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This study found that the HIV-1 protease inhibitor nelfinavir (NFV)
induced growth arrest and apoptosis of human prostate cancer cells
(LNCaP, DU145 and PC-3 cells), as measured by MTT and terminal
deoxyribonucleotide transferase-mediated dUTP nick end labeling
(TUNEL) assays, respectively, on the third day of culture. In addition,
NFV blocked androgen receptor (AR) signaling in association with
downregulation of nuclear levels of AR in LNCaP cells as measured
by reporter assay and western blot analysis. As expected, NFV
downregulated the level of the AR target molecule prostate specific
antigen in these cells. Moreover, NFV disrupted STAT3 signaling;
protease inhibitors blocked interleukin-6-induced phosphorylation
of STAT3 and inhibited STAT3 DNA binding activity in LNCaP and
DU145 cells, as measured by western blot analysis and enzyme-
linked immunosorbent assay (ELISA), respectively. Furthermore,
NFV blocked AKT signaling in prostate cancer cells as measured
by kinase assay with glycogen synthase kinase-3αααα/ββββ as a substrate.
Importantly, NFV inhibited the proliferation of LNCaP cells presented
as tumor xenografts in BALB/c nude mice without side-effects.
Taken together, NFV inhibited the proliferation of prostate cancer
cells in conjunction with blockade of signaling by AR, STAT3, and
AKT, suggesting that this family of compounds might be useful for
the treatment of individuals with prostate cancer. (Cancer Sci 2005;
96: 425–433)

A ndrogens play an important role in the development and
maintenance of the normal prostate as well as the

initiation and progression of prostate cancer.(1,2) Androgen
deprivation therapy remains the mainstay of treatment for
prostate cancer once it has progressed outside the prostate
capsule.(2) The androgen receptor (AR) belongs to the steroid
hormone subfamily of nuclear hormone receptors and mediates
the signal of androgens. AR is complexed in the cytoplasm to
chaperone proteins that keep the receptor in a transcriptionally
inactive form. Upon binding to the ligands, AR dissociates from
the chaperone and translocates to the nucleus, where it binds to
androgen response elements (ARE), recruits coregulators, and
activates target genes such as prostate specific antigen (PSA).(1,2)

PSA belongs to the kallikrein-like serine protease family; it is
produced almost exclusively by the prostate epithelial cells, and
is used as a serum marker for the diagnosis and progression
of prostate cancer.(3) The 5′ upstream promoter and enhancer
region of the PSA gene contains several ARE to which ligand-
activated AR binds and induces expression of PSA.(4–6)

The JAK/STAT (Janus family tyrosine kinase [JAK]/signal
transducer and activator of transcription [STAT]) signal pathway
is involved in the control of gene expression in response to
extracellular stimuli including cytokines and hormones, as well

as growth factors, and regulate a variety of biological responses,
such as development, differentiation, and proliferation.(7,8) Once
STAT proteins are activated by tyrosine-phosphorylation, they
form homo- or heterodimers and translocate to the nucleus,
where they bind to specific sequences of target genes, thereby
stimulating gene transcription. STAT3 is one of the seven STAT
family members. Recent studies have shown that STAT3 is con-
stitutively activated in a wide variety of cancer cells, including
those from cancers of the head and neck, breast and prostate,
and multiple myeloma, as well as malignant lymphoma.(7–11)

Thus, STAT3 might be a promising molecular target in a variety
of cancer cells.

AKT/protein kinase B (PKB) is a serine (Ser)/threonine (Thr)
protein kinase and plays an important role in controlling cell growth
and apoptosis.(12) Upstream of AKT is phosphatidylinositol 3-kinase
(PI3-K), which activates AKT by phosphorylation at Ser 473 and Thr
308 of AKT.(12) The activated AKT phosphorylates target mole-
cules including Bad, forkhead transcriptional factor (FKHR), and
glycogen synthase kinase-3 (GSK-3β), which induce antiapop-
totic effects.(13–15) Phosphatase and rensin homologue (PTEN)
phosphatase is a major negative regulator of the PI3-K/AKT signal
pathway.(16,17) In many cancer types, including prostate cancer,
phosphatase and tensin homologue (PTEN) is inactivated by sev-
eral mechanisms, including homozygous deletions, hemizygous
deletions and mutations on the second allele, or methylation of its
promoter region. Loss of expression of this phosphatase results in
constitutive activation of AKT signaling.(16–19)

Human immunodeficiency virus type 1 (HIV-1) protease
inhibitors (PI) have become important tools in the treatment of
HIV infection, and include saquinavir mesylate (SQV), ritonavir
(RTV), indinavir sulfate (IDV), and nelfinavir mesylate (NFV).
Recent studies have shown that PI possess antitumor activity
that is independent of their ability to inhibit HIV protease: we
found that SQV, RTV, and IDV induced the growth arrest and
differentiation of NB4 and HL-60 human myeloid leukemia
cells, and enhanced the ability of all-trans retinoic acid (ATRA)
to decrease proliferation and increase differentiation in these
cells.(20) Other investigators have shown that PI can decrease the
proliferation of Kaposi sarcoma as well as prostate cancer cells
via inhibition of nuclear factor-κB (NF-κB) activity.(20–23)
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In this study, we found that PI induced the growth arrest and
apoptosis of prostate cancer cells in conjunction with disruption
of their AR, STAT3, and AKT signal pathways. These studies
suggest that PI might be useful for the treatment of individuals
with prostate cancer.

Materials and Methods

Cell line. Prostate cancer LNCaP, PC-3, and DU145 cells were
obtained from the American Type Culture Collection (Manassas,
VA, USA). They were maintained in RPMI 1640 with 10% fetal
bovine serum (FBS).

Chemicals. The SQV (Roche, Branchburg, NJ, USA), RTV
(Abbott Laboratories, North Chicago, IL, USA), IDV (Merck,
West Point, PA, USA), and NFV (Japan Tobacco Specification,
Tokyo, Japan) were dissolved in 50% dimethyl sulfoxide (DMSO;
Burdick and Jackson, Muskegon, MI, USA) to a stock concentration
of 10−2 M and stored at −80°C. Interleukin (IL)-6 was provided
by Kirin (Tokyo, Japan). AG490 and LY294002 were purchased
from Calbiochem (San Diego, CA, USA).

MTT assays. Cells (104/mL) were incubated with various con-
centration of PI (10−5 to 5 × 10−5 M) for 3 days in 96-well plates
(Flow Laboratories, Irvine, CA, USA). After culture, cell number
and viability were evaluated by measuring the mitochondrial-
dependent conversion of the tetrazolium salt MTT (Sigma), to a
colored formazan product, as previously described.(24)

Colony forming assay. LNCaP cells were cultured in a two-layer
soft agar system for 14 days. Washed single-cell suspensions of cells
were enumerated and plated into 24-well flat bottom plates with
a total of 500 cells per well in a volume of 400 µL per well. The
feeder layer was prepared with agar that had been equilibrated at
42°C. Prior to this step, PI were pipetted into the wells. After incuba-
tion for 14 days, colonies were counted. All experiments were carried
out three times using triplicate plates per experimental point.

Assessment of apoptosis. Apoptotic cell death was examined
by using the terminal deoxyribonucleotide TUNEL method
using the In Situ Cell Death Detection kit (Roche Molecular
Biochemicals, Germany) according to the manufacturer’s
instructions. For quantification, three different fields were counted
under the microscope and at least 300 cells were enumerated in
each field. All experiments were performed twice.

Plasmids. A 564-bp fragment of the PSA promoter with a
2.4-kb enhancer sequence (−5322 to −2925) cloned upstream
of luciferase (PSA P/E-Luc) was used.(5) Also, ARE4-E4 Lux,
which is the multimerized four consensus ARE from the PSA
promoter cloned upstream of the luciferase gene in the pGL3
vector (Promega, Chicago, IL) was used.(25)

Transfections and luciferase assay. LNCaP cells were plated
in 24-well plates and incubated until 60–80% confluency.
Cells were transfected with the indicated plasmids using the
GenePORTER transfection reagent (Gene Therapy Systems,
San Diego, CA, USA). Following transfection, cells were incubated
with 10% charcoal-stripped FBS RPMI-1640 either with or
without DHT (10 −8 M) and either with PI or control diluent
(0.01% DMSO) for 24 h. Luciferase activity in cell lysates was
measured by using the Dual Luciferase assay system (Promega,
Madison, WI, USA); and this was normalized by using Renilla
activity. The results were presented as fold induction, which is
the relative luciferase activity of the treated cells over that of the
control cells. All transfection experiments were carried out in
triplicate wells and repeated separately at least three times.

Western blot analysis. LNCaP cells were plated on 60-mm
plates and incubated until 60–80% confluency, then the media
was replaced with RPMI-1640 containing 10% charcoal striped
FBS either with or without DHT (10−8 M) and with either PI or
control diluent (0.01–0.25% DMSO). After incubation, cells
were washed twice in PBS, and whole cell lysates and nuclear
extracts were prepared as previously described.(24) Proteins were

resolved by 4–15% sodium dodecyl sulfate polyacrylamide gel,
transferred to an Immobilon polyvinylidene difluoride membrane
(Amersham, Arlington Heights, IL, USA), and probed sequentially
with antibodies. Anti-AR N-20 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-PSA C-19 (Santa Cruz), anti-STAT3
(Santa Cruz), anti-p-STAT3 (Tyr705) (Cell Signaling, Beverly,
MA, USA), anti-AKT (Cell Signaling), anti-p-AKT (Ser473)
(Cell Signaling), anti-GSKα/β (Cell Signaling), anti-p-GSKα/β
(Ser21/9) (Cell Signaling) and anti-β-actin (Santa Cruz) antibodies
were used. The blots were developed using an enhanced chemilumin-
escence kit (Amersham).

Evaluation of DNA binding activity of STAT3 by ELISA. The DNA
binding activity of STAT3 was quantified by ELISA using the
Trans-AM STAT Transcription Factor Assay kit (Active Motif
North America, Carlsbad, CA, USA), according to the instructions
of the manufacturer. Briefly, nuclear extracts were prepared as
previously described and incubated in 96-well plates coated
with immobilized oligonucleotides containing a consensus
(5′-TTCCCGGAA-3′) binding site for STAT3. STAT3 binding
to the target oligonucleotide was detected by incubation with
primary antibody specific for the activated form of STAT3
(Active Motif North America), visualized by anti-IgG horseradish
peroxidase conjugate and developing solution, and quantified at
450 nm with a reference wavelength of 655 nm. Background
binding was subtracted from the value obtained for binding to
the consensus DNA sequence.

AKT immunoprecipitation kinase assay. LNCaP cells were treated
with either NFV (2 × 10−5 M) or control diluent (0.01% DMSO).
After 24 h, cells were harvested and cell lysates were prepared.
An AKT kinase assay was performed using an AKT kinase
assay kit (Cell Signaling), according to the manufacturer’s
instructions. Briefly, 2 mg of cell lysates were incubated for 12 h
with protein G-agarose beads bearing anti-AKT on a rotator at
4°C to immunoprecipitate AKT. This precipitate was next used
to phosphorylate a specific substrate: the recombinant GSK-3α/
β protein expressed in Escherichia coli. Briefly, 1 µg recombinant
GSK-3α/β was incubated with AKT-antibody-protein G-agarose
complexes in the presence of magnesium/ATP mixture for 30 min
at 37°C. Samples were boiled for 5 min, resolved on 10% SDS-
PAGE, and transferred onto Immobilon polyvinylidene difluoride
membranes. The membranes were incubated sequentially with
an anti-p-GSK-3α/β (Ser21/9) and anti-AKT antibodies.

Mice. Twelve male immunodeficient BALB/c nude mice at
6 weeks of age were purchased from Japan SLC (Shizuoka,
Japan), and were maintained in pathogen-free conditions with
irradiated chow. Animals were bilaterally subcutaneously (s.c.)
injected with 5 × 106 LNCaP cells per tumor in 0.1 mL Matrigel
(Collaborative Biomedical Products, Bedford, MA, USA).
Mice were divided randomly into two groups of six mice each.
Once tumor volume reached approximately 100 mm3, treatment
was initiated. Either NFV (60 mg/kg) or control diluent was
administered orally five times a week. The dose of NFV was
determined by our preliminary studies (data not shown). Tumors
were measured every week with vernier calipers. Tumor sizes
were calculated by the formula: a × b × c, where a is the length,
b is the width, and c is the height in mm. At the end of the
experiment, animals were killed by CO2 asphyxiation and tumor
weights were measured after they were carefully resected.
Tumor tissue was collected for analysis.

Measurement of PSA in mice. Blood was withdrawn from mice
several hours before they were killed. Serum levels of PSA were
measured by immune assay using the Hybritech Access (Beckman
Coulter, Chaska, MN, USA) according to the manufacturer’s
protocol.

Histology. Tumors were fixed for 12 h in 10% neutral buffered
formaldehyde after sacrifice, tissue blocks were embedded in
paraffin, and sections stained with hematoxylin and eosin were
examined by light microscopy.
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Statistical analysis. The statistical significance of the differences
was analyzed by the non-parametric Mann–Whitney U-test and
paired t-test.

Results

Protease inhibitors induced growth arrest and apoptosis of prostate 
cancer cells. To explore the antiproliferative and proapoptotic effects
of PI, LNCaP cells were cultured in the presence of various con-
centrations of PI (1–5 × 10−5 M). RTV, SQV, and NFV effectively
inhibited the growth of LNCaP cells with ED50 values of approxi-
mately 3.5, 3.5, and 1.5 × 10−5 M, respectively, as measured by MTT
assay on the third day of culture (Fig. 1a). Conversely, IDV was
not able to inhibit their growth (Fig. 1a). These results were
consistent with our previous studies showing that NFV, RTV and
SQV, but not IDV inhibited the proliferation of multiple myeloma
cells in vitro.(26) NFV also showed the strongest antitumor activity
against androgen-independent prostate cancer PC-3 and DU145
cells with ED50 values of 1.2 and 2.3 × 10−5 M, respectively
(Fig. 1b). Furthermore, the ability of PI to inhibit the growth of
LNCaP cells was studied by colony forming assay (Fig. 1c).
NFV showed stronger antitumor activity compared with other
PI, which was consistent with the results of the MTT assay

(Fig. 1a, c). We therefore chose NFV for further experiments. As
shown in Figure 1d, NFV caused apoptosis in LNCaP cells in
a dose- and time-dependent manner as measured by TUNEL
assay (Fig. 1d). After 24 h of culture, 1 × 10−5 and 2 × 10−5 M of
NFV induced a mean 20 ± 5% and 37 ± 6% of LNCaP cells to
become apoptotic, respectively, which increased to a mean of
39 ± 10% and 65 ± 4%, respectively, after another 24 h of culture.

Effect of PI on expression of p21waf 1 p27kip 1 and p53 in LNCaP cells.
The modulation of expression of the cell cycle checkpoint
proteins, p21waf 1 p27kip 1 and p53 were examined by western blot
analysis (Fig. 2a). LNCaP cells constitutively expressed wild
type p53 protein; neither NFV (1 or 2 × 10−5 M, 24 h) nor RTV
(2 or 5 × 10−5 M, 24 h) modulated levels of p53 in LNCaP cells
(Fig. 2a). The level of the p21waf 1 protein was negligible in the
untreated LNCaP cells; however, exposure of these cells to RTV
(2 or 5 × 10−5 mol/L, 24 h) resulted in a dramatically increased
level of p21waf 1 protein in a dose-dependent manner (Fig. 2a).
However, NFV did not induce the expression of p21waf 1 protein
in LNCaP cells (Fig. 2a). Both NFV and RTV increased the
levels of p27kip 1 in these cells by two- or fourfold, respectively.
The time course study showed that RTV induced the expression
of p21waf 1 after as little as 3 h of culture, and the level of this
cyclin dependent kinase inhibitor was still rising at 24 h

Fig. 1. PI induce growth arrest and apoptosis of prostate cancer cells. MTT assay: (a) LNCaP, (b) PC-3 and (b) DU145 cells were plated in 96-well
plates and cultured with either PI (10−6 M−5 × 10−5 M) or control diluent (0.005–0.25% DMSO). After 3 days, the cells were treated with MTT for
4 h, and absorbance was measured. Results represent the mean ± SD of three experiments performed in triplicate. Colony forming assay: (c) LNCaP
cells (500 cells per plate) were cultured with a variety of concentrations of PI (10−9−10−5 mol/L). Colonies (> 40) were enumerated after 14 days of
incubation. Results are expressed as a mean percentage of control plates containing 0.1% DMSO (control diluent). Each point represents a mean
of three independent experiments with triplicate plates. Bars, SD. TUNEL assay: (d) LNCaP cells were plated in 96-well plates and cultured with
either NFV (2 × 10−5 M or 5 × 10−5 M) or control diluent (0.25% DMSO); and 1 or 2 days later, apoptosis was measured by TUNEL assay. Results
represent the mean ± SD of two experiments carried out in triplicate.
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(Fig. 2b). IDV was not able to modulate any of the cell cycle
checkpoint proteins (figure not shown).

Effect of PI on levels of PSA and AR protein. LNCaP cells cultured
in the presence of 10% FBS constitutively expressed the PSA
protein, and RTV, NFV, and SQV almost completely inhibited
the expression of PSA in these cells (Fig. 3a). The level of PSA
in the control LNCaP cells cultured with charcoal striped FBS
(10%, 24 h) was extremely low (Fig. 3b). DHT (10−8 M, 24 h)
increased PSA expression approximately 15-fold in these cells.
Exposure of LNCaP cells to RTV (2 × 10−5 M), SQV (2 × 10 −5 M),
and NFV (10−5 M, 24 h) almost completely blocked DHT-
induced levels of PSA in these cells. (Fig. 3b). In addition, we
explored the effect of PI on the nuclear level of AR. DHT
(10 −8 M, 24 h) increased the intranuclear levels of AR by
approximately fivefold; and the addition of NFV (10−5 M, 24 h)
blocked the DHT-induced nuclear levels of AR (Fig. 3c). To
study whether PI affect the nuclear translocation of AR
mediated by DHT, we analyzed levels of AR shortly after exposure
of cells to DHT (Fig. 3d). DHT (10−8 M, 6 h) increased the
intranuclear levels of AR by approximately threefold; and NFV
(10−5 M, 6 h) downregulated the DHT-induced nuclear level of
AR by approximately 30% (Fig. 3d). At the same time, we
extracted cytoplasmic protein and measured the level of AR.
The exposure of LNCaP cells to DHT decreased the level of AR
in the cytoplasm by half; however, the addition of NFV did not
affect the DHT-induced downregulation of AR (Fig. 3d),
suggesting that NFV did not interfere with the DHT-induced
nuclear translocation of AR.

Effect of PI on the promoter of PSA. We next analyzed the
effect of PI on the ability of DHT to transactivate the PSA
promoter/enhancer. The LNCaP prostate cancer cells were
cultured with DHT (10−8 M) after they were transfected with the
PSA promoter/enhancer-luciferase reporter vector. The reporter
activity increased approximately 18-fold as compared with
non-treated control LNCaP cells (Fig. 4a). When the cells were
treated with the combination of DHT (10−8 M, 18 h) and NFV

Fig. 3. Effect of PI on expression of PSA and AR. (a) LNCaP cells were placed in culture medium containing 10% FBS and exposed to either RTV
(2 × 10−5 M), NFV (10−5 M), or SQV (2 × 10−5 M). After 24 h, cells were harvested and subjected to western blot analysis. (b) LNCaP cells were placed
in culture medium containing 10% charcoal striped FBS for 24 h before the addition of either DHT (10−8 M) alone, or DHT (10−8 M) in combination
with either RTV (2 × 10−5 M), NFV (10−5 M), or SQV (2 × 10−5 M). After the addition of reagents, cells were cultured for 24 h, then proteins were
extracted and subjected to western blot analysis. (c,d) LNCaP cells were placed in culture medium containing 10% charcoal striped FBS for 24 h
before the addition of either DHT (10−8 M) alone, or DHT (10−8 M) in combination with NFV (10−5 M). Either after (c) 24 h or (d) 6 h, cytoplasmic
and nuclear proteins were obtained and subjected to western blot analysis. The band intensities were measured by densitometry. Cyt, cytoplasmic
protein; Nuc, nuclear protein.

Fig. 2. Effect of PI on levels of p53, p27kip 1, and p21waf 1 protein in
LNCaP cells. (a) LNCaP cells were cultured in the presence of either
NFV (1 or 2 × 10−5 M), RTV (2 or 5 × 10−5 M), or control diluent (0.25%
DMSO). After 24 h, cells were harvested and subjected to western blot
analysis. The polyvinylidene fluoride membrane was sequentially probed
with anti-p53, p21waf 1 and p27kip 1 antibodies, and band intensities
were measured using densitometry. (b) LNCaP cells were cultured in
the presence of RTV (5 × 10−5 M). After various durations, cells were
harvested and subjected to western blot analysis. The polyvinylidene
fluoride membrane was sequentially probed with anti-p53 and p21waf 1

antibodies.
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(10−5 M, 18 h), luciferase activity was dramatically reduced by
approximately 70% compared with DHT alone (Fig. 4a). We
also studied the effect of NFV using the 496-bp fragment of the
PSA enhancer, which has multiple ARE.(25) Luciferase activity
was stimulated by DHT (10−8 M), and NFV (10−5 M) inhibited
this effect by approximately 80% (Fig. 4b). As expected, DHT
did not activate and NFV did not inhibit luciferase activity when
the four most active ARE were mutated (Fig. 4b). These findings
suggest that NFV inhibits the ability of androgens to activate the
PSA promoter/enhancer, and this effect appears to be mediated

via the inhibition of AR/ARE transcriptional activity. Further
experiments were performed using a luciferase reporter construct
in which the ARE of the PSA was concatemerized (ARE4-E4Lux).
LNCaP cells were transfected with ARE4-E4Lux and cultured with
DHT (10−8 M) either with or without NFV. The reporter activity
increased approximately sevenfold when these cells were cultured
with DHT, as compared with the non-treated control LNCaP cells
(Fig. 4c). When the cells were treated with the combination of DHT
(10−8 M) and NFV (10−5 M), luciferase activity was reduced by 70%
compared with DHT alone (Fig. 4c). RTV (10−5 M) also inhibited

Fig. 4. (a) Effect of PI on the transcriptional activity of the PSA promoter/enhancer in LNCaP cells. The reporter construct (PSA P/E-Luc) is shown at
the top. LNCaP cells were transfected with PSA P/E-Luc (0.8 µg), and DHT (10−8 M) with either NFV (10−5 M) or control diluent (0.05% DMSO) were
added. A pRL-SV40-Luciferase (Renilla luciferase) vector was cotransfected for normalization. Results represent the mean ± SD of three experiments
carried out in triplicate. (b) Effect of PI on wild type and mutant PSA enhancer. Diagrams of the PSA enhancer E4 LUC and PSA enhancer S-All-
LUC are shown at the top. Wild type and mutant ARE sites are represented by rectangles and cross-hatches, respectively. LNCaP cells were
transfected with the reporter construct (0.8 µg), and DHT was added to a final concentration of 10−8 M with either NFV (10−5 M) or control diluent
(0.05% DMSO). The pRL-SV40-Luciferase (Renilla luciferase) vector was cotransfected for normalization. Results represent the mean ± SD of three
experiments carried out in triplicate. (c) Effect of PI on ARE activation in LNCaP cells. Shown at the top is the construct (ARE4-E4Lux) containing
the four concatemerized ARE identical to those in the PSA enhancer, which is attached to the luciferase reporter. LNCaP cells were transfected
with ARE4-E4Lux (0.8 µg). DHT (10−8 M) was added with either NFV (10−5 M) or control diluent (0.05% DMSO). pRL-SV40-Luciferase (Renilla
luciferase) vector was cotransfected for normalization. Results represent the mean ± SD of three experiments carried out in triplicate.
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both DHT-induced PSA promoter activity and ARE transcriptional
activity in LNCaP cells (data not shown).

Effect of PI on basal and IL-6-stimulated STAT3 activity in prostate
cancer cells. The effect of PI on STAT3 activity was investigated
by an ELISA-based assay. Of the three prostate cancer cell lines,
DU145 cells possessed the strongest STAT3 DNA binding activity,
and 10−5 M of NFV inhibited this activity by approximately 50%
(Fig. 5a). LNCaP cells also possessed measurable STAT3 DNA
binding activity and NFV (10−5 M, 24 h) inhibited this activity
by approximately half (Fig. 5a). The addition of IL-6 (50 ng/mL,
30 min) to these cells further increased DNA binding activity
(fivefold), and preincubation of these cells with 10−5 M of NFV
for 3 h decreased IL-6-induced STAT3 DNA binding activity by
40% (Fig. 5a). Conversely, STAT3 DNA binding activity was
negligible in PC-3 cells, and NFV was not able to reduce this
binding activity (Fig. 5a).

The effect of PI on STAT3 was further examined using western
blot analysis (Fig. 5b). The phosphorylated form of STAT3 was
not detectable in control LNCaP cells; exposure of these cells to
IL-6 (50 ng/mL, 30 min) dramatically induced the phosphoryla-
tion of STAT3, and pretreatment (3 h) of these cells with 10−5 M
of NFV inhibited the IL-6-induced phosphorylation of STAT3

by at least 50% (Fig. 5b). NFV alone did not modulate levels of
total STAT3 in these cells (Fig. 5b).

Effect of PI on AKT signaling. Control LNCaP cells expressed
the phosphorylated form of AKT, and exposure of these cells to
NFV (10−5 M, 24 h) completely blocked expression of the
phosphorylated form of AKT without affecting the total amount
of AKT (Fig. 6a). PC-3 cells also constitutively expressed p-AKT
and NFV downregulated the expression of the phosphorylated
form of AKT in a dose-dependent manner (Fig. 6b). The effect
of NFV on AKT signaling was further studied by using the AKT
kinase assay with GSK-3α/β as a substrate. NFV (10−5 M, 24 h)

Fig. 5. Effect of PI on STAT3 activity in prostate cancer cells. (a) STAT3
ELISA: DU145, LNCaP, and PC-3 cells were cultured with either NFV (10−5 M)
or control diluent (0.05% DMSO). After 3 h, cells were exposed to
interleukin-6 (50 ng/mL) for 30 min. Nuclear protein was extracted and
subjected to ELISA for measurement of STAT3 DNA binding activity.
Results represent the mean ± SD of two experiments carried out in
duplicate. Statistical significance was determined by paired t-test.
*P < 0.05; NS, not significant. (b) Western blot analyses: LNCaP cells
were cultured with either NFV (10−5 M) or control diluent. After 3 h,
cells were exposed to interleukin-6 (50 ng/mL) for 30 min. Cells were
harvested and subjected to western blot analysis. The polyvinylidene
fluoride membrane was sequentially probed with anti-p-STAT3 (Tyr705),
-STAT3, and -β-actin antibodies.

Fig. 6. Effect of PI on AKT activity. (a,b) Western blot analysis: (a) LNCaP
and (b) PC-3 cells were cultured either with NFV (1–5 × 10−5 M) or
control diluent (0.05–0.25% DMSO). After 24 h, cells were harvested
and proteins were extracted and subjected to western blot analysis. The
polyvinylidene fluoride membrane was sequentially probed with anti-p-
AKT (Ser473), -AKT, and -β-actin antibodies. (c) AKT kinase assay: LNCaP
cells were cultured with either NFV (10−5 M) or control diluent (0.05%).
After 24 h, cells were harvested and proteins were extracted and
subjected to AKT kinase assay using recombinant GSK-3α/β as a
substrate. The polyvinylidene fluoride membrane was sequentially
probed with anti-p-GSK-3α/β(Ser21/ 9) and -AKT antibodies.
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inhibited AKT kinase activity in LNCaP cells by approximately
half (Fig. 6c).

Inhibitors of STAT3 and AKT downregulate levels of PSA. We
explored the association between STAT3, AKT and AR signaling.
We used the JAK2 inhibitor AG490 and the PI3-K inhibitor
LY294002 to disrupt the STAT3 and AKT signaling pathways,
respectively. The inhibition of STAT3 and AKT signaling
pathways by these inhibitors effectively blocked expression of
the AR-driven PSA gene in LNCaP cells (Fig. 7a). Western blot
analysis of p-AKT (Fig. 7a) and STAT3 ELISA (Fig. 7b) showed
the specificity of each inhibitor.

Effect of NFV on LNCaP cells in vivo. We evaluated the effect of
NFV in vivo on LNCaP cells growing in BALB/c nude mice.
NFV (60 mg/kg) was given by gavage five times per week.
Tumor volumes were measured weekly. All mice were killed
after 3 weeks, and tumors were dissected and weighed. NFV
significantly suppressed both the growth of LNCaP tumors
(P < 0.05; Fig. 8a) and their mean weights (P < 0.01) at autopsy
(Fig. 8b), as compared with diluent controls.

Blood was withdrawn from mice several hours before they were
sacrificed, and levels of PSA were measured. The mean serum
level of PSA in the mice who received NFV was significantly
lower than that in the mice who received diluent (2.2 ± 1.2 ng/
mL vs 5.3 ± 1.9 ng/mL, P = 0.03) (Fig. 8c). The serum levels of
PSA in normal mice at the same age were less than 0.03 ng/mL
(data not shown).

The tumors and organs of the mice were fixed, stained, and
viewed by light microscopy. The tumors from control mice had
a histological appearance that was typical of infiltrating, poorly
differentiated adenocarcinomas of the prostate (Fig. 8d). Tumors
from mice receiving NFV had marked fibrosis and inflammatory
cells such as giant cells (Fig. 8d). Organs from mice treated with
NFV did not show any changes compared with controls, including
their livers, kidneys, and spleens. During the study, all the mice
were weighed each week; the mean weights of the experimental
groups were statistically the same as those of the control mice
(data not shown).

Discussion

In the present study, we found that HIV-1 PI blocked AR signaling
in association with downregulating the nuclear levels of AR. PI
were also active against androgen-independent prostate cancer
PC-3 and DU145 cells, whose growth was not under the control
of androgen, suggesting that PI may affect other signal pathways
in these cells. One of the candidates is STAT3 signaling. As
previously described,(9,10) we found that STAT3 was activated in
DU145 cells (Fig. 5). PI inhibited the DNA binding activity of
STAT3 in these cells (Fig. 5). In addition, we have recently shown
that PI induced the growth arrest and apoptosis of multiple myeloma
cells in conjunction with a blockade of STAT3 signaling.(26) Thus,
inhibition of STAT3 signaling probably mediates at least in part
PI-induced growth arrest and apoptosis of cancer cells.

The STAT3 DNA binding activity was barely detectable in
PC-3 cells (Fig. 5a). Therefore, other signal pathways probably
contribute to the proliferation of PC-3 cells and PI could affect
these pathways. PTEN is inactivated in PC-3 cells because of
homozygous deletion, resulting in activation of AKT signaling.(17)

PI downregulated levels of the phosphorylated form of AKT in
PC-3 cells (Fig. 6). These results suggest that the inhibition of
AKT signaling probably contributes to PI-mediated growth arrest
and apoptosis of these cells. Another signal pathway, which might
be affected by PI, relates to transcription factor NF-κB. We have
previously found (along with other researchers) that NF-κB is
activated in androgen-independent PC-3 and DU145 cells compared
with androgen-dependent LNCaP cells.(24,27) RTV (2 × 10−5 M,
24 h) inhibited the DNA binding activity of NF-κB by approxi-
mately 50% as measured by an ELISA-based assay (data not
shown). These results are consistent with those from previous
studies by other investigators, who have shown that RTV inhibits
NF-κB activity in Kaposi sarcoma cells.(21,22) Conversely,
NFV was not able to inhibit NF-κB activity in PC-3 cells under
similar culture conditions (data not shown). Further studies
are warranted to clarify the chemical differences between each
PI.

The ARE transcriptional activity is regulated by coregulators,
functioning either as coactivators or corepressors.(28) One of the
coactivators for AR is AKT. The PI3-K/Akt pathway is con-
stitutively active in LNCaP cells because of the loss of PTEN

Fig. 7. Effect of inhibitors of STAT3 and AKT signaling on levels of PSA
in LNCaP cells. (a) Western blot analysis. LNCaP cells were cultured with
either control diluent (0.25% DMSO), JAK2 inhibitor AG490 (5 × 10−5 M)
or PI3-K inhibitor LY294002 (5 × 10−5 M). After 24 h, cells were harvested
and proteins were extracted and subjected to western blot analysis.
The polyvinylidene fluoride membrane was sequentially probed with
anti-PSA, -p-AKT (Ser473), -AKT, and -β-actin antibodies. (b) STAT3 ELISA:
LNCaP cells were cultured with either control diluent (0.25% DMSO),
JAK2 inhibitor AG490 (5 × 10−5 M) or PI3-K inhibitor LY294002 (5 ×
10−5 M) for 24 h. Nuclear protein was extracted and subjected to ELISA
for measurement of STAT3 DNA binding activity. Results represent
the mean ± SD of two experiments carried out in duplicate.
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expression, and PI3-K/AKT has been shown to activate AR
signaling.(19,29) NFV inhibited AKT activity in LNCaP cells
(Fig. 6). In addition, the present study found that LY294002, the
inhibitor of PI3-K, downregulated levels of PSA, AR-driven
gene in LNCaP cells in association with a blockade of AKT sig-
naling (Fig. 7a). Taken together, the inhibition of AKT signaling
in LNCaP cells probably contributes to the PI-mediated block-
ade of AR signaling.

STAT3 also functions as coactivator for AR signaling. Forced
expression of STAT3 increased AR transcriptional activity in
CV-1 cells.(30) STAT3 signaling was activated in LNCaP cells,
and PI inhibited both basal and IL-6-stimulated STAT3 activity
in these cells (Fig. 5). The exposure of LNCaP cells to the JAK2
inhibitor AG490 downregulated levels of PSA in conjunction
with inhibition of STAT3 DNA binding activity in these cells
(Fig. 7a,b). We therefore consider that inhibition of STAT3 may
contribute to the blockade of AR signaling mediated by PI in
LNCaP cells.

The PI increased levels of p27kip 1 in LNCaP cells (Fig. 2a).
The level of p27kip 1 is regulated by the PTEN/PI3-K/AKT signal
pathway by two mechanisms: first, PTEN negatively regulates
the expression of E3 ligase SCFSKP 2, which mediates p27kip 1

ubiquitin-dependent proteolysis.(31) Another mechanism relates
to FKHR, which inhibits p27kip 1 gene transcription.(32) Inactiva-
tion of AKT signaling by PI might contribute to the upregulation
of p27kip 1 by inhibiting the degradation of p27kip 1 protein as well
as the stimulation of p27kip 1 gene transcription, resulting in
growth arrest of prostate cancer cells.

Androgen-independent prostate cancer cells initially respond
to conventional chemotherapy; however, they eventually acquire
drug resistance and no longer respond to anticancer drugs.

The mechanisms of drug resistance include overexpression of
P-glycoprotein (P-gp), which pumps drugs out of the cells, result-
ing in decreased intracellular concentrations of the drugs.(33)

Another explanation of drug resistance relates to cytochrome
p 450 3A4 (CYP 3A4), which is associated with the metabolism
of chemotherapeutic agents. Xenobiotics, including anticancer
drugs such as doxorubicin, promote nuclear translocation of
pregnane X receptor (PXR), which binds to the promoter of
CYP 3A4 and activates its expression, resulting in detoxification
of drugs.(34) Previous studies have shown that RTV inhibits the
activities of both P-gp and CYP 3A4.(35–37) Co-administration of
docetaxel and RTV increased the plasma levels of docetaxel by
50-fold in mice as compared with those who received docetaxel
alone.(37) We have recently shown that RTV blocks the
docetaxel-induced expression of CYP3A4 transcripts in DU145
cells and enhances the antitumor effect of docetaxel against
these cells in vitro and in vivo.(38) Furthermore, recent studies
have shown that activation of both STAT3 and AKT also con-
tributed to drug resistance in cancer cells.(39,40) These studies
showed that inhibition of STAT3 using JAK2 inhibitor AG490
sensitizes malignant lymphoma and multiple myeloma cells to
chemotherapeutic drugs including cisplatin, fludarabine, and
doxorubicin.(39) Disruption of AKT signaling by the mTOR
inhibitor rapamycin reversed chemoresistance in murine lym-
phoma cells in vivo.(40)

In summary, we have found that PI induces the growth arrest
and apoptosis of both androgen-dependent and -independent
prostate cancer cells in conjunction with a blockade of AR,
STAT3, and AKT signaling. Disruption of STAT3 and AKT sig-
naling might contribute to growth inhibition as well as to the
blockade of AR signaling mediated by PI in prostate cancer

Fig. 8. Effect of NFV on growth of LNCaP tumors in nude mice. (a) LNCaP cells were injected bilaterally subcutaneously into BALB/c nude mice,
forming two tumors per mouse. NFV (60 mg/kg) was administered orally to mice five times a week for 3 weeks. Tumor volumes were measured
every week. Each point represents the mean ± SD of 12 tumors. (b) Tumor weights at autopsy: After 6 weeks of treatment, tumors were removed
and weighed. Results represent mean ± SD of tumor weights. Statistical significance was determined by the Mann–Whitney U-test. Bars, SD.
(c) Serum levels of PSA. After 3 weeks of treatment, blood was withdrawn from each mouse and serum levels of PSA were measured. Bars, SD.
(d,e) Histology of LNCaP human prostate tumors from mice treated with NFV in vivo: After 3 weeks of growth in nude mice either with or without
treatment with NFV, LNCaP tumors were removed, fixed in formalin, and stained with HE. (d) Control tumors from mice that received diluent
displayed poorly differentiated adenocarcinoma (× 200). (e) Tumors from mice treated with NFV (60 mg/kg) five times a week for 3 weeks showed
marked fibrosis and appearance of inflammatory cells such as giant cells (arrows; × 200).
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cells. Furthermore, levels of AR are markedly reduced in pros-
tate cancer cells by PI and an elevated expression of AR has
been associated with androgen-independent growth.(41) PI could
be useful as adjunctive therapeutic agents for individuals with
prostate cancer as well as other types of cancer in which hor-
mones, activated STAT3 and/or AKT play a role.
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