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The transcription factor NF-�B regulates gene expression involved in cell growth and survival and has been
implicated in progression of hormone-independent breast cancer. By expressing a dominant-active form of
mitogen-activated protein kinase kinase kinase 1, by exposure to tumor necrosis factor alpha, or by overex-
pression of p50/p65, we show that NF-�B activates a transcription regulatory element of the prostate-specific
antigen (PSA)-encoding gene, a marker for prostate cancer development, treatment, and progression. By
DNase I footprinting, we identified four NF-�B binding sites in the PSA core enhancer. We also demonstrate
that androgen-independent prostate cancer xenografts have higher constitutive NF-�B binding activity than
their androgen-dependent counterparts. These results suggest a role of NF-�B in prostate cancer progression.

Prostate cancer begins as an androgen-dependent (AD) tu-
mor and regresses in response to androgen ablation therapy.
This therapy eventually fails, and the tumor progresses despite
castrate levels of androgen. This stage of the disease is referred
to as androgen-independent (AI) or hormone-refractory pros-
tate cancer. The prostate-specific antigen (PSA) level in serum
is a clinical marker for prostate cancer progression and effec-
tiveness of treatment. Rising PSA levels typically signal pro-
gression from androgen dependence to androgen indepen-
dence. Biochemical and genetic analyses have identified two
regulatory regions responsible for androgen-regulated, tissue-
specific PSA expression–-the proximal promoter containing a

core TATA box and an enhancer region located approximately
4.2 kb upstream of the transcription start site (7, 19, 33). We
have used these regions as tools with which to identify molec-
ular mechanisms responsible for PSA expression at castrate
levels of androgen to gain insight into mechanisms of prostate
cancer progression (2, 9).

The NF-�B/Rel genes encode a family of heterodimeric
transcription factors that share a 300-amino-acid Rel homol-
ogy domain (RHD) (16, 26). Classical NF-�B is a heterodimer
composed of a 50-kDa (p50) subunit and a 65-kDa (p65 or
RelA) subunit and was discovered as a �-immunoglobulin en-
hancer DNA binding protein (38). c-Rel, another member of

FIG. 1. JBD does not inhibit MEKK1-mediated activation of PSA. LNCaP cells were transfected with empty vector pcDNA3, JBD (500 ng),
MEKK1-DA (400 ng), or JBD with MEKK1-DA, together with the reporter construct driven either by a Jun-responsive element (Jun-Luc; 200
ng) (A) or by PSA-P/E–Luc (200 ng) (B). Luciferase activity was measured 2 days after transfection and normalized by transfection efficiency, which
was determined by GFP cotransfection. The data shown represent three experiments.
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this family, was originally identified as a proto-oncogene. The
activity of these proteins is regulated primarily through post-
translational modification. In unstimulated cells, the NF-�B/
Rel proteins are sequestered in the cytoplasm by association
with inhibitory proteins, termed inhibitor of NF-�B (I�B� and
I�B�). Upon phosphorylation by I�B kinases (IKKs), I�B is
modified by ubiquitination and degraded, allowing NF-�B to
translocate into the nucleus and activate target gene transcrip-
tion (16).

Breast cancer studies have proposed a role for NF-�B in the
progression of hormone-dependent cancers to hormone inde-
pendence. Constitutive activation of NF-�B was found in es-
trogen receptor (ER)-negative breast cancer cell lines and
poorly differentiated primary tumors (29). Progression of the
rat mammary carcinoma cell line RM22-F5 from an ER-pos-
itive, nonmalignant phenotype to an ER-negative, malignant
phenotype was accompanied by constitutive activation of NF-�B
(29). The current data on prostate cancer are less certain. In
the AI prostate cell lines PC-3 and DU-145, the DNA binding
activity of NF-�B is constitutively activated whereas the andro-
gen-sensitive prostate cancer cell line LNCaP has a low level of
NF-�B binding activity (31). However, PC-3 and DU-145 do

not express androgen receptor (AR) and PSA; therefore, the
relevance of this finding to clinical AI prostate cancer progres-
sion is not clear. In a different set of studies, the RelA subunit
of NF-�B was shown to inhibit AR function by competing for
the coactivator CREB binding protein (CBP) (1, 32). This
result suggests that NF-�B may play a negative role in AI
progression since AR activation (not suppression) is associated
with prostate cancer progression.

We have examined this issue in two xenograft models of
AD-to-AI prostate cancer progression in which AR expression
and PSA expression are retained (8, 23). We showed previ-
ously that mitogen-activated protein kinase kinase kinase 1
(MEKK1) activates PSA expression in prostate cancer cells
(2). This activation is only partially abolished by the AR inhib-
itor bicalutamide (Casodex), suggesting that pathways other
than AR may be involved in this activation. MEKK1 can acti-
vate Jun N-terminal kinase (JNK) or I�B kinase (IKK), result-
ing in activation of the AP-1 or NF-�B transcription factor
complex, respectively. In this report, we demonstrate that NF-
�B, but not AP-1, is required for MEKK1 to fully activate PSA
transcription. We also identify previously unrecognized NF-�B
binding sites in the PSA enhancer and show that progression to

FIG. 2. Dominant-active I�B� mutant inhibits MEKK1-mediated activation of PSA. LNCaP cells were transfected with empty vector pcDNA3,
the mutant form I�B�(32/36AA) (800 ng), MEKK1-DA (300 ng), or MEKK1-DA with increasing amounts (100, 200, 400, and 800 ng) of the
mutant form I�B�(32/36AA), together with the reporter construct driven either by an NF-�B-responsive element (NF-�B–Luc; 200 ng) (A) or by
PSA-P/E–Luc (200 ng) (B and D). (C) Lysates from the transfected cells were examined for MEKK1-DA expression. Bicalutamide was used as
indicated in the experiment whose results are shown in panel D. Luciferase activity was measured 2 days after transfection and normalized by
transfection efficiency, which was determined by GFP cotransfection. The data shown represent three experiments.

VOL. 22, 2002 ACTIVATION OF NF-�B IN AI PROSTATE CANCER 2863



AI is associated with increased constitutive NF-�B binding
activity in both xenograft models.

MATERIALS AND METHODS

Cell culture and xenograft. The human prostate cancer cell lines LNCaP and
DU145 were obtained from the American Type Culture Collection and main-
tained in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS).
For phorbol 12-myristate 13-acetate (PMA) and tumor necrosis factor alpha
(TNF-�) treatment, LNCaP cells were grown in the presence of 10% FBS
overnight and subsequently in the absence of serum for 2 days. The serum-
starved LNCaP cells were challenged with 5% charcoal-stripped FBS with or
without PMA (10 ng/ml) or TNF-� (50 ng/ml) overnight, and the media were
subjected to enzyme-linked immunosorbent assay (ELISA; American Qualex) to
determine PSA expression. The LAPC-4 and LAPC-9 xenograft models were
established as previously described (9, 23) and maintained subcutaneously in
mice. Progression to AI was modeled by castration of mice bearing AD tumors.

Plasmids. The cDNA of MEKK1-DA (MEKK1 dominant active) was sub-
cloned into pcDNA3 as previously described (2). MEKK1-DA is a truncated
form of MEKK1 in which the N-terminal 351 amino acids were deleted. The PSA
promoter enhancer luciferase reporter (PSA-P/E–Luc) was constructed by in-
serting a 600-bp fragment of the PSA promoter and a 2.4-kb enhancer sequence
upstream of luciferase (pSE) as previously described (2, 9, 33). Constructs con-
taining mutations in the NF-�B binding sites on PSA-P/E–Luc were kindly
provided by Michael Carey (University of California at Los Angeles) and were
prepared as previously described (19). The I�B� mutant contains amino acid
substitutions of serines 32 and 36 to alanine. Plasmids encoding the I�B� mutant,
p50, p65, and c-Rel were kindly provided by Genhong Cheng (University of
California at Los Angeles).

Transfection. LNCaP or DU145 cells were plated at 40 to 50% confluency and
transfected 1 day later in accordance with the manufacturer’s instructions using
TFX-50 (Promega) for LNCaP and Lipofectamine plus (Promega) for DU145.
To minimize interference from androgen, transfected cells were maintained in
RPMI 1640 medium supplemented with 5% charcoal-stripped serum. Two days
after transfection, cells were harvested and the luciferase activity of the reporter
constructs was measured with a luciferase assay kit or a dual luciferase assay kit
(Promega). Luciferase activity was normalized to the percentage of green fluo-
rescent protein (GFP)-positive cells in transfections that included pcDNA3-
enhanced GFP or to Renilla luciferase when the pRL-TK plasmid was used as the
normalization control.

DNase I footprinting. Probes were created by PCR with the reporter plasmid
PSA-P/E–Luc, which contains the PSA core enhancer, as a template. The 3�
primers were ACCAGCTCAATCAGTCAC, CATGTTCACATTAGTACACC,
AACCTGAGATTAGGAATCC, and TGAGAGAGATATCATCTTGC. The
common 5� primer was CGTTGAGACTGTCCTGCAG. The 3� primers were
end labeled by T4 polymerase kinase with [�-32P]ATP, and each 3� primer was
combined with the common 5� primer to PCR amplify DNA probe for footprint-
ing. The binding reactions for DNase footprinting were as previously described
(13). The DNA was precipitated and resolved on a 6 to 8% polyacrylamide–7 M
urea sequencing gel. Recombinant human p50 was purchased from Promega.

EMSAs. Concentrated nuclear extracts for electrophoretic mobility shift assays
(EMSAs) were prepared as previously described (6). Nuclear extracts were
diluted in buffer containing 2 mM EDTA, 25 mM HEPES (pH 7.5), 150 mM
NaCl, 1% Triton X-100, and 10% glycerol. The wild-type and mutant double-
strand probes were purchased from Operon. They are GCCATGGGGGGATC
CCCGAAGTCC and GCCATGGGCCGATCCCCGAAGTCC. The probes
were end labeled by T4 polymerase kinase with [�-32P]ATP. Diluted nuclear
extracts were incubated with the indicated probe in the same buffer as for DNase
I footprinting (13), except that glycerol was added to a final concentration of 1%.
Antibodies against NF-�B p50 (SC-114 X), p65 (SC-372-G), and AR (SC-816)
were also incubated in supershift experiments. After 1 h of incubation, the
reaction mixture was resolved in a 6% native polyacrylamide electrophoresis gel
in buffer containing 0.5� Tris-borate-EDTA and 1% glycerol.

Western blot analysis. Nuclear extracts and cytoplasmic fractions of xenograft
tumors were prepared as previously described (6). Western blot analysis was
performed in accordance with standard procedures (35). The antibodies used in
this study were SC-1643 against I�B�, SC-945 against I�B�, SC-372-G against
NF-�B p65, SC-1190 against NF-�B p50 (Santa Cruz Biotechnology), and AC-15
against �-actin (Sigma).

RESULTS

NF-�B, but not AP-1, is required for MEKK1-mediated
activation of the PSA-P/E. Previously, we demonstrated that a
constitutively active form of MEKK1 (MEKK1-DA) induces
AR-independent activation of the PSA promoter-enhancer
(PSA-P/E) (2). To identify mechanisms responsible for this
activation, we used dominant-negative mutant forms to exam-
ine downstream pathways of MEKK1.

An AP-1 binding site was previously identified in the PSA
enhancer by sequence inspection (36). Because MEKK1 acti-
vates AP-1 through JNK, we asked if JNK is required for
MEKK1-mediated induction of PSA. LNCaP cells were co-
transfected with MEKK1-DA and JBD, a truncated form of
JIP-1 that selectively inhibits JNK (11). In a titration experi-
ment, the minimal dose of plasmid MEKK1-DA required to
fully activate the PSA-P/E was defined (data not shown).
Transfected cells were maintained in 5% charcoal-stripped
serum to minimize interference from androgen. As expected,
MEKK1 stimulated transcription of a c-Jun-responsive ele-
ment and the activation was inhibited by JBD (Fig. 1A).
MEKK1-DA activated the PSA-P/E, but this activation could
not be blocked by JBD (Fig. 1B). This result is consistent with
our previous finding that JBD does not impair the effect of
MEKK1 on prostate cancer cell survival (2) and suggests that
AP-1 is not involved in MEKK1-mediated activation of PSA.

Another target of MEKK1 is IKK. MEKK1 activates IKK,
which phosphorylates I�B, leading to NF-�B activation. To
determine if NF-�B is involved in MEKK1-mediated activation
of PSA, LNCaP cells were transfected with MEKK1-DA and a
dominant-active form of I�B� containing alanine substitutions
at serines 32 and 36. These mutations prevent phosphorylation
by IKK, thereby preventing NF-�B translocation to the nucleus
to activate transcription. Cotransfection of the mutant I�B�

FIG. 3. TNF-� activates PSA expression through the NF-�B path-
way. LNCaP cells were transfected with the reporter construct PSA-
P/E–Luc (200 ng) with or without the mutant form I�B�(32/36AA)
(800 ng) as indicated. After transfection, cells were treated with or
without TNF-� (10 or 50 ng/ml) as indicated. Luciferase activity was
measured 2 days after transfection and normalized to Renilla lucif-
erase. The data shown represent two experiments.
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blocked the effect of MEKK-DA on an NF-�B-responsive el-
ement (Fig. 2A) and on the PSA-P/E (Fig. 2B) in a dose-
dependent manner. The expression level of MEKK-DA did
not change when the mutant I�B� was cotransfected (Fig. 2C).
While large doses of the mutant I�B� completely abolished the
effect of MEKK1-DA on the NF-�B-responsive element (Fig.
2A), the maximal effect on the PSA-P/E was a reduction by
65% (Fig. 2B). However, PSA activation was completely abol-
ished when both bicalutamide and the mutant I�B� were used

(Fig. 2D), consistent with our previous observation that
MEKK1-DA also activates AR (2).

NF-�B activates the PSA-P/E. If NF-�B is required for tran-
scriptional activation of PSA by MEKK1-DA, we reasoned

FIG. 4. Overexpression of NF-�B activated PSA expression, and
the activation was abolished by mutant I�B�. (A) LNCaP cells were
transfected with the reporter construct PSA-P/E–Luc (200 ng) with
increasing amounts of human p50 (p50) (25, 50, and 100 ng), human
p65 (p65) (25, 50, and 100 ng), a combination of p50 and p65, c-Rel
(25, 50, and 100 ng), or a combination of p50 and c-Rel and with or
without the mutant form I�B�(32/36AA) (800 ng) as indicated.
(B) DU145 cells were cotransfected with the reporter construct PSA-
P/C–Luc (200 ng) and p50 (50 ng) and p65 (50 ng) and with or without
the mutant form I�B�(32/36AA) (800 ng) as indicated. Luciferase
activity was measured 2 days after transfection and normalized to
Renilla luciferase. The data shown represent two experiments.

FIG. 5. TNF-� and PMA induce endogenous PSA expression. Se-
rum-starved LNCaP cells were grown in 5% charcoal-stripped FBS
with or without TNF-� (50 nM) or PMA (10 ng/ml) overnight, and the
media were subjected to ELISA to determine PSA expression.
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that other signals that lead to activation of NF-�B may also
activate the PSA-P/E. Indeed, TNF-�, a cytokine that acti-
vates NF-�B, was sufficient to activate PSA-P/E transcription
in LNCaP cells, and this activation was completely blocked by
the mutant I�B� (Fig. 3). To provide more direct evidence that
NF-�B plays a regulatory role in PSA transcription, we asked
if NF-�B is sufficient to increase PSA-P/E transcriptional ac-
tivity. Overexpression of p50, the NF-�B subunit without a
transcriptional activation domain, did not activate the PSA-
P/E (Fig. 4A). However, overexpression of p65, or the combi-
nation of p50 and p65, did activate the PSA-P/E and this
activation was abolished by cotransfection of the mutant I�B�
(Fig. 4A). It is noteworthy that c-Rel, another member of the
p65 family, did not activate the PSA-P/E (Fig. 4A). These
results indicate that NF-�B is sufficient to activate the PSA-P/E
in the absence of androgen and suggests that this activation
may be specific to the classical p50/p65 NF-�B complex. We
performed a similar experiment with DU145 cells, a prostate
cancer cell line that does not express AR. Cotransfection of
p50/p65 activated the PSA-P/E reporter in the absence of AR,
and this activation was blocked by the mutant I�B� (Fig. 4B).
While the levels of NF-�B-induced PSA reporter induction are
lower than those achieved by transfection of AR and addition

of androgen (data not shown), these data demonstrate that
NF-�B is sufficient to activate PSA expression independently
of AR.

TNF-� and PMA stimulate endogenous PSA expression. To
determine whether NF-�B activates endogenous PSA expres-
sion, LNCaP cells were challenged with two commonly used
NF-�B-inducing agents, TNF-� and PMA, both of which are
known to activate NF-�B in LNCaP cells (20, 28). This ap-
proach, rather than cotransfection of p50/p65 plasmids, was
necessary to ensure NF-�B activation in a large population of
cells (because of low transfection efficiency). Cells were main-
tained in RPMI 1640 medium without serum for 2 days to
deplete PSA and then challenged with TNF-� or PMA in 5%
charcoal-stripped FBS. PSA expression was determined by
ELISA (26, 37). Both TNF-� and PMA stimulated PSA pro-
duction (Fig. 5), suggesting that NF-�B activation alone is
sufficient to stimulate PSA expression.

NF-�B directly binds the PSA enhancer. To determine
whether activation of PSA transcription by NF-�B was a direct
or indirect effect, DNase footprinting analysis was performed.
We analyzed a core enhancer between �4366 and �3824 be-
cause this region was previously shown to be important for
androgen-induced PSA expression (7, 19, 33). The 32P-labeled
PSA core enhancer was incubated with recombinant p50 pro-
tein, and the reaction mixture was subjected to DNase I diges-
tion. p50 protected four regions in the PSA core enhancer with
the following order of binding affinity: I 	 II 	 IV 	 III (Fig.
6A). One-half of a gel shift unit (defined as the amount of p50
required to shift 0.38 pmol of the NF-�B oligonucleotide)
completely protected site I from DNase digestion, and one gel
shift unit greatly reduced DNase digestion of site II. The four
protected sequences (Fig. 6B) in the PSA core enhancer re-
semble a �B consensus sequence (GGGRNNYYCC) (26), and
the order of NF-�B binding affinity is consistent with the pre-
diction from a comparative analysis (42). This result indicates
that NF-�B can directly bind to the PSA enhancer.

To determine the functional role of these sites, we examined
the effect of NF-�B on promoters containing mutations in sites
II and III. We chose mutations in these two sites because they
have intermediate DNA binding affinity (Fig. 6B). Both muta-
tions abolished the footprinting of p50, as expected (data not
shown). In addition, both mutations showed reduced activation
by NF-�B (Fig. 6C).

Increased NF-�B binding activity in AI prostate cancer. To
determine if NF-�B activity correlates with ligand-independent
PSA expression during AI prostate cancer progression, we
measured NF-�B binding activity in the LAPC-4 and LAPC-9
prostate cancer xenograft models by EMSA. A strong band
shift was detected when 2 
g of nuclear extract from LAPC-4
AI tumor tissue was used (Fig. 7A, lane 8). The band shift was
also seen when smaller quantities of nuclear extracts from
LAPC-4 AI tumor tissue were used (Fig. 7A, lanes 6 and 7).
However, nuclear extracts from LAPC-4 AD tumor tissue
formed barely detectable shifted complexes, even at high con-
centrations (Fig. 7A, lanes 3 to 5). This result suggests that AI
tumor tissue has a higher constitutive NF-�B binding activity
than its AD counterpart. Similar results were observed in the
LAPC-9 xenograft model, although the basal level of NF-�B
activation in LAPC-9 AD is already elevated (Fig. 7A, lanes 9
to 14).

FIG. 6. Identification of NF-�B binding sites in PSA core en-
hancer. (A) Increasing amounts of recombinant human p50 protein (0,
0.5, 1.0, 2.0, and 4.0 gel shift units in lanes 1, 2, 3, 4, and 5, respectively)
were incubated with a 32P-labeled enhancer fragment, from �4366 to
�3824, to detect footprints. The sites identified are designated I, II,
III, and IV in sequence order. Sequencing ladders are included along-
side the footprints to localize the protected sites. The order of binding
affinity was I 	 II 	 III 	 IV. (B) Sequence of the PSA core enhancer.
Footprinted regions are underlined and compiled below the consensus.
The sequence of site I is reversed. (C) Wild-type (wt) or mutant
PSA-P/E–Luc was cotransfected with p50 and p65 into LNCaP cells.
Luciferase activity was measured 2 days after transfection and normal-
ized by transfection efficiency, which was determined by GFP cotrans-
fection. The data shown represent three experiments. Sites II and III
were mutated to CCGGTTTGTG and ACGGAGTACT, respectively.
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FIG. 7. AI tumors have a higher level of constitutive NF-�B bind-
ing activity than do AD tumors. (A) Increasing amounts (0.5, 1.0, and
2.0 
g) of nuclear extracts from both AD and AI LAPC-4 and LAPC-9
tumors were incubated with a 32P-labeled NF-�B binding sequence to
detect NF-�B binding by gel shift analysis. The shifted complex and
free probe are indicated. (B) Identity of the shifted complexes. Two
micrograms of LAPC-4 AI tumor nuclear extract was incubated with a
32P-labeled NF-�B binding sequence with or without increasing
amounts of antibodies against AR, p65, or p50. (C) Specificity of the
shifted complexes. Shifted complexes (lane 2) formed by the recom-
binant p50 protein were competed away by increasing amounts of the
unlabeled wild-type (wt) probe (lanes 3 and 4) but not by the unlabeled
mutant (mt) probe (lanes 5 and 6). LAPC-4 AI tumor nuclear extracts
(0.5, 1.0, and 2.0 
g) formed a band shift with the wild-type probe
(lanes 14 to 16) and but not with the mutant probe (lanes 17 to 19).
The band shift was competed away by increasing amounts of the
unlabeled wild-type probe (lanes 8 to 10) but not by the unlabeled
mutant probe (lanes 11 to 13).
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The band shift pattern was similar to that of previous reports
describing the p65/p50 heterodimer and p50/p50 homodimer
complexes (10, 29, 41). To confirm the identities of the shifted
complexes, we performed antibody supershift experiments with
nuclear extracts from LAPC-4 AI tumor tissue. Addition of
p65 antibody caused the upper band to shift (Fig. 7B, lanes 5
to 7), and addition of p50 antibody shifted both complexes to
higher positions in a dose-dependent fashion (Fig. 7B, lanes 9
to 11). The supershift was specific because antibody against an
unrelated protein (AR) did not alter the mobility of the com-
plexes (Fig. 7B, lanes 2 to 4). These results indicated that the
upper complex contains the p65/p50 heterodimer and the
lower band contains p50.

Binding specificity was determined by using nuclear extracts
from LAPC-4 AI tumor tissue. One-half to two micrograms of
nuclear extracts produced the band shift with the wild-type
probe (Fig. 7C, lanes 14 to 17) but not with a mutant probe
(Fig. 7C, lanes 17 to 19). The shifted complex was competed
away by a 5- to 80-fold excess of unlabeled wild-type probe
(Fig. 7B, lanes 8 to 10) but not by unlabeled mutant probe (Fig.
7C, lanes 11 to 13). The wild-type, but not the mutant, com-
petitor also competed away the shifted complex from recom-
binant p50 (Fig. 7C, lanes 2 to 6) with comparable efficiency.
These results demonstrate an increase in constitutive NF-�B
binding activity during progression to androgen independence.

Nuclear accumulation of NF-�B correlates with its binding
activity. To examine the mechanism for the elevated NF-�B
binding activity in the AI xenografts, we measured the levels of
p50, p65, and I�B in nuclear and cytoplasmic extracts of
LAPC-4 AD and AI tumors. p50 and p65 protein levels were
higher in nuclear extracts and lower in cytoplasmic extracts
from AI tumors (Fig. 8A and B). Therefore, the higher NF-�B
binding activity in LAPC-4 AI tumor tissue is associated with
an increased concentration of NF-�B proteins in the nucleus.
We also noted that the level of the I�B� protein, but not that
of the I�B� protein, was lower in cytoplasmic extracts from AI

tumor (Fig. 8C), raising the possibility that an increased level
of NF-�B in the AI tumor nucleus results from a decreased
level of I�B� in the cytoplasm. A full understanding of the
mechanism for increased NF-�B activity in these xenografts
requires further study.

DISCUSSION

Our data from analysis of prostate cancer cell lines and
xenografts support a role for NF-�B in prostate cancer pro-
gression. We demonstrate that NF-�B regulates the expression
of PSA, an important clinical marker of prostate cancer pro-
gression. We also show that NF-�B directly binds to the PSA
core enhancer. By using matched AD and AI prostate cancers
derived from two xenograft models, we demonstrated that
NF-�B binding activity is upregulated in AI tumors.

Previous work has shown that NF-�B negatively regulates
AR function. This conclusion is based on cotransfection stud-
ies showing that NF-�B and AR are mutually inhibitory due to
competition for a common transcriptional coactivator, CBP (1,
32). Because AR is activated in AI prostate cancer (9, 17, 25),
these findings imply an inhibitory role for NF-�B in prostate
cancer progression. However, NF-�B inhibition of AR was
observed when artificial promoters containing either consensus
AR response element (ARE) or NF-�B binding sites were
used. Natural promoters are more complex and typically con-
tain cis-acting elements for different transcription factors. The
PSA core enhancer studied here contains multiple low-affinity
AREs that act synergistically (19). Among the four NF-�B
binding sites we identified (Fig. 5B), three (I, II, and IV) are
adjacent to AREs and NF-�B binding site III overlaps an ARE
(19). These observations raise the possibility that cooperative
NF-�B and AR binding contributes to PSA transcriptional
regulation. Cooperation between nuclear receptors and NF-�B
has been demonstrated in other systems (1, 5, 21, 32). For
example, retinoid receptors and NF-�B synergistically induce
ICAM-1 expression, which promotes metastasis potential (5).
NF-�B and the aryl hydrocarbon receptor cooperate to acti-
vate c-myc expression in mammary cells (21).

The transition from AD to AI prostate cancer is a multistep
process (8). AI cells must first survive androgen deprivation
and then grow to become AI tumors. NF-�B may participate in
both processes. NF-�B is known to be a critical regulator of
survival (3). p65/RelA knockout mice die from extensive liver
apoptosis during embryogenesis (4). NF-�B also functions as a
survival factor in neurons in response to cell injury through the
upregulation of antiapoptotic genes (27). Accumulating evi-
dence indicates that NF-�B also promotes proliferation. Inhib-
iting NF-�B activation by dominant-negative p65 blocks cell
cycle progression in human glioma cells (30). Lymphocytes
lacking p50, p65, or c-Rel show defective responses to mito-
genic stimulation (12, 24, 39, 40). Inhibiting NF-�B activation
by I�B� expression, or by phenylarsine oxide, blocks focus
formation in NIH 3T3 cells (15) and colony-forming cell pro-
liferation of acute myelogenous leukemia cells (14). The pro-
liferation-promoting effect of NF-�B may result from its ability
to activate c-myc expression (22) and/or cyclin D1 expression
(18, 34).

The link between NF-�B activation and prostate cancer an-
drogen independence may provide an opportunity for drug

FIG. 8. Western blot analysis of NF-�B and I�B protein levels in
LAPC-4 xenograft tumors. (A) Nuclear extracts were subjected to
Western blot analysis with antibodies against p50 and p65. (B) Cyto-
plasmic fractions were subjected to Western blot analysis with anti-
bodies against p50 and p65. (C) Cytoplasmic fractions were subjected
to Western blot analysis with antibodies against I�B� and I�B�.
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development. Therapeutic interventions might target upstream
pathways that lead to activation of NF-�B, NF-�B itself, or
downstream effectors that participate in cancer progression.
Because NF-�B is involved in multiple signal transduction
pathways, identification of the pathway(s) responsible for in-
creased activity of NF-�B in AI progression will be of great
interest.
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