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NF-kB Activation in Human Prostate Cancer:
Important Mediator or Epiphenomenon?
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Abstract The NF-kB family of transcription factors has been shown to be constitutively activated in various human
malignancies, including leukemias, lymphomas, and a number of solid tumors. NF-kB is hypothesized to contribute to
development and/or progression of malignancy by regulating the expression of genes involved in cell growth and
proliferation, anti-apoptosis, angiogenesis, and metastasis. Prostate cancer cells have been reported to have constitutive
NF-kB activity due to increased activity of the IkB kinase complex. Furthermore, an inverse correlation between androgen
receptor (AR) status and NF-kB activity was observed in prostate cancer cell lines. NF-kB may promote cell growth and
proliferation in prostate cancer cells by regulating expression of genes such as c-myc, cyclinD1, and IL-6.NF-kBmay also
inhibit apoptosis in prostate cancer cells through activation of expression of anti-apoptotic genes, such as Bcl-2, although
pro-apoptotic activity of NF-kB has also been reported. NF-kB-mediated expression of genes involved in angiogenesis
(IL-8, VEGF), and invasion andmetastasis (MMP9, uPA, uPA receptor)may further contribute to the progression of prostate
cancer. ConstitutiveNF-kBactivity has also beendemonstrated in primary prostate cancer tissue samples and suggested to
have prognostic importance for a subset of primary tumors. The limited number of samples analyzed in those studies and
the relative lack of NF-kB target genes identified in RNA expression microarray analyses of prostate cancer cells suggest
that further studies will be required in order to determine if NF-kB actually plays a role in human prostate cancer
development, and/or progression, and to characterize its potential as a therapeutic target. J. Cell. Biochem. 91: 100–117,
2004. � 2003 Wiley-Liss, Inc.
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The NF-kB/Rel proteins are a family of tran-
scription factors that regulate expression of
genes involved in immune and inflammatory
responses, cell growth, differentiation, and
apoptosis (reviewed inGhosh et al., 1998; Karin
and Ben-Neriah, 2000; Ghosh andKarin, 2002).

NF-kB was originally identified as a B cell-
specific nuclear factor that bound to an enhan-
cer element in the immunoglobulin kappa (k)
light chain gene. NF-kB was later found to be
ubiquitously expressed in various cell types and
to function as an important transcription factor
governing many aspects of cellular and organ-
ismal physiology.

Activation of NF-kB involves induction of its
nuclear localization and transcriptional activa-
tion potential, leading to the expression of a
large number of target genes (reviewed in May
and Ghosh, 1998). Many genes encoding a large
array of cytokines and chemokines are trans-
criptionally activated byNF-kB, contributing to
immune and inflammatory responses. NF-kB
regulates the expression of adhesion molecules
promoting cell migration and cellular interac-
tions. Other NF-kB target genes encode pro-
teins with anti-apoptotic activity promoting cell
survival. Expression of genes encoding cell cycle
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regulators (including c-myc and cyclin D1) is
also induced by NF-kB, contributing to cellular
growth and proliferation. NF-kB also serves to
induce a variety of genes encoding proteins that
induce cellular stress responses promoting cell
survival and damage repair.
As suggested by the vast array of target

genes, the importance of NF-kB in normal de-
velopment and physiology was manifested by
the phenotypes of targeted gene deletions of
NF-kB/Rel family members in knockout mice
(reviewed in Baeuerle and Baltimore, 1996;
Ghosh et al., 1998). Deletion of the RelA/
p65 subunit of NF-kB resulted in embryonic
lethality associated with massive apoptosis of
hepatocytes, demonstrating that NF-kB gov-
erns expression of important anti-apoptotic
proteins required for hepatocyte development.
c-Rel knockout mice exhibited impaired re-
sponses of T and B cells in lymphocyte activa-
tion. Multiple organ inflammation and thymic
atrophy were observed in RelB knockout mice.
Therefore, NF-kB is indispensable for normal
development and immune and inflammatory
responses to infection, cellular stress, and
injury.
There is growing evidence that NF-kB/Rel

proteins play important roles in the develop-
ment and progression of a number of human
malignancies (reviewed in Rayet and Gélinas,
1999; Baldwin, 2001; Karin et al., 2002). Not
only are alterations of NF-kB/Rel genes asso-
ciated with a series of leukemias and lympho-
mas, but NF-kB/Rel gene products have also
been shown to have important pro-proliferative
and anti-apoptotic activities that could contri-
bute to the development, progression, and resis-
tance to therapy of non-lymphoid tumor cells. In
the past few years, there has been increasing
interest in a possible role of NF-kB in prostate
cancer initiation and/or progression. This re-
viewwill present recent findings demonstrating
constitutive NF-kB activity in the prostate
cancer cell lines as well as in prostate cancer
patient tissue samples, and consider possible
roles for NF-kB in the growth, survival, and
biological behavior of human prostate cancer.

NF-kB/REL PROTEINS:
STRUCTURE AND REGULATION

NF-kB/Rel proteins refer to a family of tran-
scriptional regulators, existing in a variety of
homo-and hetero-dimeric forms, that has been

evolutionarily conserved in both overall struc-
tural and regulation from fruit flies to humans.
There are five mammalian family members
(Fig. 1A): c-Rel, RelA (p65), RelB, NF-kB1
(p50/p105), and NF-kB2 (p52/p100) (reviewed
in Ghosh et al., 1998; Karin and Ben-Neriah,
2000; Ghosh and Karin, 2002). The NF-kB/Rel
proteins all have an N-terminal approximately
300 amino acid region known as the Rel
homology domain (RHD), which contains DNA
binding domains, a dimerization domain, and a
nuclear localization signal (NLS). The major
NF-kB dimer in most cell types is a p65 (RelA)/
p50 (NF-kB1) heterodimer. The c-Rel, RelA, and
RelB proteins have C-terminal transactivation
domains responsible for function as transcrip-
tional activators. In contrast, NF-kB1 and NF-
kB2 are produced as precursor forms, p105 and
p100, respectively, whose C-terminal domains
contain a series of ankyrin repeats (similar to
those found in the IkB inhibitors, see below) in
place of a transactivation domain. Either by co-
translational or post-translational processing,
the p105 and p100 precursor proteins undergo
proteolytic processing removing C-terminal
sequences to generate final products, p50 NF-
kB1 and p52 NF-kB2, respectively. Due to the
absence of C-terminal transactivation domain,
p50 and p52 homodimers are believed to func-
tion as transcriptional repressors, blocking
access of other NF-kB dimers to the target gene
promoters, while heterodimers of p50 or p52
with transactivation domain-containing Rel
proteins lead to activation of target gene
transcription.

Inmost cell types,NF-kB isnormally retained
in the cytoplasm in an inactive form, bound by
inhibitory proteins referred to as inhibitors of
kBs (IkBs) (Fig. 1A). The IkB family proteins
contain five to seven ankyrin repeats of 30–33
amino acids, through which they bind to the
RHD inNF-kBproteins, as exemplified by IkBa,
the prototypicalmember of the family (reviewed
in Ghosh et al., 1998; Karin and Ben-Neriah,
2000). The interactions between IkB proteins
and NF-kB have been classically understood
to result in masking of the NLS in the RHD in
NF-kB proteins, thereby blocking nuclear loca-
lization of NF-kB. By virtue of having ankyrin
repeats, the precursor forms ofNF-kB1 andNF-
kB2, p105 and p100, respectively, also function
as IkB proteins, retaining NF-kB in the cyto-
plasm. IkBa, IkBb, and IkBe contain an N-
terminal regulatory domain that is important
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Fig. 1. Structure and regulation of NF-kB/Rel proteins.
A: Structures of the mammalian NF-kB/Rel and IkB proteins.
The positions of theRelHomologyDomain (RHD),DNAbinding
domains (DBD), nuclear localization sequence (NLS), glycine
rich hinge regions (Gly), transactivation domains (TAD), leucine
zipper domain (LZ), and ankyrin repeats are indicated. B: NF-kB
regulatory pathways. In the classical pathway, proinflammatory
cytokines (TNF-a and IL-1) and bacterial products (LPS) activate

the IKKb subunit of the IKK complex, leading to phosphorylation,
ubiquitination, and proteasome-mediated degradation of IkBa,
and nuclear accumulation of p50/RelA heterodimers. In the non-
canonical pathway, in response to LTb, BAFF/Blys, and CD40L,
the IKKa subunit of the IKK complex is activated by NIK, leading
to processing of NF-kB2/p100 to p52, and generation of p52/
RelB heterodimers.

102 Suh and Rabson



for stimulation-induced degradation of IkB
proteins. IkBa and IkBb share an additional
C-terminal domain called the PEST (proline-,
glutamic acid-, serine-, and threonine-rich)
domain that is involved in casein kinase 2
(CK2)-mediated phosphorylation and subse-
quent basal turnover of these IkB proteins.
Bcl3 is a unique member of the IkB family,
which is predominantly nuclear and forms com-
plexes with either p50 or p52 homodimers, al-
lowing p50 and p52 homodimers to function as
transcriptional activators.
It was initially believed that the cytoplasmic

localization of NF-kB in unstimulated cells was
strictly due to inhibition of NF-kB nuclear
import. There is growing evidence that the
NF-kB/IkBa complex is more dynamic than
originally suggested (reviewed in Ghosh and
Karin, 2002). Shuttling of the NF-kB/IkBa
complex in and out of nucleus has been observ-
ed; nuclear import occurs due to the fact that
IkBa blocks only the NLS in p65 of p65/p50

heterodimers, without masking the other NLS
present in p50 protein. The presence of a
nuclear export signal (NES) present in the N-
terminal region of the IkBa protein brings the
complex back to cytoplasm, and cytoplasmic
retention of NF-kB is postulated to occur be-
cause of the dominant effect of the IkBa NES
over the NLS.

NF-kB is activated to induce nuclear localiza-
tion and transcriptional activation by a wide
variety of different stimuli, including proin-
flammatory cytokines (TNF-a, IL-1), growth
factors, bacterial and viral products, double-
stranded RNA, phorbol esters, oxidative stress,
and ultraviolet (UV) light (Figs. 1B and 2)
(reviewed in Ghosh et al., 1998). In the classic
pathway of NF-kB activation, NF-kB-inducing
stimuli lead to phosphorylation of the IkB pro-
teins at two conserved serine residues in the
N-terminal regulatory domain by the IkB
kinase (IKK) complex. Phosphorylated IkB
proteins are recognized by b-TrCP, a subunit

Fig. 1. (Continued )
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of the SCF (Skp-1/Cul/F box) ubiquitin ligase
complex, and subsequently polyubiquitinated
and degraded by the 26S proteasome (reviewed
in Karin and Ben-Neriah, 2000). NF-kB dimers
can then translocate into, andaccumulate in the
nucleus, activating transcription through bind-
ing to a decameric DNA sequence, the kB motif
(GGGRNNYYCC) present in enhancers/promo-
ters of target genes. One of these target genes is
IkBa. Newly synthesized IkBa can bind NF-kB
dimers in the nucleus, blocking DNA binding,
and promoting nuclear export of NF-kB, com-
pleting a negative feedback loop. IKK-indepen-
dent pathways of NF-kB activation have been

reported to occur in response to oxidative stress
and UV light. Reoxygenation of hypoxic cells
was shown to induce phosphorylation of the
IkBa protein at tyrosine 42 leading to dissocia-
tion of IkBa proteins from NF-kB [Imbert et al.,
1996] in the absence of proteasome-mediated
degradation of IkBa [Beraud et al., 1999]. UV
irradiation-induced NF-kB activation was
also demonstrated to be mediated by protea-
some-dependent degradation of IkBa in the
absence of IkBa phosphorylation [Li and Karin,
1998].

The IKK complex is a 700–900 kDa protein
kinase complex composed of catalytic (IKKa

Fig. 2. Regulation of NF-kB activity and NF-kB target genes in
prostate cancer cells. Schematic representation of the classical
pathway of NF-kB activation indicating possible activating
and regulatory stimuli in prostate cancer cells. Potential roles
for growth factor receptors, NIK, RhoA, HSP90, and tyrosine
kinases, as well as kinases that directly phosphorylate RelA are
described in the text, as are the possible effects of the androgen

receptor (AR) and Par-4. NF-kB target genes suggested to be
biological effectors in prostate cancer are indicated, including
those affecting cell growth and proliferation (c-myc and IL-6),
angiogenesis (IL-8 and VEGF), invasion and metastasis (MMP9,
uPA, and uPAR), anti-apoptotic genes (Bcl-2), prostate cancer
markers (PSA), and potentially as yet uncharacterized pro-
apoptotic target genes.
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and IKKb) and regulatory (IKKg) subunits
(reviewed in Karin, 1999; Zandi and Karin,
1999). IKKa and IKKb are highly homologous;
both proteins contain an N-terminal catalytic
kinase domain, and leucine zipper and helix-
loop-helix motifs at their C-termini. IKKa and
IKKb can formhomo- or heterodimerswith each
other through their leucine zippers. Activation
of these kinases requires phosphorylation of two
serine residues in theactivation loops present in
each kinase, via either trans-autophosphoryla-
tion or by upstream kinases, which mediate the
effects of extracellular activation signals.
Based on the high degree of structural simi-

larity, the two catalytic subunits of the IKK
complexwere initially thought to have similarly
important functions in NF-kB activation. How-
ever, mutations of two serine residues in the
activation loop of IKKa were found to have no
effect on NF-kB activation induced by proin-
flammatory cytokines such as TNFa and IL-1,
whereasmutations of corresponding residues of
IKKb impairedNF-kBactivation [Delhaseetal.,
1999]. Indeed, genetic knockout experiments
revealed different roles of IKKa and IKKb not
only in NF-kB activation but also in normal
development (reviewed in Zandi and Karin,
1999). IKKb knockout mice died between em-
bryonic day 12.5 and 14 due to apoptotic liver
cell death, a similar phenotype as that observed
for RelA/p65 knockout mice. Furthermore,
embryonic fibroblast cells from these mice
showed markedly reduced TNFa- and IL-1-
induced NF-kB activation, suggesting that
IKKb is required for cytokine-induced NF-kB
activation. In contrast, IKKa knockout mice
showed a very different phenotype, exhibiting
defective limb and skeletal patterning and
impaired epidermal differentiation. Proinflam-
matory cytokine-induced NF-kB activation was
not affected in the IKKa-deficient embryonic
fibroblasts, indicating that IKKa is dispensable
for NF-kB activation in response to cytokines.
Even though IKKa is not required for the

classical pathway for NF-kB activation, its
unique role has been found in a non-canonical
NF-kB activation pathway regulating the pro-
cessing of the NF-kB2 (p100) precursor
[Senftleben et al., 2001]. Levels of p52, the
processed product of p100, were dramatically
decreased in IKKa-deficient B lymphocytes,
and IKKa was shown to be required for B cell
maturation and formation of secondary lym-
phoid organs. Physiological inducers responsi-

ble for IKKa-mediated processing of p100 were
later found to be members of the TNF family,
LTb [Dejardin et al., 2002], CD40 ligand
(CD40L) [Coope et al., 2002], and B cell-
activating factor (BAFF)/B lymphocyte stim-
ulator (Blys) [Claudio et al., 2002]. IKKa
phosphorylates the C-terminus of p100, leading
to ubiquitination-mediated processing of p100
into p52. Therefore, two catalytic subunits of
the IKK complex, IKKa and IKKb, have distinct
roles in NF-kB activation pathway, the former
functioning to process p100 precursor to p52 via
a non-canonical pathway, and the latter acti-
vating NF-kB in response to infections and in-
flammation via the classical pathway (Fig. 1B).

The regulatory subunit of the IKK complex,
IKKg/NEMO, is a 419-amino-acid-long, gluta-
mine-rich protein that contains several coiled-
coil protein interaction motifs, including a
leucine zipper motif (reviewed in Karin and
Ben-Neriah, 2000). IKKg is not only necessary
for proper assembly of the IKK complex, but
is also needed to connect the IKK complex to
upstreamactivators. The importance of IKKgas
an essential component of the IKK complex was
shown by the embryonic lethality of IKKg-
deficient mice generated by gene targeting
[Rudolph et al., 2000]. Mutant embryos died at
embryonic day 12.5–13 due to severe apoptosis
of hepatocytes, similar to observations made in
p65 and IKKb gene targeting studies. Embryo-
nic fibroblasts from the mutant embryos also
showed defective NF-kB activation in response
to TNFa, IL-1, and LPS.

In addition to IKKa, IKKb, and IKKg, the IKK
complex was recently found to contain addi-
tional components including heat shock protein
90 (HSP90) and Cdc37 [Chen et al., 2002a].
Whengeldanamycinwasused to inhibitHSP90,
the IKK complex was no longer activated upon
TNFa stimulation. HSP90 and Cdc37 were
required to recruit the IKK complex to the
TNF receptor. Therefore, HSP90 and Cdc37
serve as essential components of the IKK com-
plex required for TNFa-induced activation of
the IKK complex.

Activation of the IKK complex by upstream
inducing stimuli appears to be mediated
through a variety of protein kinases. In a
stimuli- and cell type-specific manner, the IKK
complex may be activated by multiple members
of the MAPKKK family and MAPKKK-related
kinases, including NF-kB-inducing kinase
(NIK), MEKK1, MEKK2, MEKK3, Tpl2/Cot1,
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and TAK1 (reviewed in Karin and Ben-Neriah,
2000; Ghosh and Karin, 2002). Other kinases,
including PKCy, PKB/AKT, NAK/TBK1/T2K,
and PKR, were also shown to activate NF-kB in
certain settings. All of the above kinases were
shown to be able to activate the IKK complex
when overexpressed, and the dominant nega-
tive mutant forms of these kinases, with the
exception of PKR, were also able to suppress
NF-kB activation induced by various stimuli.
However, it should be noted that only the loss of
MEKK3 expression by gene targeting [Yang
et al., 2001] or reduced expression of TAK1 by
small interfering RNA [Takaesu et al., 2003]
resulted in impaired activation of NF-kB in
response to pro-inflammatory cytokines such as
TNFa. Therefore, it remains unclear which
members of upstream kinases actually mediate
activation of the IKK complex.

Several recent studies have demonstrated
that signal-induced post-translational modifi-
cations, including phosphorylation and acety-
lation, of the RelA/p65 subunit, are essential for
the induction and duration ofNF-kB-dependent
transcription. Protein kinase A [Zhong et al.,
1997] and casein kinase 2 [Bird et al., 1997;
Wang and Baldwin, 1998; Wang et al., 2000]
have been shown to phosphorylate theRelA/p65
subunit at serine 276and529 in response toLPS
and pro-inflammatory cytokines, respectively.
PKB/AKT has also been reported to induce IKK
complex-mediated phosphorylation of RelA/p65
at serine 535 in response to IL-1 [Madrid et al.,
2001]. Phosphorylation of RelA/p65 results in
increased transactivation function ofNF-kB, for
example, by promoting the interaction of RelA/
p65 with transcriptional co-activators, p300/
CBP [Zhong et al., 1998]. Another mode of post-
translational modification shown to be im-
portant for NF-kB-dependent transcription is
acetylation of RelA/p65 proteins [Chen et al.,
2002b]. RelA/p65 proteins were reported to be
acetylated in the nucleus, possibly by the p300/
CBP histone acetylase complex, and the acety-
lated RelA/p65 proteins were found to be
refractory to the binding of newly synthesized
IkBa. Deacetylation of RelA/p65 proteins by
histone deacetylase 3 (HDAC3), which directly
binds RelA/p65 proteins, allows IkBa to form a
complex with RelA/p65-contaning NF-kB com-
plex and to shuttle back to cytoplasm. There-
fore, acetylation of Rela/p65 serves as a factor
that prolongs the duration of NF-kB-dependent
transcription.

NF-kB AND CANCER

A role for NF-kB in the initiation and/or
progression of various types of cancers has
been attributed to the target genes of NF-kB,
which contribute to many aspects of tumori-
genesis, including cell growth and proliferation,
anti-apoptosis, angiogenesis, and metastasis
(reviewed in Rayet and Gélinas, 1999; Baldwin,
2001; Karin and Lin, 2002; Karin et al., 2002).
Cyclin D1 and c-myc are NF-kB target genes,
both of which have important roles in cell
growth and proliferation. Some NF-kB target
genes, such as c-IAP1, c-IAP2, c-FLIP, Traf1,
Traf2, A20, Bfl1/A1, and Bcl-xL, provide tumor
cells with anti-apoptotic machinery, which al-
lows them to evade apoptotic cell death, impor-
tant for oncogenesis and resistance to cancer
therapies. NF-kB also contributes to tumor
development by regulating the expression of
genes (VEGF, IL-8, uPA, and MMP9) involved
in angiogenesis, and tumor invasion and meta-
stasis. Thus, it is not surprising thatmany types
of cancer exhibit constitutive NF-kB activity
resulting from either genetic alterations of
genes encoding NF-kB and IkB proteins or from
changes in regulatory cascades, inducing abnor-
mal NF-kB activation.

Hematologic malignancies provide the clear-
est evidence for the roles of NF-kB/Rel proteins
in oncogenesis. The v-Rel oncoprotein, the viral
homologue of c-Rel, encoded by the highly onco-
genic avian reticuloendotheliosis virus strain T
(Rev-T) retrovirus (reviewed in Gilmore, 1999)
induces aggressive lymphomas and leukemias
in chickens and induces T-cell lymphomas in
transgenic mice [Carrasco et al., 1996]. Chro-
mosomal amplification and rearrangement of
genes encoding NF-kB/Rel and IkB proteins
have been well documented in human hemato-
logical malignancies. For example, rearrange-
ments of theNF-kB-2 gene (chromosome 10q24)
have been identified in cutaneous T-cell lym-
phoma [Thakur et al., 1994; Neri et al., 1996]
leading to production of C-terminally truncated
forms of the p100, with the loss of the inhibitory
IkB-like activity of p100. Constitutive activa-
tion of NF-kB is also seen in Hodgkin’s disease,
in which inactivating mutations have been
observed in the IkBa gene [Cabannes et al.,
1999]. Most Hodgkin’s disease cell lines and
patients express the wild type IkBa protein,
implying that other mechanisms, such as con-
stitutive IKK activation also induce NF-kB
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activity in this disease [Krappmann et al., 1999].
Constitutive activation of the IKK complex was
also reported in activated B cell-like diffuse
large B cell lymphoma (DLBCL), a subtype of
DLBCL, and was shown to be associated with
poor clinical prognosis [Davis et al., 2001].
As compared to lymphoma and leukemia,

genetic alterations of the NF-kB/Rel proteins
and IkBs are rare in solid tumors. However,
constitutive NF-kB activity is nonetheless com-
mon and there is growing evidence supporting
the importance of NF-kB in development of a
number of solid tumors. Constitutive NF-kB
activity has been demonstrated in in vitro cell
lines of head and neck squamous cell carcinoma
(HNSCC) [Ondrey et al., 1999], pancreatic
adenocarcinoma [Wang et al., 1999], melanoma
[Shattuck-Brandt and Richmond, 1997], and
breast cancer [Nakshatri et al., 1997; Sovak
et al., 1997]. Nuclear localization of RelA/p65,
which is indicative ofNF-kBactivation, has also
been observed in tumor samples from patients
of pancreatic adenocarcinoma [Wang et al.,
1999], melanoma [Dhawan and Richmond,
2002], hepatocellular carcinoma [Tai et al.,
2000], thyroid C-cell carcinoma [Ludwig et al.,
2001], and breast cancer [Sovak et al., 1997],
further confirming that observations made in
in vitro cell lines are unlikely to be artifactual.
Conflicting observations have been made as to
the subunit composition of NF-kB detected in
the nuclei of breast cancer cells as well as the
correlation between estroger receptor (ER)
status and NF-kB activation [Cogswell et al.,
2000]. Cogswell et al. observed the presence of
c-Rel, p50/NF-kB1, p52/NF-kB2, and Bcl-3 in
the nuclei of breast cancer tissue samples.
Furthermore, in this study, a previously detect-
ed inverse correlation between ER status and
NF-kB activity [Nakshatri et al., 1997] was not
observed; high levels of NF-kB activity were
observed in both ER-positive and ER-negative
breast cancer cells [Cogswell et al., 2000].
Although the reasons for these discrepant
results are not entirely clear, these studies
confirm constitutive NF-kB activation in breast
cancer cells.
A possible functional role for activated NF-

kB in cancer cell lines has been suggested
through both genetic and pharmacologic inhibi-
tion. Inhibition of NF-kB activity can be effec-
tively achieved by using superrepressor IkBa
(SR-IkBa), a non-degradable form of IkBa in
which serines 32 and 36 are replaced by

alanines [Brown et al., 1995; Traencker et al.,
1995]. Blocking NF-kB activity in HNSCC cells
stably transfected with an expression plasmid
encoding SR-IkBa resulted in reduced cell
growth and survival [Duffey et al., 1999]. A
contribution of NF-kB to metastasis of pancrea-
tic cancer cells was also demonstrated by show-
ing that suppression of NF-kB activity by SR-
IkBa resulted in decrease in liver andperitoneal
metastases of tumor cells orthotopically inject-
ed in mice [Fujioka et al., 2003]. Inhibition of
NF-kB activity by SR-IkBa caused decreased
tumorigenicity of both melanoma and ovarian
cancer cells in mice as well as reduced angio-
genesis and metastasis [Huang et al., 2000a,b].
In breast cancer cells, suppression of NF-kB
activity by SR-IkBa resulted in apoptotic cell
death induced by a chemotherapeutic and
microtubule-stabilizing agent, paclitaxel [Patel
et al., 2000]. These studies demonstrate that
suppression of NF-kB renders cancer cells
sensitive to apoptotic inducing agents, provid-
ing a potential target for effective chemother-
apeutic regimens to treat these diseases.

In summary, NF-kB has been shown to be
constitutively activated in hematopoieticmalig-
nancies and a variety of solid tumors, either
by genetic alterations of the genes encoding
members of the NF-kB/Rel and IkB families or
by altered signal transduction pathways lead-
ing to increased activity of theNF-kBactivation
pathways.

CONSTITUTIVE NF-kB ACTIVITY
IN PROSTATE CANCER CELL LINES

The observed activation and biological activ-
ities ofNF-kB in several different human cancer
cell lines raised the question of the possible roles
of NF-kB in human prostate cancer. In a series
of studies from several laboratories, NF-kB
activity was shown to be constitutively acti-
vated in a series of human prostate cancer
cell lines and prostate carcinoma xenografts
[Palayoor et al., 1999; Gasparian et al., 2002;
Suh et al., 2002]. Similar to findings reported
in breast cancer cell lines, there was inverse
correlation between androgen receptor (AR)
status and constitutive activation of NF-kB.
Prominent constitutive NF-kB activation (as
detected by electrophoretic mobility shift as-
says, reporter gene assays, and expression of
NF-kB target genes), was observed in prostate
cancer cell lines lacking AR expression (PC-3,
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DU145, and Du-Pro), whereas only very low
levels of NF-kB activity were seen in androgen-
responsive cell lines expressing detectable
levels of AR (LNCaP and CWR22Rv1). The
DNA binding activity of NF-kB in CL2 cells,
androgen-independent cells derived from
androgen-sensitive LNCaP, was found to be
higher than in the parental LNCaP cells
[Gasparian et al., 2002]. These data suggest
either that the presence of AR actually inhibits
NF-kB activity in prostate cancer cells or alter-
natively, that constitutive activation of NF-kB
may correlate with AR loss and may contribute
to compensatory cellular changes allowing cell
survival and growth in the absence of AR
activation.

The relationship between steroid hormone
receptor expression and NF-kB activation has
been of considerable interest in both prostate
and breast adenocarcinomas. While initial
studies of breast cancer cell lines and tumors
also strongly suggested an inverse correlation
between NF-kB activation and estrogen recep-
tor expression [Nakshatri et al., 1997], this
correlation has not been seen by all investiga-
tors [Cogswell et al., 2000]. With respect to the
AR, mutually antagonistic effects of NF-kB
and the AR were demonstrated in transiently
transfected Cos-1 cells [Palvimo et al., 1996].
Although androgen treatment enhanced this
effect, inhibition of NF-kB-directed transcrip-
tion was observed even in the absence of ligand,
possibly due to physical association between the
two proteins [Palvimo et al., 1996]. However,
Suh et al. [2002] observed that transient trans-
fection of AR-negative prostate cancer cell
lines (PC-3 and DU145) with an AR-expression
plasmid actually resulted in increased NF-kB-
dependent transcription in the absence of the
synthetic AR ligand, R1881. Although addition
of ligand blunted the AR-associated increase, it
did not actually inhibit NF-kB activity in these
cells. Thus, contrary to the transfected Cos-1
cells, it is unlikely that a simple model of direct
physical interactions between AR and RelA,
irrespective of the presence of ligand, is re-
sponsible for decreased NF-kB activity in AR-
expressing prostate cancer cells. A different
model for AR-mediated suppression of NF-kB
activity has been proposed by Keller et al.
[1996], who demonstrated that 5a-dihydrotes-
tosterone (DHT)-activated AR inhibited PMA-
induced NF-kB activation by maintaining
IkBa levels in LNCaP cells. Although a precise

mechanism by which AR achieves maintenance
of IkBa levels has not been elucidated, this
study provides a further evidence for antago-
nistic effect of AR on NF-kB activity in prostate
cancer cells.

Based on the findings demonstrating antag-
onistic effects of AR on NF-kB activity and an
inverse correlation of AR expression and con-
stitutive NF-kB activity in prostate cancer cell
lines, it is tempting to speculate that consti-
tutive activation of NF-kB, known to induce
potent anti-apoptotic effects, may play a role in
the progression of prostate cancer and contri-
bute to prostate cancer cell survival following
androgenwithdrawal. In this regard,Chenetal.
have observed markedly higher NF-kB activity
in an androgen-independent prostate cancer
xenograft models than in its androgen-depen-
dent counterpart. NF-kB activated expression
of the prostate specific antigen (PSA) gene
in androgen-independent prostate cancer cells
[Chen and Sawyers, 2002], supporting the
possibility that NF-kB may compensate for
the loss of AR activity by activating expression
of a subset of AR target genes, contributing
to androgen-independent prostate cancer cell
growth in the absence of the androgen-AR
signaling pathway.

Contrary to the antagonistic effects of AR
on NF-kB activity described above, there are
several studies demonstrating enhancement of
NF-kB activity by AR in prostate cancer cells.
DHT treatment of LNCaP cells increased NF-
kB DNA binding activity, potentially contribut-
ing to the anti-apoptotic role of androgens in
these cells [Coffey et al., 2002]. Similarly, R1881
treatment increased NF-kBDNA binding activ-
ity in LNCaP cells [Ripple et al., 1999]. In view
of these multiple and conflicting observations,
further studies will be required to clarify
the effects of AR on NF-kB activity in prostate
cancer cells, as well as to evaluate the possible
relationship between NF-kB activation and
androgen independence in primary human
prostate cancers.

CONSTITUTIVE NF-kB ACTIVITY
IN PROSTATE CANCER TISSUE SAMPLES

Despite the well-documented activation of
NF-kB observed in a number of human cancer
cell lines, including prostate cancer cell lines as
described above, evidence of constitutive activa-
tion ofNF-kB in primary patient tumor samples
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of human solid malignancies, either by EMSA
or by immunohistochemical demonstration of
nuclear localization ofNF-kBproteins, has been
more limited (see above).
Immunohistochemistry has been utilized to

demonstrate nuclear localization of RelA in
primary prostate cancer patient tissue samples
[Gasparian et al., 2002; Suhet al., 2002; Lessard
et al., 2003]. The pattern of nuclear staining of
p65 was variable between different patients,
and within an individual patient appeared to be
focal and heterogeneous, consistent with the
well-known heterogeneity of prostate cancer for
other genetic alterations [Mirchandani et al.,
1995]. It is interesting that nuclear staining of
p65 was observed in organ-confined, primary
tumor samples, raising the possibility that
constitutive NF-kB activation may be an early
event in prostate cancer development. RelA
staining was also detected in epithelial cells in
regions of benign hyperplastic prostatic glands
[Suh et al., 2002]. Gasparian et al. [2002]
reported that nuclear staining for p65 was
observed in approximately 24% of cells within
cancerous regions, but in only about 10% of cells
in adjacent normal prostate epithelium. The
most extensive study has been conducted by
Lessard et al. [2003], who observed nuclear p65
staining in 18 out of 45 tissue specimens derived
from prostate cancer patients. By itself, NF-kB
staining did not correlate with the Gleason
grade, however, when nuclear NF-kB positivity
was combined with Gleason grade to reclassify
tumor samples, nuclearRelA staining predicted
a poor clinical outcomewith disease progression
in intermediate Gleason grade tumors [Lessard
et al., 2003]. These in vivo data suggest that the
activation of RelA-containing NF-kB complexes
observed in the prostate cancer cell linesmay be
reflective of the biological properties of subsets
of prostate cancer cells in vivo and not merely
an artifact of in vitro cell growth during the
derivation of specific prostate cancer cell lines.
Furthermore, NF-kB activation in prostate
cancer in vivo may be associated with a poorer
prognosis in a subset of patients, however,
further studies will be required to confirm and
extend these observations. It is also not yet clear
if the in vivo NF-kB activation correlates with
proliferative activity and/or responses to in-
flammatory or other stresses of both benign and
malignant prostate epithelial cells, or whether
the observed activation plays a specific role in
prostate cancer progression.

MECHANISMS FOR CONSTITUTIVE NF-kB
ACTIVITY IN PROSTATE CANCER CELLS

The detailed mechanisms responsible for
constitutive NF-kB activation in prostate can-
cer cells remain unclear, as is true for many
human cancers in which NF-kB activation is
detected. Possible regulatory pathways in pros-
tate cancer cells are illustrated in Figure 2.
At one level, it has been clearly shown that
NF-kB activation in these cells is due to in-
creased activity of the IKK complex [Palayoor
et al., 1999; Gasparian et al., 2002; Suh et al.,
2002]. As a result, the half-life of the IkBa pro-
tein is greatly reduced in prostate cancer cells
with constitutiveNF-kBactivity as compared to
the cells with basal activity. Detection of phos-
phorylated IkBa in those cells with high NF-kB
activity confirms that the IkBa proteins may be
degraded at a higher rate, due to the IKK com-
plex-mediated phosphorylation of the IkBa
proteins. Accordingly, NF-kB activity was sup-
pressed by a dominant negative mutant form of
IKKb in the transient transfection reporter
assay [Gasparian et al., 2002; Suh et al., 2002].
These studies of themechanisms responsible for
constitutive NF-kB activation in the prostate
cancer cell lines strongly implicate inappro-
priate, constitutive activation of the IKK com-
plex, resulting in enhanced IkBa degradation,
consistent with data from other, non-prostate
tumor cell lines [Krappmann et al., 1999;
Ludwig et al., 2001; Romieu-Mourez et al.,
2001; Yang and Richmond, 2001].

Clearly an important question remaining to
be addressed is the nature of the alterations in
upstream signaling pathways that result in
constitutive activation of the IKK complex and
NF-kB in prostate cancer cells. Members of the
MAPKKK family of protein kinases have been
reported to provide signals that activate IKK
kinase activity. Using a dominant negative
kinase approach, our group was able to demon-
strate that inhibition of NIK resulted in inhibi-
tion of NF-kB mediated transcription in the
prostate cancer cells containing high NF-kB
activity [Suh et al., 2002]. In contrast, dominant
negative forms of other MAPKKK family mem-
bers, MEKK1 and MEKK2, which have been
shown to regulate NF-kB activity in certain
settings [Lee et al., 1997; Zhao and Lee, 1999],
failed to suppress NF-kB activity, implying
that a specific signal transduction pathway(s)
involving NIK may be constitutively activated
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in prostate cancer cells. Interestingly, recent
studies have also suggested an important role
for NIK in constitutive NF-kB activation in
melanoma cells [Dhawan and Richmond, 2002].
However, unlike melanoma cells where over-
expression of NIK was positively correlated
with high levels of NF-kB activity, we failed to
detect significant difference in the levels of NIK
protein expression in the prostate cancer cell
lines. Therefore, othermechanism(s)may cause
activation of NIK in the prostate cancer cells. It
should be noted, however, that these studies do
not conclusively prove a role for NIK in NF-kB
activation in the prostate cancer cells. Even
though overexpression of the kinase-dead mu-
tant form of NIK can block cytokine-mediated
activation of NF-kB, gene targeting studies
revealed that NF-kB activation by cytokines,
including TNFa and IL-1, was not lost in the
absence of NIK [Yin et al., 2001], and NIK has
been particularly implicated as an upstream
activator of IKKa in the non-canonical pathway
for NF-kB activation (see above). Thus, while
NIKmay play a role in constitutive activation of
NF-kB in prostate cancer cells, it is also possible
that other as yet undetermined kinases may be
more important.

A possible role for NIK in growth factor-
induced NF-kB activation in breast cancer cells
was suggested by the observations that NIK
interacts with the EGF receptor when over-
expressed in 293 EBNA cells, and that a high
level of EGFR expression induced activation of
NF-kB inbreast cancer cells [Habib et al., 2001].
Most growth factors transduce their signals at
least in part through activation of tyrosine
kinases, either as through receptor or non-
receptor tyrosine kinases. In this regard, treat-
ment of prostate cancer cells with a tyrosine
kinase inhibitor, herbimycin A, resulted in
suppression of NF-kB-mediated transcriptional
activation [Suh et al., 2002]. A different tyrosine
kinase inhibitor, genistein, was also shown to
suppress NF-kB activity in PC-3 and LNCaP
cells [Davis et al., 1999]. Therefore, as yet un-
determined tyrosine kinase pathways may
lead to NF-kB activation in the prostate cancer
cell lines, through activation of the IKK com-
plex. While consistent with possible effects on
tyrosine kinases, the inhibitory effects of herbi-
mycin A onNF-kB in prostate cancer cells could
also be a result of direct inhibition of the IKK
complex, by targeting Hsp90 to destabilize
Hsp90-binding proteins.

Despite numerous studies of multiple differ-
ent signal transduction pathways, it is still
unclear as to which cellular protein kinases and
signal transduction molecules may activate the
IKK complex to induce constitutive NF-kB ac-
tivity in prostate cancer cells. RhoAactivitywas
reported to be necessary for increased NF-kB
activity in ahighly invasive variant of PC-3 cells
[Hodge et al., 2003]. Although this study was
performed using a variant of PC-3 cells and
did not identify how RhoA exerts its effects on
NF-kB, it still presents an important alterna-
tive pathway that may enhance constitutive
NF-kB activation in prostate cancer cells.

One candidate kinase that may be involved
in NF-kB activation in prostate cancer cells is
PKB/AKT, a downstream effector of the PI3
kinase (PI3K). PKB/AKT may function to ac-
tivate NF-kB activity in other types of cancer
cells, including HNSCC [Bancroft et al., 2002],
melanoma [Dhawan et al., 2002], and breast
cancer [Biswas et al., 2000; Pianetti et al., 2001].
Given that a loss of expression of PTEN, an
inhibitor of the PI3K-PKB/Akt pathway, is a
hallmark of prostate cancer [Suzuki et al., 1998;
Wang et al., 1998], the absence of PTEN may
explain constitutive activation of NF-kB in-
duced by PI3K-PKB/AKT pathway. However,
no direct correlation between NF-kB activity
and loss of PTEN expression was observed in
prostate cancer cell lines. Neither PC-3 cells
(high constitutive NF-kB) nor LNCaP cells (low
NF-kB) expressPTEN,whileDU145 cells retain
PTEN expression but have highNF-kBactivity,
suggesting that theabsence ofPTENexpression
is unlikely to lead to constitutiveNF-kBactivity
in prostate cancer cells. It remains possible,
however, that elevated expression of the AKT3
isoform observed in both PC-3 and DU145 cells
as compared to LNCaP cells [Nakatani et al.,
1999], may allow PKB/AKT protein to evade
restraints imposed by PTEN, functioning to
activate NF-kB in a constitutive manner. Alter-
natively, the PI3K-PKB/AKT pathway may be
downstream effector of growth factor receptors,
including EGFR1 and HER2/neu, activating
NF-kB in prostate cancer cells.

The effects of nuclear regulation of the tran-
scriptional activating function of NF-kB have
not been extensively studied in prostate cancer
cells, yet represent a second important level
of NF-kB regulation. Preliminary studies (Suh
et al., in preparation) suggest that CK2-induced
modulation of RelA transcriptional activation
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may bemarkedly enhanced, in conjunctionwith
increased NF-kB nuclear localization, in andro-
gen-independent prostate cancer cell lines,
contributing to increased activation of NF-kB
target genes in these cells. Furthermore, the
effect of Par-4 in inhibiting RelA phosphoryla-
tion that mediates transcriptional activation
of anti-apoptotic target genes in androgen-
independent prostate cancer cell lines (see
below), likely plays an important role in the
pro-apoptotic functions of this protein [El-
Guendy and Rangnekar, 2003].

ROLE OF NF-kB ACTIVITY
IN PROSTATE CANCER BIOLOGY

NF-kB has been postulated to contribute to
initiation and progression of various types of
human cancer by regulating the expression of
genes important for many steps of tumorigen-
esis. Suppression of NF-kB activity has been
shown to repress growth of a variety of cancer
cells both in vitro cell culture and in mice.
Furthermore, the anti-apoptotic activity of
NF-kB plays a role in the resistance of tumor
cells to chemotherapeutic reagents and radia-
tion therapy. For example, inhibition of NF-kB
activity potentiates TNFa- and chemotherapy-
induced apoptosis [Wang et al., 1996]. The roles
of NF-kB in many of these processes have been
studied in prostate cancer cells in culture and in
tumor xenografts, and some of the implicated
target genes and pathways are illustrated in
Figure 2.
NF-kB clearly has potent anti-apoptotic ac-

tivity in many different cells, and this activity
has been demonstrated repeatedly in prostate
cancer cells, particularly in androgen-insensi-
tive cellswith highNF-kBactivity, such asPC-3
cells. Suppression of NF-kB activity by using
SR-IkBa has been shown to sensitize prostate
cancer cells to apoptosis induced by TNFa
[Herrmann et al., 1997]. Curcumin has also
been shown to suppress NF-kB activity, re-
ndering prostate cancer cells sensitive to
TNFa- [Mukhopadhyay et al., 2001], or chemo-
therapeutic agent-induced [Hour et al., 2002]
apoptotic cell death. Other groups have shown
that PDTC- [Sumitomo et al., 1999], silibinin-
[Dhanalakshmi et al., 2002], and zinc- [Uzzo
et al., 2002] mediated suppression of NF-kB
activity led to an increased apoptotic response of
prostate cancer cells to TNFa treatment. When
a specific inhibitor of the IKK complex, BAY

11-7082, was employed to suppress NF-kB
activity, prostate cancer cells became more
sensitive to N-(4-hydroxyphenyl)retinamide-
mediated apoptosis [Shimada et al., 2002]. A
novel NF-kB inhibitor, DHMEQ, was also
shown to be able to induce apoptosis of andro-
gen-independent prostate cancer cells [Kikuchi
et al., 2003]. Suppression of NF-kB activity by
infection with an adenoviral vector expressing
SR-IkBa decreased clonogenicity of PC-3 cells
[Pajonk et al., 1999], and growth of DU145
xenografts in mice was impaired when NF-kB
activity was suppressed by dexamethasone
[Nishimura et al., 2001]. These studies all
suggest a possible role forNF-kB in the viability
of prostate cancer cells and in resistance to
TNF- and chemotherapeutic agent-induced cell
death. This is consistent with the hypothesis
that NF-kB may also help mediate survival of
tumor cells in the face of growth factor or
androgen withdrawal.

The anti-apoptotic activity of NF-kB in pros-
tate cancer cells has been attributed to its
ability to induce Bcl-2 gene expression. Catz
et al. showed that Bcl-2 gene expression in
prostate cancer cells is mediated through
NF-kB binding to sites in the Bcl-2 P2 promoter
[Catz and Johnson, 2001]. Interestingly, this
NF-kB-mediated activation of Bcl-2 expression
in LNCaP cells was found to be enhanced in
response to hormone withdrawal, suggesting
the possibility that Bcl-2 expression induced by
NF-kB may allow prostate cancer cells to tran-
sition from androgen-dependence to androgen-
independence, possibly by blocking apoptosis
induced by androgen ablation therapy. A role
for NF-kB in regulating apoptosis in androgen-
independent prostate cancer cells has also been
suggested by the fact that Par-4, an endo-
genous inducer of apoptosis in these cells, in-
hibits NF-kB nuclear transcriptional activation
as part of its pro-apoptotic effect [Chakraborty
et al., 2001]. Overexpression of Par-4 has also
been shown to sensitize radio-resistant PC-3
cells to radiation-induced apoptosis by inhibit-
ing NF-kB activity and subsequent induction of
Bcl-2 gene expression [Chendil et al., 2002].
Interestingly, Par-4 fails to induce apoptosis in
LNCaP cells, which have only low constitutive
levels of NF-kB [Chakraborty et al., 2001],
highlighting important potential differences
in apoptotic regulation between androgen-
dependent and -independent prostate cancer
cells.
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A possible role of NF-kB activity inmediating
differential sensitivity to apoptosis inandrogen-
dependent and -independent prostate cancer
cells has also been raised in studies in androgen-
dependent LNCaP cells, which have low basal
levels of NF-kB activity. Suppression of NF-kB
by SR-IkBa in these cells actually decreased
TNFa and g-irradiation-mediated apoptosis,
suggesting a pro-apoptotic role of NF-kB follow-
ing certain stimuli in androgen-dependent
prostate cancer cells [Kimura and Gelmann,
2002]. In this study, NF-kB was found to be
necessary for enhanced Fas expression and
activation of pro-apoptotic serine proteases con-
tributing to cell death. NF-kB activity was also
shown to be necessary for 2-methoxyestrdiol
(2-ME)-induced apoptosis in LNCaP cells
[Shimada et al., 2003]. 2-ME was reported to
induce p53 gene expression through NF-kB
activation, and inhibition of NF-kB abrogated
2-ME-mediated apoptosis, further supporting
a role of NF-kB in apoptosis of prostate
cancer cells. It is not yet clear, however, if a
pro-apoptotic role for NF-kB is limited to
androgen-dependent prostate cancer cells and/
or to those prostate cancer cells with low basal
NF-kB activity (i.e., LNCaP), as described in
these studies. It remains also possible that
this apparently opposite role of NF-kB in apop-
tosis may be contingent upon other cellular
changes associated with prostate cancer cell
development, such as the status of p53 and the
PTEN/AKT pathway.

The direct contributions of NF-kB to various
steps in prostate cancer cell tumorigenesis have
been demonstrated in in vivo mouse models
[Huang et al., 2001]. When a highly metastatic
derivative of PC-3 cells was stably transfected
with the expression plasmid encoding SR-IkBa
and orthotopically injected into nude mice,
angiogenesis, invasion, and metastasis of high-
ly aggressive prostate cancer cells were drama-
tically decreased, and this was associated
with reduced expression of VEGF, IL-8, and
MMP9. Therefore, NF-kB-regulated expression
of genes such as IL-8, VEGF, MMP-9, uPA, and
uPA receptor may be important for tumorigeni-
city, angiogenesis, and metastasis of prostate
cancer cells.

Another NF-kB target of potential impor-
tance in prostate oncogenesis is the cytokine,
IL-6. IL-6 has been suggested to function as a
possibleparacrine orautocrine growth factor for
human prostate carcinoma cells [Okamoto and

Oyasu, 1997], and circulating serum levels of
IL-6 were found to be elevated in hormone
refractory prostate cancer patients [Drachen-
berg et al., 1999]. Indeed, NF-kB activity was
shown to be essential for constitutive expres-
sion of IL-6 in androgen-independent prostate
cancer cells [Zerbini et al., 2003].

Thus, as shown in Figure 2, NF-kB may
contribute to prostate cancer initiation and/or
progression by regulating expression of genes
important for various aspects of tumor develop-
ment, including enhanced tumor cell growth
and survival, angiogenesis, invasion, andmeta-
stasis. The functional effects of NF-kB activa-
tionmay differ in different prostate cancer cells,
particularly in those exhibiting altered basal
levels of NF-kB and altered androgen sensi-
tivity. Nonetheless, despite this extensive anal-
ysis in tissue culture and in animal model
systems, a definitive role of NF-kB in human
prostate cancer development and progression
remains hypothetical. Further studies ofNF-kB
expression and that of its target genes in
patient samples, as well as of the potential
effects of NF-kB inhibitors in patients will be
required to confirm its functional roles in
human tumors.

One approach to addressing possible func-
tional roles of NF-kB in primary human pro-
state cancers is afforded by the rapidly
accumulating large-scale gene expression data
derived fromhumanprostate cancer tissuesand
adjacent normal prostate, through the use of
microarray experiments to quantitate RNA
expression [Dhanasekaran et al., 2001; Luo
et al., 2001; Magee et al., 2001; Welsh et al.,
2001; Ernst et al., 2002; Luo et al., 2002; Rhodes
et al., 2002; Singh et al., 2002]. These analyses
have identified multiple genes associated with
prostate oncogenesis and disease progression,
such as those associated with the emergence
of androgen-independent disease. Based on the
tissue culture and animal studies described
above, one might have predicted that a number
of classic NF-kB target genes would have been
detected if NF-kB activation was a significant
factor in prostate cancer progression. Surpris-
ingly, very few classically described NF-kB
target genes were identified among the genes
whose transcription was elevated in prostate
cancer and/or associated with disease pro-
gression. In fact, c-Myc was the only immedi-
ately recognizable NF-kB target identified as
associated with prostate cancer. c-Myc gene
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expression was shown to be upregulated in
prostate cancer cells in both primary analysis
[Dhanasekaran et al., 2001], and in a meta-
analysis of four different array studies [Rhodes
et al., 2002]. The apparent lack of target
genes in the list of differentially regulated
genes in prostate cancer samples suggests that
NF-kB may not play a significant role in pro-
state cancer development and/or progression.
Nonetheless, it remains possible that some of
the genes whose expression is upregulated in
prostate cancer may contain previously uni-
dentified kB response elements in their pro-
moter/enhancer regions and thus be authentic
NF-kB targets, or that some of the as yet un-
characterized genes (represented as ESTs and
unknown open reading frames) may also be
NF-kB targets.

CONCLUSIONS

In a series of studies of prostate cancer cell
lines, NF-kB activity has been shown to be con-
stitutively activated in AR-negative prostate
cancer cells due to increased activity of the IKK
complex. An inverse correlation in these cell
lines between AR status and NF-kB activity,
coupled with the known anti-apoptotic activ-
ities of NF-kB in many different cell types, has
raised the hypothesis that activation of NF-kB
may be a prosurvival factor allowing prostate
cancer cell growth following androgen deple-
tion. Furthermore, in studies of both these cell
lines, and of the tumors that they induce in im-
munodeficient mice, NF-kB activation appears
to contribute to prostate cancer cell growth,
survival, tumorigenicity, and resistance to
therapy.
Despite fairly extensive study of cultured cell

lines, the extent and functions of NF-kB ac-
tivation in primary human prostate cancers
remains unclear. Although three studies have
identified nuclear RelA, indicative of NF-kB
activation, in prostate cancer tissue, only one
examined a sufficient number of patients with
known clinical outcomes to provide evidence
that such activationmaypredict aworse clinical
course in subset of patients. Furthermore, RNA
expression microarray experiments have failed
to demonstrate generalized activation of known
NF-kB target genes in human prostate cancers.
In view of the on-going development of clinical
therapeutic agents that target NF-kB for inhi-
bition, and the continued difficulty in success-

fully treating advanced prostate cancer, there
remains an urgent need to more carefully and
clearly define any possible role that the NF-kB
transcription factors may play in prostate
cancer and their potential utility as therapeutic
targets in this disease.
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