/V3). Several indepen-

dent transfected cell lines were established, and protein

extracts from each were subjected to Western blot anal-

yses with anti-p65 antibody for confirmation of expres-

sion.31 The results are representative of two p65 and

control clones. As expected, ectopic expression of p65

significantly enhanced NF-�B transcriptional activity
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Figure 1. Overexpression of NF-�B activates the AR promoter and I�B� or
I�B�M inhibits the AR promoter. A: LNCaP cells were transfected with the
reporter construct hARp-Luc (250 ng) with increasing amounts of human p65
(50, 100, and 250 ng), human p50 (50, 100, and 250 ng), or a combination of
p50 and p65 (50, 100, and 250 ng). pRL-TK (2 ng) was included as an internal
control. The promoter activity was expressed as the ratio of firefly luciferase
reporter to Renilla luciferase internal control. The data shown represent at
least two independent experiments. B: LNCaP cells were cotransfected with
the reporter construct hARp-Luc (500 ng) and increasing amount of I�B� or
I�B�M (100, 250, 500, 1000 ng) as indicated. Luciferase activity was mea-
sured 2 days after transfection and normalized to Renilla luciferase. The data
shown represent at least two independent experiments.
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compared with control LNCaP/V3 cells when transiently

transfected with the pNF-�B-TA-Luc reporter (P � 0.05)

(data not shown). To determine whether overexpression

of p65 had an effect on AR expression, we measured AR

mRNA level using real-time RT-PCR. LNCaP/p65 lines

expressed a significantly higher level of AR (�2.5-fold),

as compared with the control LNCaP/V3 (P � 0.05) (Fig-

ure 2A). Consistent with the increased AR transcript level,

the AR protein is also significantly increased in LNCaP/

p65 cells (Figure 2B). The increased level of AR in cells

overexpressing p65 was associated with enhanced

transactivation activity particularly in the presence of the

non-metabolizable AR ligand R1881 (Figure 2C). Impor-

tantly, the increased sensitivity to low concentrations of

androgen observed in LNCaP/p65 cells indicates that

activation of p65 could contribute to enhanced growth in

the setting of low androgen levels during androgen-dep-

rivation therapy. About 0.5 nmol/L of androgen is re-

quired to give a half maximal response. To determine

whether the increased transactivation activity was phys-

iologically relevant, we monitored the secretion of PSA, a

well-known AR target gene. About fourfold more PSA was

secreted into the cell culture media from LNCaP/p65 cells

than from LNCaP/V3 cells (P � 0.05) (Figure 2D).

The androgen response pathway is a critical growth

regulatory mechanism in prostate cancer and knock-

down of the androgen receptor attenuates ligand-inde-

pendent activation and delays tumor progression.35 It

follows that regulation of AR activity by NF-�B may have

a similar effect. To further explore the biological signifi-

cance of p65 induced AR expression in prostate cancer

cells, we determined the effects on cell growth. Overex-

pression of p65 resulted in an increased viable cell num-

ber, detected as early as day 3 that reflected a near

doubling of growth (Figure 2E). Of interest, a similar, but

more modest, increase in cell growth was detected in

androgen-depleted media (data not shown). Cumula-

tively, these data confirm that p65 can induce expression

of the endogenous AR in human prostate cancer cells,

and that induction is associated with increased expres-

sion of downstream AR targets and enhanced growth

and/or survival of prostate cancer cells.

NF-�B Inhibition Decreases Endogenous AR

Expression, AR Transactivation Activity, and

NF-�B Binding in the AR Promoter in Prostate

Cancer Cells

NF-�B activity is specifically regulated by its inhibitor

I�B�. To further validate the direct role of the NF-�B

signaling pathway on AR expression in prostate cancer,

we compared LNCaP cells stably transfected with an
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Figure 2. Overexpression of p65 (RelA) enhances AR expression in LNCaP cells and promotes cell proliferation. A: AR mRNA level is significantly higher in
LNCaP/p65 compared with LNCaP/V3 cells. Real-time RT-PCR was performed to examine the AR mRNA level using iCycler. The AR mRNA level was expressed
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expression construct for I�B�M, a constitutively active

mutant NF-�B inhibitor (LNCaP/I�B�M) and LNCaP/C5,

which harbors the empty expression vector. The results

are representative of two I�B� clones (LNCaP/I�B� and

LNCaP/I�B�M) and two control clones. The results of

LNCaP/I�B� (data not shown) is very similar to those

of LNCaP/I�B�M. The inhibitory effect of I�B�M on tran-

scriptional activity of endogenous NF-�B was shown by

reporter gene assay. As expected, ectopic expression of

I�B�M blocked NF-�B activity in LNCaP cells as shown

by transient transfection with the NF-�B responsive re-

porter construct, pNF-�BTA-Luc (Data not shown). Over-

expression of I�B�M also significantly inhibited expres-

sion of the endogenous AR gene at the mRNA level as

determined by real-time RT-PCR (Figure 3A) and de-

creased AR protein (Figure 3B). To examine the effects of

I�B�M on AR transactivation function, we transiently

transfected LNCaP/I�B�M and LNCaP/C5 cells with the

AR dependent MMTV-Luc reporter construct. Consistent

with the reduced AR level in LNCaP/I�B�M, the transac-

tivation activity of AR in these cells is significantly de-

creased even in the presence of R1881 (Figure 3C).

Reduced AR activity by inhibition of NF-�B is also dem-

onstrated by decreased PSA secretion (Figure 3D), a well

validated endogenous transcriptional target of AR. To

further demonstrate the inhibition of AR expression by

I�B�M at the transcriptional level, we performed ChIP

assay and observed decreased binding of p50 (the DNA

binding subunit of NF-�B p65/p50 heterodimer) to one of

the NF-�B binding sites, site 5/6 (compare lane 5 v.s. lane

2, Figure 3E). Based on the inhibitory effects of I�B�M on

AR expression, we next examined if specific inhibition of

p65 and p50 expression could affect AR expression in

LNCaP cells. Co-transfection of p65 and p50 siRNA (100

nmol/L each) significantly inhibited AR mRNA (P � 0.05)

and protein expression (Figure 3F and 3G). Decreased

expression AR by specific inhibition of NF-�B (overex-

pression of I�B�M or co-transfection of p65 and p50

siRNAs) provided strong evidence that this transcription

factor plays an important regulatory role in this process.

NF-�B p65 Is Coordinately Expressed with

the AR in Human ADRPC

Recent studies indicate that NF-�B is overexpressed in

prostate cancer and its expression correlates with dis-

ease progression during androgen deprivation thera-

py.23,24,36,37 Our experiments have further shown that

NF-�B can regulate expression of the AR in prostate

cancer cell lines even in the setting of androgen deple-

tion. To determine the relationship between NF-�B and

AR expression in human prostate cancers progressing

during androgen deprivation therapy, we examined pro-

tein expression of AR and p65 by immunohistochemistry

in 52 metastatic ADRPC (Figure 4a-d). In 22 out of 52

(42%) cases examined, p65 and AR were coordinately

expressed at moderate to high levels (spearman rho P �

Figure 3. Overexpression of I�B�M inhibits AR expression, AR transactivation activity, and NF-�B binding in the AR promoter in LNCaP cells. NF-�B inhibition by p65
and p50 siRNAs also inhibits endogenous AR expression. AR mRNA (A), AR protein level (B), AR transcriptional activity (C), and PSA secretion (D) were determined in
LNCaP/p65 (LNCaP cells stably transfected with p65) and LNCaP/V3 (which harbors empty expression vector) as outlined in Materials and Methods. The data represent
means � SD from triplicate sets of three independent experiments. *P � 0.05. E: Overexpression of I�B�M decreased the binding of p50 to the AR promoter region. M:
1kb plus DNA marker; Lanes 1 and 4, input control; Lanes 2 and 5, immunoprecipitation with p50 specific antibody; Lanes 3 and 6, immunoprecipitation with control
antibody (normal rabbit IgG). F: Co-transfection of p65 and p50 siRNAs (100 nmol/L each) significantly inhibited AR mRNA expression in LNCaP cells. G: Co-transfection
of p65 and p50 siRNAs (100 nmol/L each) inhibited AR protein expression in LNCaP cells.
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0.03). Twelve out of 51 (23%) are weakly stained or

negative for both p65 and AR, and in 18 cases (35%), the

immunostaining was moderate for one protein and weak/

negative for the other protein (Table 1). To a certain

extent, heterogeneity was observed for both AR and p65

staining in human ADRPC. Besides the overall correlation

between AR and p65 expression, prostate cancer cells

with moderate or strong staining of p65 also have corre-

sponding moderate or strong nuclear AR staining (Figure

4). In addition, when AR is strongly stained in the nucleus,

we observed p65 nuclear staining (Figure 4, A and B).

Although circumstantial, the common coincident expres-

sion of p65 and AR in human ADRPC is consistent with a

causal relationship as suggested by the in vitro experi-

mental data presented here.

NF-�B Binds the 5� Regulatory Region of the

AR Gene, which Can Be Inhibited by

Parthenolide

We identified eight putative NF-�B binding sites within the

�3.6 kb 5� regulatory region of the AR gene (Figure 5A).

To determine whether transcriptional regulation of AR by

NF-�B is mediated by these binding motifs, we con-

ducted ChIP experiments to define the occupancy of

NF-�B on the AR promoter. Soluble chromatin was pre-

pared from LNCaP/p65 cells after formaldehyde treat-

ment and specific antibody against p50 (the subunit that

contains the DNA-binding domain) was used to immuno-

precipitate p50-bound genomic DNA fragments. Four mi-

Figure 4. Correlation between AR and p65 immunostaining in human ADRPC. Moderate AR labeling (2�) is shown in (A), this corresponds to moderate p65
labeling (B). Nuclear p65 is shown in the inset. Strong AR labeling (3�) in (C) corresponds to strong p65 immunostaining (D).

Table 1. Expression of NF-�B/p65 and Nuclear AR in Metastatic Prostate Cancer Specimens

NF-�B/p65 immunoreactivity

AR nuclear immunoreactivity Negative Weak Moderate Strong Total

Negative 6 2 1 0 9
Weak 2 2 2 0 6
Moderate 3 8 6 5 22
Strong 1 3 6 5 15
Total 12 15 15 10 52

The expression of NF-�B/p65 and nuclear AR was evaluated on staining intensity of the tissues as: negative (0), weak (1), moderate (2) and strong
(3). In 22 out of 52 (42%) cases examined, p65 and AR were coordinately expressed at moderate to high levels (spearman rho P � 0.03). Twelve out
of 51 (23%) are weakly stained or negative for both p65 and AR, and in 18 cases (35%), the immunostaining was moderate for one protein and
weak/negative for the other protein.
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crograms of rabbit polyclonal antibody specific to p50 or

the same amount of normal rabbit IgG were used in each

reaction of ChIP. To demonstrate the binding specificity,

two control PCRs were performed to amplify fragments

within the �5 kb region that do not contain a putative NF-�B

sites (Figure 5C). NF-�B recruitment to the AR promoter was

detected in all of the putative NF-�B binding sites assayed

by PCR (Figure 5B) and not detected in the negative con-

trols, indicating that the binding of p50 to these sites was

specific. As the average length of the genomic DNA frag-

ments produced in these experiments is �1000 bp and

some NF-�B binding sites are very close to each other, we

cannot distinguish with certainty whether some or all of the

NF-�B binding motifs are bound. Direct binding of the

NF-�B transcription factor to the AR promoter is consistent

with a role in transcriptional regulation of this gene.

Parthenolide, the active ingredient of the herbal rem-

edy feverfew (Tanacetum parthenium), is able to inhibit

NF-�B DNA binding and prostate cancer cell growth in

vitro.23 This effect is at least in part due to inhibition of

NF-�B signaling38,39 and we therefore expected that this

drug is able to interfere with NF-�B transcriptional regu-

lation of the AR gene. ChIP assays were performed after

treatment with parthenolide and NF-�B occupancy of the

NF-�B binding sites was markedly decreased (Figure

5D). The inhibition of NF-�B occupancy correlated with

the inhibition of AR transcription by parthenolide, which

was maximal at 6 hours (data not shown). These data add

support to the hypothesis that NF-�B regulates AR. Fur-

thermore, parthenolide could be used to test this hypoth-

esis in vitro and in vivo.

Pathenolide, an NF-�B Inhibitor, Decreases

AR Expression, PSA Secretion and Cell

Proliferation in Prostate Cancer Cells

To test whether parthenolide is able to regulate AR ex-

pression, we analyzed LNCaP cells treated with parthe-

nolide (Figure 6, A and B). There was a dose-dependent

decrease in AR mRNA and protein after 6 hours of par-

thenolide treatment, a previously determined time of max-

imal inhibition. Interestingly, parthenolide also decreased

levels of p65 while having no observable effects on �-ac-

tin (Figure 6B). The inhibition of AR expression correlated

with reduction of PSA secretion (Figure 6C) and resulted

in a dose-dependent decrease in viable prostate cancer

cells (Figure 6D). These experiments were also per-

formed in LAPC4, a prostate cancer cell line with a wild-

type AR, with similar results (data not shown).

Parthenolide Treatment Inhibits AR Expression,

PSA Secretion, and Tumor Growth in a

Xenograft Model of ADRPC

Our data have demonstrated that parthenolide inhibits

AR expression and prostate cancer cell proliferation in

vitro using the androgen-dependent LNCaP cell line (Fig-

ure 6). To test whether parthenolide treatment is effective

in the setting of ADRPC, we used the CWR22Rv1 prostate

cancer xenograft model.40–42 We first tested whether

treatment of parthenolide inhibited the AR expression in

vitro. There was a dose-dependent decrease in AR

mRNA and protein after 6 hours of parthenolide treatment

in CWR22Rv1 cells (Figure 7A and 7B). We then ex-

amined the effect of parthenolide treatment in vivo.

CWR22Rv1 tumors were allowed to establish for 6 days

before drug treatment. The mice were treated with sol-

vent control or parthenolide (QDx5/week at 40 mg/kg

daily). Body weight and tumor volume were measured

twice weekly and mouse blood and tumor tissues were

collected for measurement of PSA and AR levels. Parthe-

nolide inhibited AR expression significantly (both mRNA

and protein) in most of the CWR22Rv1 tumors (Figure 7,

C and D). In concordance with the inhibition in AR ex-

pression, mice treated with parthenolide produced sig-

nificantly lower levels of circulating PSA in the serum

Figure 5. NF-�B interacts with the 5� regulatory
region of the AR gene, which can be inhibited by
Parthenolide treatment. A: Schematic diagram of
the AR gene regulatory region. Solid boxes depict
putative NF-�B binding sites, and 1F/1R, 2F/2R,
34F/34R, 56F/56R, 7F/7R, 8F/8R, C1F/C1R, C2F/
C2R are primer pairs used for amplifying corre-
sponding DNA fragments. Numbers are the posi-
tions upstream of the AR gene transcription start
site. B: ChIP assays of NF-�B occupancy on the AR
gene regulatory region. LNCaP/p65 cells were cul-
tured in RPMI 1640 medium supplemented with
10% FBS. Soluble chromatin was prepared from
formaldehyde-cross-linked and sonicated cell cul-
tures. Specific antibody against p50, as well as
control serum (normal rabbit IgG), was used to
immunoprecipitate protein-bound DNA frag-
ments. These fragments were amplified by PCR
using primers described in (A). M, 1-kb plus
marker (for 1F/1R) or 100-bp markers (for the
other sites); 1, input; 2, p50 IP; 3, rabbit serum IP.
C: Two control PCRs were performed using prim-
ers that bind to the region located �5 kb region
upstream of the AR transcription start site. M: 1kb
plus marker; 1, input; 2, p50 IP. D: Inhibition of AR
expression by parthenolide is associated with al-
terations in the recruitment of NF-�B to the 5�

regulatory region of the AR gene.
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(Figure 7E). Furthermore, parthenolide administration re-

sulted in a consistent inhibition of tumor growth (Figure

7F). The in vivo effects recapitulate those seen in vitro and

suggest that NF-�B regulation of AR activity is physiolog-

ically relevant in the setting of ADRPC and potentially

provides a therapeutic strategy.

Discussion

There is growing evidence that the expression of NF-�B/

p65 correlates with prostate cancer progression and the

development of androgen deprivation resistance.24,26,27

It is tempting to speculate that constitutive activation of

NF-�B, which is known to induce potent anti-apoptotic

effects, may contribute to prostate cancer cell survival

following androgen withdrawal. Increased AR expression

is also a critical event in the development of prostate

cancer resistance to androgen deprivation therapy. How-

ever, the signaling pathways and transcription factors

involved in the regulation of AR expression are not clear.

Our findings provide mechanistic support for a role of

NF-�B in regulation of the AR in human prostate cancer

Figure 6. Parthenolide, a NF-�B inhibitor, inhibits
AR expression, PSA secretion and cell proliferation
in prostate cancer cells. A: Inhibition on AR tran-
scription in LNCaP cells treated with parthenolide.
AR mRNA levels measured using real-time RT-
PCR. LNCaP cells (50% to 60% confluent) were
treated with parthenolide (0, 2, 5, and 10 �g/ml)
for 6 hours in RPMI 1640 supplemented with 10%
FBS. The data represent at least two independent
experiments. B: Parthenolide significantly inhib-
ited AR and p65 expression in LNCaP cells in a
dose-dependent manner. LNCaP cells (50% to 60%
confluent) were treated with parthenolide (0, 2, 5,
and 10 �g/ml) for 6 hours in RPMI 1640 supple-
mented with 10% FBS before cell harvest and
Western blot analysis. C: PSA secretion was signif-
icantly inhibited in LNCaP cells treated with par-
thenolide using enzyme-linked immunosorbent
assay. D: Proliferation assay demonstrating dose-
dependent inhibition of prostate cancer cell pro-
liferation with the NF-�B inhibitor, parthenolide.
The readings are normalized to controls. Data rep-
resent at least two independent experiments.

Figure 7. Parthenolide treatment inhibits AR expression, PSA secretion and tumor growth in ADRPC. A: Inhibition on AR transcription in CWR22Rv1 cells treated
with parthenolide. AR mRNA levels measured using real-time RT-PCR. CWR22Rv1 cells (50% to 60% confluent) were treated with parthenolide (0, 2, 5, and 10
�g/ml) for 6 hours in RPMI 1640 supplemented with 10% FBS. B: Parthenolide significantly inhibited AR expression in CWR22Rv1 cells in a dose-dependent
manner. C: AR mRNA in CWR22Rv1 cells in mice treated with parthenolide. CWR22Rv1 cells were implanted in female mice (four mice per group) 6 days before
drug treatment. The mice were treated with solvent control or parthenolide alone (QDx5/week at 40 mg/kg daily). At the end of day 35, mice were sacrificed and
tissues were collected for RNA extraction and RT-PCR. TBP was used as internal control. Expression of AR was normalized to TBP in each sample. D: AR protein
level in mice tumors treated with parthenolide. Mice tissues were collected for protein extraction and Western blot analysis. E: Parthenolide inhibits serum PSA
level in mouse xenograft model. Mouse blood was collected for measurement of PSA levels using enzyme-linked immunosorbent assay method. F: Parthenolide
inhibits tumor growth in tumor model. Body weight and tumor volume were measured twice weekly in three dimensions using calipers. The data represent
means � SD from all of the mice included in this experiment. *P � 0.05.
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that could contribute to prostate cancer growth and

ADRPC. NF-�B directly bound to the AR promoter and

enhancer, and regulated AR expression and function.

Inhibitors of NF-�B decreased AR expression and

prostate cancer cell growth in vitro and in vivo. Further-

more, NF-�B/p65 levels correlated with that of AR in

human ADRPC. These findings suggest that NF-�B is

part of a signaling network regulating AR expression in

prostate cancer and targeting NF-�B may be an effec-

tive therapeutic strategy.

Several signal transduction pathways that regulate

NF-�	 activity have emerged as important in prostate

cancer.43 In particular the phosphatidylinositol 3-kinase/

AKT pathway has been implicated in protection from

apoptosis in response to growth factors, cytokines, c-myc

overexpression, and matrix detachment. AKT can also

lead to activation of NF-�	 by phosphorylation of the I�B

kinase, a positive regulator of NF-�B.44 Given that loss of

heterozygosity and decreased expression of phospha-

tase and tensin homolog, an inhibitor of the phosphati-

dylinositol 3-kinase/AKT pathway, is frequent in prostate

cancer,45,46 this pathway may be a primary mechanism

for activation of NF-�B. We have previously detected

decreased phosphatase and tensin homolog expression

specifically in ADRPC, that correlates with increased ex-

pression of AR and implicates this pathway in develop-

ment of resistance.6 Furthermore, DIM, 3,3�-diindolyl-

methane, a compound that significantly inhibits AKT

activation and NF-�	 DNA binding activity, decreases AR

phosphorylation and the expression of the AR and PSA.47

This suggests that an integrated signaling network in-

cluding phosphatidylinositol 3-kinase, AKT, NF-�	, and

AR may be of primary importance in prostate cancer and

especially in the development of ADRPC.

NF-�B is a member of a family of transcription factors

that are involved in stimulating cell proliferation, inhibiting

apoptosis, and promoting metastasis and angiogene-

sis.11 More than 180 NF-�B target genes have been

proposed and many of them, such as BclII, cyclin D1,

matrix metalloproteinase-9, and vascular endothelial

growth factor, regulate critical steps of cancer progres-

sion. Therefore, it is important to point out that AR may not

be the only downstream target of NF-�	 that contributes

to prostate cancer growth or that is inhibited by NF-�	

antagonists. Further study is needed to elucidate the

genes and signaling pathways that are critical mecha-

nisms of NF-�	 activity that participate in prostate cancer

development and progression.

Recently, proteosome inhibitors and I�B� kinase inhib-

itors have been used to target the NF-�B pathway in both

preclinical models and clinical trials involving patients

with prostate cancer and other solid tumors.48–50 Our

studies provide improved understanding of the relation-

ship of NF-�	 to AR regulation and the potential for these

interactions as therapeutic targets. The data suggest that

NF-�B inhibition is a promising strategy for the treatment

of prostate cancer, especially for ADRPC with activation

of AKT, NF-�	, and AR. However, further preclinical and

clinical studies are needed to fully appreciate the thera-

peutic index and ultimate value of NF-�	 inhibitors in this

disease.
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