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BACKGROUND. Accumulating evidence suggest a critical role of activation of androgen
receptor (AR) by nonandrogen in the development of androgen independent prostate cancer.
Previous study identified that interleukin-4 (IL-4) enhances AR activation in the absence of
androgen or in the very low levels of androgen in prostate cancer cells. In this study, the
mechanism of IL-4-induced AR activation was investigated.
METHODS & RESULTS. The induction of AR activation by IL-4 can be suppressed by
expression of the IkBa, an inhibitor of NF-kB. The enhanced expression of AR-mediated
prostate-specific antigen (PSA) by IL-4wasblockedby the expressionof IkBa. IL-4 increasesNF-
kB transcriptional activity in prostate cancer cells which can be blocked by the addition of IL-4
antibody. IL-4 can also rapidly activateNF-kB. Furthermore, the IL-4-inducedNF-kB activation
andnuclear translocation canbeblockedbyLY294002, aPI3K/Akt specific inhibitor, suggesting
that IL-4-induced NF-kB activation is mediated by activation of PI3K/Akt pathway.
CONCULSION. In combination with previous study that IL-4 activates PI3K/Akt pathway,
activation of PI3K/Akt>NF-kB pathways may be responsible for IL-4-induced AR activation
in prostate cancer cells. Taken together, these studies suggest that IL-4>PI3K/Akt>NF-kB
signaling pathways, which activate AR signaling, may play an important role during the
progression of androgen independent prostate cancer cells. Prostate 64: 160–167, 2005.
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INTRODUCTION

Prostate cancer cells depend on androgen on its
growth. Androgen regulates the expression of andro-
gen-regulated genes such as prostate-specific antigen
(PSA) through the binding of the androgen receptor
(AR) to the androgen-responsive elements (AREs) in
the promoters of the PSA. When androgen is depleted,
prostate cancer cells initially undergo apoptosis and
die. However, most patients will relapse to hormone
refractory disease due to the growth of androgen
recurrent cancer cells. Accumulating evidence demon-
strate abnormal AR signaling contributes to androgen-
independent growth of prostate cancer. AR can be
activated by growth factors and cytokines to display
enhancedactivity in thepresenceof low level of androgen
or to function even in the absence of androgen [1–4].
Previous studies demonstrated that IL-4 activates AR-

mediated gene expression by activation of the AR in a
ligand-independent manner or in the presence of very
low levels of androgen [5].

Interleukin-4 (IL-4) is a pleiotropic type I cytokine
produced by T cells, mast cells, and basophils in
response to receptor-mediated activation events [6].
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IL-4 has biological effects on many immune cells,
including B and T lymphocytes, mast cells, and macro-
phages, and plays a central role in regulating inflam-
matory and cell-mediated immune responses [7]. In
addition to its effect on immune cells, IL-4 has a variety
of other functions including effects on hematopoietic
tissues, tissue adhesion, and inflammation [7].

IL-4 exerts its function through activation of the IL-4
receptor, designated IL-4Ra, by tyrosine phosphory-
lation [8]. The receptor consists of a 140-kDa IL-4Ra
chain that binds IL-4with high affinity (Kd20–300pM).
IL-4Ra activation results in tyrosine phosphorylation
of multiple receptor-associated kinases including
Janus-family (Jak) tyrosine kinases (Jak1, Jak2, and
Jak3) [9–11], insulin receptor substrate (IRS-1/2)
proteins [12,13], Shc [14], and signal transducers and
activators of transcription (Stat6) [15] for the initiation
of signal transduction. Among the molecules that
interact with phosphorylated IRS-1/2 molecules are
the regulatory subunit of phosphoinositide-3-kinase
(PI3K) and the adapter molecule, Grb-2. These interac-
tions lead to the activation of the PI3K and Ras/MAPK
signaling pathways, respectively [7].

The PI3K/Akt cell signaling pathway is an impor-
tant regulator of growth and survival in many cell
types including prostate [16,17]. Akt can be activated
by various growth factors by activating PI3K and
subsequently phosphorylating Akt at Thr308 or Ser473

[18–21]. The PI3K/Akt pathway is negatively regu-
lated by PTEN, a tumor suppressor gene that has been
found to be deleted in many cancer cells including
prostate [22].

Akt can activate NF-kB pathway via phosphoryla-
tion and activation of molecules in the NF-kB pathway
[23,24]. Phosphorylation of Akt induces phosphory-
lation of IKKs. Activation of IKKs later induces the
phosphorylation and degradation of IkB and liberates
NF-kB from IkB to initiate nuclear translocation of
NF-kB. Once the NF-kB complexes translocate to
the nucleus, it bind to NF-kB-specific DNA-binding
motif and regulate gene expression [23–25]. The
Akt>NF-kB pathway is known to be a strong cell
survival pathway [26–28]. NF-kB has been shown acti-
vated in the androgen-independent prostate cancer
cell lines DU145 and PC-3, but NF-kB has little activity
in the androgen-sensitive LNCaP prostate cancer cell
line [29]. NF-kB binding activity is upregulated in the
LAPC-4 xenograft model of androgen-independent
prostate cancer [30], suggesting a potential role of
NF-kB activation in prostate cancer progression.

In this study, we investigated whether activation of
ARsignaling by IL-4 ismediated by activationofNF-kB
pathway in prostate cancer cells. We demonstrate
that PSA production induced by IL-4 is mediated by
activation ofNF-kB throughAkt pathways. Our results

suggest that IL-4>PI3K/Akt>NF-kB signaling path-
ways, which activate AR signaling, may play an
important role during the progression of androgen
independent prostate cancer cells.

METHODSANDMATERIALS

Cell Culture

LNCaP cells were maintained in RPMI1640 supple-
mented with 10% of FBS, 100 U/ml of penicillin, and
100mg/mlof streptomycin at 378C in5%CO2 incubator.

Tranfection and LuciferaseAssay

The plasmids expressing NF-kB p65 and luciferase
reporter containing a 5� NF-kB consensus binding
motifs were described previously [31]. The mutant
form of IkBa was generated by substituting serine
residues at 32 and 36 with alanine [32]. Luciferase
reporter containing AR responsive PSA promoter was
described previously [5]. Twenty-four hours before
transfection, 2� 105 cells were plated in a 12-well plate.
Cellswere transfected using Superfect (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. The
total amount of plasmid DNA used was adjusted to
2.5 mg/well by the addition of empty plasmid. Three
hours after transfection, the DNA:liposomes mixture
was removed, and cells were treated with phenol red-
free medium containing 5% CS-FBS with either 0.1 nM
R1881 (Sigma, St. Louis,MO) or in the absence of R1881.
Cells were also treated with different concentrations of
the recombinant IL-4 (R&D Systems, Minneapolis, MN)
and LY294002 (Promega, Madison, WI). Cell extracts
were obtained 24 or 48 hr later and luciferase activity
was assayed using the Luciferase Assay System
(Promega). Protein concentrations in cell extracts were
determined by Coomassie Plus protein assay (Pierce,
Rockford, IL) and luciferase activities obtained were
normalized by protein concentrations of the samples.
Transfection efficiency was also monitored by cotrans-
fection with plasmid containing green fluorescent
protein and visualized with a fluorescent microscope
at 488 nm. All transfection experiments were per-
formed in triplicate and repeated at least three times.

Nuclear Lysate Preparation

Nuclear protein extracts were prepared as described
previously with modification [33]. Briefly, for nuclei
preparation, cells were harvested, washed with PBS
twice, and resuspended in hypotonic buffer (10 mM
HEPES, pH 7.9, 10mMKCl, 0.1mMEDTA, 0.4%NP40,
0.5 mM PMSF, 0.5 mM DTT, 1 mM NaV, and 1 mM
NaF) and incubated on ice for 10 min. Nuclei were
precipitated with 10,000� g centrifugation at 48C for
10 min. After washing once with hypotonic buffer, the
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nuclei were lysed in the lysis buffer (10 mM HEPES,
pH 7.9, 400mMNaCl, 1mMEDTA, 1mMDTT, 0.5mM
PMSF, 1mMNaV, and 1mMNaF) and incubated on ice
for 30 min. The nuclear lysates were precleared by
10,000� g centrifugation at 48C for 15 min. Protein
concentration was determined by Coomassie Plus
protein assay kit.

Electromobility Shift Assay

Electromobility shift assay (EMSA) was performed
as described previously [34]. For determination of the
NF-kB DNA binding activity, nuclear extracts (10 mg)
were incubated in a final volume of 20 ml (10 mM
HEPES, pH 7.9, 80mMNaCl, 10% glycerol, 1mMDTT,
1 mM EDTA, 100 mg/ml poly(dIdC)) with radiolabled
double stranded NF-kB consensus binding motif
50-AGTTGAGGGGACTTTCCCAGGC (Promega). For
supershift assay, the cell lysis was preincubated with
NF-kB p50 antibody (Cell Signaling Technology,
Beverly, MA). The protein–DNA complexes were
resolved on a 4.5% non-denaturing polyacrylamide
gel at room temperature, and the results were auto-
radiographed using Molecular Imager FX System (Bio
Rad, Hercules, CA).

Western Blot

Whole cell extracts obtained in high salt buffer as
described [35] and resolved in 8%–12% SDS–PAGE
depending on themolecular weight of the protein to be
detected. After blocking overnight 48C in 5% milk in
PBS-0.1% Tween 20, membranes were incubated over-
night eitherwith antibodies ofNF-kB (p65) (Santa Cruz
Biotechnology, Santa Cruz, CA), phosphorylated IkBa,
totalAkt, or phosphorylatedAkt (Thr473) (Cell Signaling
Technology). Following secondary antibody incubation,
immunoreactive proteins were visualized with an
enhanced chemiluminescence detection system (Amer-
sham Pharmacia Biotech, Buckinghamshire, England).

PSAProteinAnalysis

PSA protein expression was determined by ELISA
with the use of anti-PSA as primary antibody according
to the manufacturer’s instruction (Beckman Coulter,
Fullerton, CA) as described previously [5]. PSA expres-
sionwas normalized to the concentration of the protein
of the samples.

RESULTS

IL-4 InducesNF-kBActivation in LNCaPCells

Androgen sensitive LNCaP cells express limited
amounts of activated NF-kB. We first attempted to
investigate whether IL-4 activates NF-kB in LNCaP
cells. LNCaP cells were cultured in regular medium
and switched into medium containing 2% charcoal-

stripped serum for 24 hr and the cells were exposed to
IL-4 (20 ng/ml) for various incubation time. Cells were
harvested and the nuclear fraction was separated and
used for the gel shift assay using radiolabeled NF-kB
bindingmotif. Upon IL-4 stimulation, NF-kB is rapidly
activated within 10 min and lasts for more than 2 hr
(Fig. 1A). Supershift assay using anti-NF-kB p50 anti-
body revealed a band shift, indicating the specificity of
the NF-kB band (Fig. 1A).

When NF-kB is activated, it is translocated into
nucleus. Western blot was then performed to test
whether IL-4 stimulates translocation of NF-kB mole-
cule. Cells were cultured in regular medium, switched
intomediumcontaining 2%charcoal strippedmedium,
and exposed to IL-4 (20 ng/ml) for various time
periods ranging from 0 to 120min. Nuclear and cytosol
fractions were separated and Western blot was per-
formed using p65 antibody. As shown in Figure 1B,
NF-kB protein was detected in the cytosolic fraction
but was not detected in the nuclear fraction of LNCaP
cells in the absence of IL-4.However,NF-kBprotein can

Fig. 1. IL-4 activates NF-kB in LNCaP cells. LNCaP cells were
treated with IL-4 (20 ng/ml) for different time ranging from 0 to
120 min. A: Nuclear extracts were prepared and NF-kB DNA
binding activity was determined by EMSA using NF-kB consensus
binding sequences. For supershift, nuclear extracts from IL-4
treatment (120 min) were preincubated with NF-kB p50 antibody
or control IgG antibody andDNAbindingwas analyzed.Oct-1was
used as a control for demonstrating the nuclear extracts used
contain similar activities of a transcription factor. B: Nuclear
extractsandcytosolicextractswereanalyzedbyWesternblotusing
NF-kBp65antibody.Actinwasusedas a loadingcontrol.
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be detected in the nucleus after 10 min upon IL-4
treatment, further suggesting that IL-4 activates NF-kB
in LNCaP cells (Fig. 1B). Collectively, these results
demonstrate that IL-4 activates NF-kB molecule in
LNCaP prostate cancer cells.

IL-4 Enhances Expression of Phosphorylated
IkBaProtein

Inactivated NF-kB proteins form dimers in the cyto-
plasm that are bound to IkBproteins. After stimulation,
IkB proteins are phosphorylated and degraded via
the proteasome pathway allowing the translocation of
NF-kB complexes to the nucleus. Therefore, increased
expression of phosphorylated IkBproteins is correlated
with elevated NF-kB activation. To investigate if IL-4
increases the levels of expression of phosphorylated
IkBa in prostate cancer cells, LNCaP cells were treated
with IL-4 and the expression of phosphorylated IkBa
protein was determined by Western blot using anti-
body against phosphorylated IkBa. As expected, IL-4
enhances the expression of phosphorylated IkBa
protein in LNCaP cells (Fig. 2). Cotransfection expres-
sion with a mutant IkBa, a inhibitor of NF-kB, greatly
diminished IL-4-induced phosphorylated IkBa ex-
pression. Treatment with LY294002, the Akt inhibitor,
together with the expression of the mutant IkBa,
completely abolished IL-4-induced expression of phos-
phorylated IkBa (Fig. 2).

IL-4 StimulatesNF-kB-Mediated
TranscriptionActivity

To further investigate the effect of IL-4 on NF-kB
function, we examined if IL-4 activateNF-kB-mediated
gene transcription. LNCaP cells were transiently trans-
fected with an NF-kB responsive luciferase reporter,
and treated with different concentrations of IL-4 (from
0 to 20 ng/ml) for 48 hr. IL-4 activate NF-kB-mediated
gene transcription activity in a dose dependentmanner
(Fig. 3). Addition of antibody specific for IL-4 abolished
IL-4-induced NF-kB transcriptional activation, sug-

gesting the specificity of IL-4 on NF-kB-mediated gene
transcriptional activation.

IL-4 ActivatesNF-kB viaActivation of
Akt in Prostate CancerCells

We have previously demonstrated that IL-4 acti-
vates Akt pathway in LNCaP cells [5]. Since Akt can
activate NF-kB via the IKK complex in response to
TNF or PDGF stimulation [23,36], we examined
whether IL-4 activation of NF-kB requires activation
of Akt in prostate cancer cells. LNCaP cells were grown
in regularmedium and switched intomedium contain-
ing 2% charcoal stripped serum for 24 hr before IL-4
stimulation. Three hours before IL-4 stimulation, cells
were either treated with LY294002, inhibitor of PI3K/
Akt pathway, or ethanol as a control. The cells were
then treated with IL-4 (20 ng/ml) for 1 hr and nuclear
fraction was obtained at the end of incubation. As
shown in Figure 4A, treatmentwithPI3K/Akt inhibitor
decreased IL-4-induced Akt activation, accompanied
by decreased NF-kB activation. As shown in Figure 4B,
IL-4-induced NF-kB-mediated gene luciferase activity
was greatly inhibited by the treatment of 5 mM of
LY294002, and almost completely abolished by addi-
tion of 25 mM of LY294002. These results suggest that
NF-kBactivation by IL-4 in LNCaP cells ismediated via
activation of the Akt pathway.

Blockage ofNF-kBActivation Inhibits
IL-4-MediatedARActivation

Since IL-4 activates Akt>NF-kB signaling in
LNCaP cells, we examined whether inhibition of these

Fig. 2. IL-4 increasephosphorylated IkB expression.LNCaPcells
were transiently cotransfected with either vector control or IkB
plasmid and incubated with IL-4 (20 ng/ml) in the absence of
LY294002or in thepresence ofLY294002 (20mM).Proteinextracts
(20 mg) were used for Western blot analysis using phosphorylated
IkBantibody.Actinwasusedas a loadingcontrol.

Fig. 3. IL-4 enhances NF-kB transcription activity. LNCaP cells
were transiently transfected with an NF-kB responsive luciferase
reporter, and treated with different doses of IL-4 for 48 hr. For
specificity, IL-4 antibody (2 mg) was included in an IL-4 treatment
(20 ng/ml) as indicated as Ab. Luceferase activity was determined.
ProteinconcentrationincellextractswasdeterminedbyCoomasie
Plus protein assay.Luciferase activitieswere normalizedbyprotein
concentrations. All transfection experiments were performed in
triplicate wells and repeated at least three times. Values were
expressedasmean� SDof triplicate samples.
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signaling pathways suppresses IL-4-mediated PSA
transcription. As shown in Figure 5A, transfection
expression of the mutant IkBa almost completely
blocked IL-4-induced PSA-luciferase activity. LY294002,
a PI3K-Akt specific inhibitor, greatly abolished IL-4-
induced PSA-luciferase activity. Addition of PD98059,
a MAPK inhibitor, failed to inhibit IL-4-induced PSA-
luciferase activity. These results suggest that Akt>NF-
kB signaling pathways mediate IL-4-induced PSA
transcription.

We next determined whether blockage of NF-kB
activation inhibit PSA protein production in LNCaP
cells. Inhibition of Akt and NF-kB suppresses PSA
protein production in LNCaP cells (Fig. 5B). The IL-4-
induced PSA protein expression was inhibited by the

mutant IkBa, the NF-kB inhibitor, and by LY294002,
a PI3K-Akt inhibitor, but not by PD98059, a MAPK
inhibitor. This result further demonstrates that activa-
tion of AR by IL-4 is mediated at least in part by
Akt>NF-kB signaling pathway.

NF-kBEnhances AR-MediatedGene
TranscriptionActivation

In order to directly assess the role of activation of
NF-kB signaling by IL-4 in prostate cancer cells, we
investigated whether activation of NF-kB signaling is
sufficient to activate AR signaling in prostate cancer
cells. LNCaP cellswere transiently cotransfectedwith a

Fig. 4. Inhibition of Akt reduces IL-4-induced NF-kB activation.
A: Akt inhibitor inhibits IL-4-induced NF-kB nuclear expression.
LNCaPcellswere treatedwithorwithoutLY294002andstimulated
with IL-4 (20 ng/ml) for 1 hr. Nuclear proteins were analyzed by
Western blots using Akt and NF-kB p65 antibodies, respectively.
Actin was used as a loading control.B: Akt inhibitor inhibits IL-4-
induced NF-kB activation. LNCaP cells were transfected with NF-
kB responsive luciferase reporter and treatedwith IL-4 (20 ng/ml)
together with different doses of LY294002 (from 0 to 25 mM) for
24 hr. Protein concentration in cell extracts was determined by
Coomasie Plus protein assay.Luciferase activitieswerenormalized
by protein concentrations. All transfection experiments were
performed in triplicate and repeated at least three times. Values
wereexpressedasmean� SDof triplicate samples.

Fig. 5. Blockage of NF-kB activation inhibits IL-4-mediated AR
activation. A: Effect of expression of a mutant IkBa (mIkB),
LY294002, and PD98059 (20 mM) on IL-4-mediated PSApromoter
activation. LNCaP cells were transfected with PSA promoter
reporter, andtreatedwithdifferentinhibitorsplus IL-4 (20ng/ml) in
the presence of 0.1nMR1881. Protein concentration in cell extracts
was determined by Coomasie Plus protein assay. Luciferase activ-
ities were normalized by protein concentrations. All transfection
experiments were performed in triplicate and repeated at least
three times. Values were expressed as mean� SD of triplicate
samples.B: Effect of expression of amutant IkB (mIkB), LY294002,
and PD98059 (20 mM) on IL-4-mediated PSA protein expression.
LNCaP cells were treatedwith different inhibitors plus IL-4 (20 ng/
ml) for24hr in thepresenceof0.1nMR1881.ThelevelofPSAexpres-
sionwasdeterminedbyPSAELISAkit.
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constitutively activated NF-kB or vector control, and
luciferase reporter containing androgen-responsive
promoter of PSA (PSA-Luc). Total DNA content was
kept constant in all experiments. Cell lysates were
collected and luciferase activitymeasured.As shown in
Figure 6, NF-kB enhances PSA promoter activity in a
dose dependent manner, which can be blocked by
coexpression of the mutant IkBa, the inhibitor of
NF-kB.

DISCUSSION

IL-4 is significantly elevated in serum of patients
with hormone refractory prostate cancer compared
with values in hormone-sensitive prostate cancer,
and the levels of IL-4 directly correlated with elevated
PSA [37]. We previously demonstrated that IL-4
enhances PSA expression by activation of AR signal-
ing in LNCaP prostate cancer cells [5]. In this study,
we investigated the mechanism of IL-4-induced AR
activation and PSA expression in LNCaP cells and
demonstrated that NF-kB activation by IL-4 plays
critical role in mediating IL-4-induced AR activation
and enhanced PSA expression in prostate cancer cells.

IL-4 can activate many cellular signaling pathways.
Zamorano et al. suggested activation of NF-kB upon
IL-4 treatment in T-cells [38]. We determined whether
IL-4 can activate NF-kB in prostate cells. IL-4 indeed
activated NF-kB in LNCaP cells in androgen depleted
condition. IL-4 stimulated nuclear translocation of NF-
kB molecule and NF-kB binding activity to its DNA
binding motif. We further demonstrate that IL-4-
induced NF-kB activation is through activation of

PI3K/Akt pathway. Inhibition of Akt activation by
LY294002 blocked IL-4-induced NF-kB activation in
LNCaP cells. Furthermore, blockage of Akt or NF-kB
activation inhibits IL-4-induced AR activation and
PSA expression in LNCaP cells, suggesting that IL-4-
induced AR activation is through activation of
Akt>NF-kB signaling pathway.

NF-kB is implicated in the control of cell proli-
feration, apoptosis, and transformation in normal and
malignant cells. Amplication, overexpression, or rear-
rangement of genes coding for Rel/NF-kB factors have
been found in cancer cells. Constitutive activation of
NF-kB is also a common characteristic of many tumors.
NF-kB has been shown activated in the androgen-
independent prostate cancer cell lines Du145 and PC-3,
but has little activity in the androgen-sensitive LNCaP
cells [29,39]. NF-kB binding activity is upregulated in
the LAPC-4 xenograftmodel of androgen-independent
prostate cancer [30], suggesting a potential role of NF-
kBactivation inprostate cancerprogression.Reports on
the role of NF-kB in AR signaling are conflict. Some
showed NF-kB negatively regulates AR function [40],
and others showedNF-kB enhances AR-mediated PSA
expression [30]. Our results demonstrate that NF-kB
(p65) enhances AR-mediated PSA transcription activa-
tion and promotes PSA production in LNCaP cells in
the absence of androgen. Collectively, these results
suggest that NF-kB increases AR-mediated gene
activation in the absence of androgen, while decreases
androgen-induced AR activation in the presence of
androgen.

The AR signaling is commonly active in hormone
refractory prostate cancer despite the presence of very
low levels of androgen. Recent studies suggested that
AR activation plays a central role for hormone re-
fractory progression of prostate cancer [41,42]. The link
of IL-4 activation of AR signaling through activation of
PI3K/Akt and NF-kB signaling in prostate cancer cells
may provide an additional insight of prostate cancer
progression to androgen independent state. In view
of that the level of IL-4 is significantly elevated in
androgen independent prostate cancer, and that Akt
and NF-kB signaling is critical in protecting cells from
apoptotic cell death, the IL-4-induced activation of
Akt andNF-kB signalingmay provide a survival signal
for prostate cancer cells under androgen-deprived
condition. Therapeutic approaches targeting IL-4>
Akt>NF-kB signaling pathways may provide an op-
portunity for drug development for advanced prostate
cancer.
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