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Cyclooxygenase (COX)-2 expression and prostaglan-
din E, (PGE,) secretion are increased in prostatic in-
traepithelial neoplasia (PIN) and prostate cancer.
PGE, biosynthesis by cyclooxygenase (COX)-2 plays a
pivotal role in inflammation and carcinogenesis. One
of the critical proinflammatory cytokines in the pros-
tate is interleukin-6 (IL-6). We hypothesized that in-
creased expression of COX-2, with resultant increased
levels of PGE, in human PIN cells, activates the IL-6
signaling pathway. We demonstrate an autocrine up-
regulation of PGE, mediated by IL-6 in a human PIN
cell line. We further demonstrate that PGE, stimulates
soluble IL-6 receptor (sIL-6R) release, gp130 dimeriza-
tion, Stat-3 protein phosphorylation, and DNA binding
activity. These events, induced by PGE,, lead to in-
creased PIN cell growth. Treatment of PIN cells with a
selective COX-2 inhibitor decreases cell growth. Fi-
nally, PGE,-stimulated PIN cell growth was abrogated
by the addition of IL-6 neutralizing antibodies. These
data provide mechanistic evidence that increased ex-
pression of COX-2/PGE, contributes to prostate cancer
development and progression via activation of the IL-6
signaling pathway. © 2002 Elsevier Science
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Proliferation associated with longstanding, chronic
inflammation has been implicated in the development
of cancer in a variety of tissues including skin, urinary

Abbreviations used: COX, cyclooxygenase; Gp130, glycoprotein
130; PG, prostaglandin; PIN, prostatic intraepithelial neoplasia; sIL-
6R, soluble IL-6 receptor; Stat, signal transducers and activators of
transcription.

' To whom correspondence and reprint requests should be ad-
dressed at Department of Medicine, Box 1055, Mount Sinai School
Medicine, One Gustave L. Levy Place, New York, NY 10029. Fax:
(212) 241-4218. E-mail: liuxOl@doc.mssm.edu.

249

bladder, gastric mucosa, liver and large bowel (1). Cy-
clooxygenase (COX)-2 is the highly inducible form of
COX which catalyzes the conversion of arachidonic
acid to prostaglandins. COX-2 expression is induced by
inflammation. Increased biosynthesis of PGE,, a major
eicosanoid product of the COX-2-catalyzed reaction,
plays a pivotal role in inflammation (2). Recent studies
have also demonstrated enhanced expression of COX-2
and elevated PGE, production in human cancer of sev-
eral lineages, including prostate cancer (3). Forced
overexpression of COX-2 in nonneoplastic colon cells
promotes neoplastic transformation and resistance of
those cells to apoptosis (4). Clinical studies revealed
that patients treated with nonsteroidal anti-inflam-
matory drugs (NSAIDs), which inhibit both isoforms
of COX, are at a reduced risk of developing prostate
cancer (5).

The human prostate gland is a common site of in-
flammation. Immunohistochemical staining of non-
cancerous prostates demonstrates that luminal epithe-
lial cells surrounded by inflammation are induced to
express COX-2 (6). It has also been reported that focal
prostatic atrophy, which is associated with chronic in-
flammation, is highly proliferative (7). We demon-
strated increased expression of COX-2 in prostate can-
cer, as well as in prostatic intraepithelial neoplasia
(PIN) (8), the most likely precursor of prostate cancer
(9). In addition, inflammatory cytokines, notably tumor
necrosis factor-a (TNF-«), and IL-6, induce the expres-
sion of COX-2 and the secretion of PGE, in human
prostate cancer cell lines (10, 11). These data indicate
that COX-2 activity is induced in both prostatic inflam-
mation and neoplasia, and suggest that increased
PGE, derived from increased COX-2 activity may be
involved in inflammation-associated prostatic carcino-
genesis.

The effects of COX-2 are believed to be partially
mediated by inflammatory cytokines (12). One of the
critical proinflammatory cytokines in the prostate is
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IL-6. IL-6 has been implicated in prostate cancer de-
velopment and progression (13-15). It binds to either
the cognate IL-6 receptor (IL-6R«a) or, in most cases,
soluble IL-6 receptor (sIL-6R) and consequently in-
duces dimerization of gp130, a signal-transducing ele-
ment, previously identified as IL-6 receptor-g (16).
These events lead to activation of Stat signaling and
result in the induction of proteins, such as bcl-2 and
cMyc, both of which are critical regulators of cell cycle
progression and apoptosis (17). Clinical studies have
demonstrated that IL-6 and its receptors are upregu-
lated in human high grade PIN and prostate cancer
compared to benign tissue (18). IL-6, sIL-6R, and
gpl30 are also expressed in human prostate cancer cell
lines (14). Recent studies have demonstrated that IL-6
stimulates prostate cancer cell growth through activa-
tion of the Stat-3 signaling pathway (19). However, the
complex interactions between PGE,, IL-6 and IL-6-
induced signaling pathway and the mechanisms
whereby these interactions may promote prostatic neo-
plasia have not yet been elucidated.

In the present report, we demonstrate autocrine up-
regulation of PGE, production induced by IL-6 in a
human PIN cell line. We further demonstrate that
PGE, stimulates soluble IL-6 receptor (sIL-6R) release,
gpl30 dimerization, Stat-3 protein phosphorylation
and DNA binding activity. These events induced by
PGE, lead to increased growth of PIN cells. Finally, we
observed that PGE,-stimulated PIN cell growth can be
abrogated by the addition of IL-6 neutralizing antibod-
ies. These data provide mechanistic evidence that ele-
vated PGE, levels, induced by inflammatory cytokines,
contribute to prostate cancer development and progres-
sion through activation of the IL-6 signaling pathway.

MATERIALS AND METHODS

Cell line and cell culture. A human high grade PIN cell line was
provided as a gift by Dr. M. Stearns (MCP-Hahnemann University,
Philadelphia, PA). This cell line was established by human papil-
loma virus-18 immortalization of PIN cell areas of radical prostatec-
tomy specimens. It was previously demonstrated that these cells
express prostate specific antigen and cytokeratin 34BE12, thereby
establishing their PIN cell origin. The cell line has been character-
ized with respect to its growth potential, colony formation and an-
drogen responsiveness (20). PIN cells were cultured in keratinocyte
medium (KTM) supplemented with 10% FBS. Before treatment with
various compounds, cells were washed with PBS and serum-free
medium containing 0.1% BSA was replaced overnight. For the cell
growth studies, PIN cells were plated in 12-well cluster dishes with
1 ml of 10% FBS-supplemented KTM for 24 h. Incubations were
continued with or without various treatments for 1, 3, or 5 d. Cells
were then harvested, and the number of living cells (identified by
trypan blue staining) was determined by counting in a hemacytom-
eter.

Immunoprecipitation and immunoblotting. PIN cells cultured
under the desired conditions were lysed as described previously (21).
Briefly, cells were rinsed twice with ice-cold PBS and scraped with
1.5 ml of PBS containing 4 mM iodoacetate. After centrifugation, the
pellets were resuspended in Chaps extraction solution (10 mM
Chaps, 2 mM EDTA, pH 8.0, and 4 mM iodoacetate in PBS) with
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protease inhibitors. The samples were then incubated for 30 min on
ice and centrifuged at 15,000g for 10 min. The supernatants were
collected and stored at —70°C. For Western blotting, samples were
electrophoresed on SDS—-PAGE, transferred to a polyvinylidene di-
fluoride (PVDF) membrane (DuPont, NEN), and incubated with tar-
get antibodies overnight at 4°C. For immunoprecipitation, the ly-
sates were precleared with protein A—Sepharose beads for 2 h at 4°C.
The precleared lysates were incubated with 1 ug polyclonal anti-
phospho-Tyr.s-Stat-3 antibody (Calbiochem, San Diego, CA) fol-
lowed by the addition of protein A-Sepharose beads. The immuno-
precipitated proteins were then subjected to SDS-PAGE and
electrophoretically transferred to a PVDF membrane. Immunoreac-
tive proteins were visualized with an enhanced chemiluminescence
(ECL) detection system (Amersham) using horseradish peroxidase-
linked 1gG (Amersham, Arlington Heights, IL) as secondary anti-
body.

Preparation of conditioned medium for ELISA. PIN cells were
plated at 1 X 10° cells/well in six-well cluster dishes with 2 ml
medium containing 10% FBS. After washing with PBS, serum-free
medium was replaced. Incubations were continued under the desired
conditions. The culture medium was collected, centrifuged at 800g
for 10 min to remove suspended cells, and stored at —70°C for assays.
ELISA Kits for IL-6 and sIL-6R detection were purchased from R &
D Systems (Minneapolis, MN), and the kits for PGE, assay were
obtained from Cayman Chemical Co. (Ann Arbor, MI).

Nuclear extract preparation and electrophoretic mobility shift as-
say (EMSA). PIN cells were plated in 150-mm culture dishes with
20 ml KTM containing 10% FBS for 24 h. Cells were then washed
with PBS and serum-free medium containing 0.1% BSA was re-
placed. The culture was continued with or without the following
treatment: 1 uM PGE,, or 10 ng/ml IL-6, or 10 ng/ml IL-6 plus 20
ng/ml sIL-6R for 6 h. Nuclear extracts were prepared using a kit from
Pierce Inc. (Rockford, IL). Protein concentration was measured by
the Bio-Rad protein assay. Specific Stat-3 oligonucleotide, formed by
annealing the oligonucleotide sequence with the antisense strand,
was purchased from Santa Cruz Inc. (Santa Cruz, CA). The probe
was purified and labeled with [y-*P]JATP (Dupont, NEN, Boston,
MA) using T4 polynucleotide kinase. The binding of the probes
(10,000 cpm) to nuclear extracts (5 ug protein) was performed in a
20-pl mixture containing 5 ug of poly(dl-dC)—poly(dl-dC), 15 mM
Tris—HCI, pH 7.5, 1 mM EDTA, 100 mM KCI, 5 mM MgCl,, 12%
glycerol, 0.5 mM phenylmethylsulfonyl fluoride, and 0.5 mM dithio-
threitol. The mixture was incubated at 25°C for 30 min, and applied
to 5% polyacrylamide gels containing 7.5% glycerol in 0.5X Tris-
borate EDTA buffer at a constant 200 V for 2 h. Gels were fixed in
10% methanol, 10% acetic acid, and 80% water for 30 min, dried, and
autoradiographed.

RESULTS

Interactive and Reciprocal Effects of COX-2/PGE,
and IL-6 in PIN Cells

Increased COX-2 expression and elevated levels of
PGE, and IL-6 have been demonstrated in human
prostate tissue and prostate cancer cell lines. We ini-
tially determined the maximal stimulatory dose of
PGE, on IL-6 secretion by PIN cells (data not shown).
We next performed time course studies. As shown in
Fig. 1A, PGE, increased IL-6 secretion by PIN cells in
a time-dependent manner. This effect was first noted
at 4 h with a peak induction 16 h after PGE, addition.

The human COX-2 gene contains a putative NF-1L-6
element in the 5'-flanking promoter region which can
be activated by IL-6 (22). Recent studies have demon-
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FIG. 1. Interactive and reciprocal effects of COX-2/PGE, and

IL-6. PIN cells were cultured in serum-free KTM with 0.1% BSA. (A)
Cells were treated with either vehicle as control or 1 uM PGE,, for
various times as indicated. Culture medium in various conditions
was collected, clarified, and subjected to ELISA for the determina-
tions of IL-6 secretion. (B) Cells were treated with either vehicle as
control or 10 ng/ml IL-6, for various times as indicated. Total protein
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strated that IL-6 mediates COX-2 induction by serum
in cultured endothelial cells (23). We, therefore, exam-
ined the effect of 1L-6 on COX-2 expression and PGE,
secretion by PIN cells. As shown in Fig. 1B, PIN cells
expressed basal levels of COX-2, and this expression
was increased in the presence of IL-6 (5 ng/ml). The
IL-6 induction of COX-2 expression was time-
dependent, with a peak increase noted 8 h after IL-6
treatment. Figure 1C demonstrates that IL-6 induced
PGE, release by PIN cells, confirming a stimulatory
effect of IL-6 on COX-2 activity.

PGE, Stimulates sIL-6R Release and Facilitates
gp130 Dimerization

The receptor mediating the biological activities of
IL-6 is composed of two subunits: an 80-kDa alpha
chain (gp80, IL-6R«a) and a 130-kDa glycoprotein beta
chain (gp130, IL-6-RB). Additionally, a soluble form of
IL-6R (sIL-6R) with a molecular weight of approxi-
mately 50 kDa was reported, which has been identified
as a central element in the mediation of IL-6 signaling
(24). We were initially unable to detect the expression
of IL-6Ra (gp80) in PIN cells (data not shown). In
contrast, PIN cells do secrete sIL-6R and the secretion
is significantly increased following treatment with 1
uM PGE,. This effect began at 1 h and was maximal at
4-8 h (Fig. 2A).

The effect of PGE, on gpl130 expression was exam-
ined using Western blot analysis under reducing and
nonreducing conditions. Representative results are il-
lustrated in Fig. 2B. Under reducing conditions, PIN
cells expressed low basal levels of gp130 monomers
which were not significantly influenced by PGE,. Un-
der non-reducing conditions, however, gp130 dimers
were detected as a protein band with a molecular
weight of 260 kDa (25) and the level of gp130 dimers
was significantly increased by the addition of 1 uM
PGE.,. The induction was first noted at 1 h and reached
peak levels at 8 h after PGE, treatment. The level
gradually decreased thereafter, with a return to basal
levels by 16 h. These results demonstrate that PGE,
activates gp130 by promoting its dimerization.

PGE, Activates the Stat-3 Signaling Pathway

Stat-3 is a latent transcription factor that plays a
central role in transmitting IL-6 signals from the mem-

was then isolated and subjected to Western blot analysis with an
anti-COX-2 antibody. The result shown in the upper panel is a
representative from triplicate experiments. The quantitative analy-
sis of COX-2 protein expression is shown in the lower panel. (C) Cells
were treated with either vehicle as control or 10 ng/ml IL-6, for
various times as indicated. Culture medium under various condi-
tions was collected, clarified, and subjected to ELISA for the deter-
minations of PGE, secretion. Results from ELISA were normalized
to cell number. Data represent means = SEM from three separate
determinations, **P < 0.05, *P < 0.01.
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FIG. 2. PGE, upregulates sIL-6R release and gp130 dimeriza-
tion. PIN cells were cultured in serum-free KTM, and treated with
either vehicle or 1 uM PGE, for various times as indicated. (A)
Culture medium was collected, clarified, and subjected to ELISA for
the determinations of sIL-6R release. The results were normalized to
cell number. Data represent means = SEM from three separate
determinations, **P < 0.05, *P < 0.01. (B) Total protein was
isolated and subjected to Western blot analysis using antibodies
against gp130 either under a nonreducing (top) or reducing condition
(bottom). The band with molecular weight of 260 kDa represents the
homodimers of gp130, and the lower molecular weight band (130
kDa) represents the monomers of gp130. Data shown are represen-
tative of three independent experiments.

brane to the nucleus. Activation of stat-3 is essential
for 1L-6/gp130-mediated transformation and cell sur-
vival (17, 26). Stat-3 is activated by the IL-6/sIL-6R/
gp130 complex through phosphorylation on a single
tyrosine residue (Tyr 705) (16, 25). The observed stim-
ulatory effects of PGE, on IL-6 secretion, sIL-6R re-
lease, and gp130 dimerization led us to further exam-
ine the potential effect of PGE, on Stat-3 activation. As
shown in Fig. 3A, PGE, induced a significant elevation
of phospho-Stat-3 level, with a peak induction at 6 h
after treatment. By 16 h after PGE, addition, phospho-
Stat-3 levels had declined and were sustained at 50% of
peak values. In contrast, PGE, showed no effect on
endogenous Stat-3 protein expression (Fig. 3A).
Phosphorylation of Stat-3 leads to enhancement of
Stat-3 DNA binding activity. To test the effects of PGE,
on Stat-3 DNA binding, nuclear extracts from PGE,-

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

treated or non-treated PIN cells were analyzed by
EMSA utilizing a specific Stat-3 probe. Results of rep-
resentative experiments are demonstrated in Fig. 3B.
PIN cells expressed detectable basal levels of Stat-3
activity. While the addition of IL-6 alone had no sig-
nificant effect, combination treatment with both IL-6
and slL-6R stimulated Stat-3 DNA binding activity in
PIN cells. In addition, a 2.2-fold increase in Stat-3
DNA binding activity was observed when PIN cells
were treated with 1 uM PGE, alone, confirming that
PGE, activates Stat-3 biologic activity in human PIN
cells (Fig. 3B).
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FIG. 3. PGE, stimulates Stat-3 protein phosphorylation and
DNA binding activity. (A) PIN cells were cultured in serum-free
KTM, and treated with either vehicle or PGE, (1 uM) for various
times as indicated. Total protein was isolated and subjected to either
immunoprecipitation (IP) with an antibody against phospho-Stat-3
(Tyr 705) followed by separation on SDS-PAGE, or immunoblotting
(I1B) with an antibody against endogenous Stat-3. Phosphorylated
and endogenous Stat-3 proteins were visualized by peroxidase-
linked 1gG with ECL detection system. (B) Stat-3 DNA-binding ac-
tivity in cultured PIN cells was determined by EMSA. Lane 1, free
probe; lane 2, no cells (N.C.). Cells were treated with either vehicle as
control (lane 3) or 10 ng/ml IL-6 for 24 h (lane 4); or combination of
IL-6 (10 ng/ml) and sIL-6R (20 ng/ml) for 24 h (lane 5); or 1 uM PGE,
for 6 h (lane 6). Arrow indicates position of Stat-3 protein/DNA
complex (left). The amount of binding protein was quantitated by
densitometry and expressed as percentage of increase vs control
(right).
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FIG. 4. PGE, increased PIN cell growth. PIN cells were cultured
in serum-free KTM with refeeding after 3 days. (A) Cells were
treated with either vehicle as control, or two doses of PGE, (1 and 10
uM), or 50 uM NS398 for the time as indicated. (B) Cells were
treated with either vehicle as control or 1 uM PGE,, or 5 pg/ml
neutralizing anti-1L-6 antibodies, or a combination of PGE, (1 uM)
and neutralizing anti-1L-6 antibodies (5 wg/ml) for various times as
indicated. Number of living cells was counted with a hemacytometer.
Data are means = SE of three separate experiments with triplicate
wells each.

IL-6 Neutralizing Antibodies Block PGE,-Induced
PIN Cell Growth

Stat-3 is an important transcription factor responsi-
ble for the induction of c-myc and bcl-2 family of genes,
which are critical in the regulation of cell cycle progres-
sion and apoptosis (17, 26). To determine the biological
consequences of PGE,-induced Stat-3 activation, we
next examined the effect of PGE, on PIN cell growth in
vitro. As demonstrated in Fig. 4A, the addition of PGE,
(1 or 10 uM) increased PIN cell growth significantly
over control in a time-dependent fashion. A significant
increase in cell number was detectable 3 days after the
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addition of PGE,. In addition, the effect of NS398, a
selective COX-2 inhibitor, on PIN cell growth was
tested. Treatment with 50 uM NS398 significantly in-
hibited PIN cell growth compared to control (Fig. 4A).
Finally, we tested whether IL-6 neutralizing antibod-
ies would prevent the stimulatory effects of PGE, on
PIN cell growth. Neutralizing antibodies to IL-6 com-
pletely abrogated the PGE,-induced PIN cell growth
(Fig. 4B).

DISCUSSION

Chronic inflammation of longstanding duration has
been linked to the development of human cancers in
several organ systems, including the prostate (7). One
of the critical mediators of these processes is COX-2,
the expression of which is induced by proinflammatory
stimuli (2). Our immunohistochemical data indicate
that non-cancerous prostate luminal epithelial cells do
not normally express COX-2, but are induced to ex-
press the enzyme when surrounded by inflammatory
cells. Interestingly, these same cells also expressed the
anti-death gene, bcl-2 (6). Overexpression of COX-2 in
a variety of tissues leads to resistance to apoptosis,
tumor development and progression (4, 27). COX-2,
therefore, is a stress gene, which is overexpressed in
states of inflammation and malignancy, to protect cells
from destruction.

Although many reports confirm that inflammatory
cytokines induce COX-2 expression, the signaling
pathways which mediate the consequent effects of
COX-2 overexpression on cell survival are less well
studied. Elevated level of cytokines in response to in-
flammation can induce a network which may influence
cell survival, mutation, proliferation and differentia-
tion (1). We herein report that IL-6 promotes COX-2
expression and PGE, secretion in a human PIN cell
line. In addition, we demonstrate that PGE, activates
PIN cell proliferation via several effects on the IL-6
system. PGE, stimulates IL-6 secretion and sIL-6R
release by this cell line. These events lead to increased
formation of IL-6/sIL-6R complexes and stimulation of
gp130 dimerization with resultant activation of Stat-3
(16).

Gp130 has been identified as the signal-transducing
element of the IL-6 receptor. Binding of IL-6 to sIL-6R
induces disulfide-linked homodimerization of gp130, a
critical step leading to Stat-3 activation (16, 25). Gp130
is a widely expressed protein which is not subject to
major regulation (16). Our data demonstrate that
PGE, does not regulate the endogenous expression of
gp130 in PIN cells but, rather, promotes its activation
via homodimerization.

It has been reported that cells which do not express
IL-6Ra on their surface can be stimulated only by the
IL-6/sIL-6R complex and are insensitive to IL-6 alone
(24). In the present study, we demonstrate that PIN
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cells, which do not express IL-6R«, are not stimulated
by IL-6 alone to induce Stat-3 binding activity. How-
ever, the addition of both IL-6 and sIL-6R resulted in
increased Stat-3 binding activity. These results are in
agreement with the report by Peters and Tamura et al.
(24, 28) that sIL-6R, in addition to acting synergisti-
cally with IL-6, is critical in controlling IL-6 responses
in cells lacing IL-6Ra expression.

Stat-3 is a transcription factor with oncogenic prop-
erties which has been demonstrated to play a role in
cell survival, proliferation and differentiation (17, 26).
The c-myc gene is induced in response to the prolifer-
ative signals elicited by IL-6 via Stat-3 activation (17).
Stat-3 also induces bcl-2 or bcl-XL gene (29), thereby
regulating cell death/survival. The present studies
demonstrate a stimulatory effect of PGE, on PIN cell
growth and further reveal that the growth induced by
PGE, can be blocked with neutralizing antibodies to
IL-6. Moreover, TUNEL assay of cultured PIN cells
revealed that the decreased number of PIN cells noted
after NS398 treatment (COX-2 inhibition) was largely
due to the induction of apoptosis.” These data suggest
that PGE,-induced PIN cell growth is mediated, at
least in part, by the IL-6 signaling pathway.

Previous studies have demonstrated the involve-
ment of both COX-2 and IL-6 in human prostate can-
cer. Inhibition of COX-2 (21) and IL-6 (30) have been
reported to decrease human prostate tumor growth in
vivo. The COX-2 inhibitor induced cancer cell apoptosis
(31) and decreased tumor vascular endothelial growth
factor (VEGF) levels and microvessel density (21).
However, most of the previous work has focused on
prostate cancer cell lines derived from advanced, hor-
mone refractory disease (10, 14, 19, 21, 30, 31). The
expression of both COX-2 and IL-6 signals in PIN cells
is not surprising, in light of previous reports demon-
strating their expression in tissue sections of PIN (8,
18). Our finding that the COX-2/PGE, and IL-6 sys-
tems have reciprocal and synergistic effects on the
growth of a human PIN cell line demonstrate the in-
teraction of these factors at an earlier stage of disease
progression. These novel data provide a rationale
for the use of anti-inflammatory agents, particularly
COX-2 inhibitors, in the early stages of prostate
cancer.
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