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Fig. 2. Down-regulation of R1881- (A) or IL-6-induced (B) reporter gene activity in
DU-145 cells by PK inhibitors. Cotransfected DU-145 cells were pretreated with one of the
inhibitors indicated for 30 min and incubated in the absence or presence of either androgen or
IL-6 for 24 h. Results are shown as mean values of four experiments; bars, SE.

of DU-145 cells, as determined by a MTT assay. PKI, at a concen-
tration of 10 ug/ml, partially inhibited androgen-induced indicator
gene activity. Fig. 2A shows that CAT activity measured in the
presence of 1 nM R1881 is reduced by PKI by 41%. PKI itself does not
inhibit binding of radiolabeled R1881 to the AR (data not shown). In
contrast, substances that inhibit PKC and MAPK pathways do not
down-regulate indicator gene activity induced by androgens. The
effects of bisindolylmaleimide (1 um) and PD 98059 (25 uM) on
reporter gene activity in cells supplemented with IL-6 differ from
those observed in the presence of androgen. Ligand-independent
activation by IL-6 was blocked not solely by PKI but also by bisin-
dolylmaleimide and PD 98059 (Fig. 2b). Furthermore, synergistic AR
activation by androgen and IL-6 was also reversed by all three protein
kinase inhibitors tested (data not shown). These experiments clearly
demonstrated that PKA, PKC, and MAPK pathways are required for
AR activation by IL-6.

Effects of IL-6 on PSA mRNA. We asked whether AR activation
by IL-6 is relevant to the regulation of functional activity of an
endogenous AR. The experiments were performed in LNCaP cells.
The LNCaP AR, which contains a point mutation in the ligand-
binding domain, is functional and can be activated by androgens,
estrogenic, and progestagenic steroids and the nonsteroidal antiandro-

gens hydroxyflutamide and nilutamide (33). In LNCaP cells, AR
regulates PSA mRNA and, consequently, PSA protein (34, 35). We
therefore incubated LNCaP cells with 50 ng/ml of IL-6 for 24 h and
determined PSA mRNA levels afterward by semiquantitative RT-
PCR. As shown in Fig. 3, PSA mRNA levels significantly increased
after stimulation with IL-6. The mean PSA:[32-microglobulin ratio in
IL-6 treated cells was 1.26 * 0.17 compared with untreated controls
that had a mean ratio of 0.67 * 0.11 (P = 0.012).

Effect of IL-6 on PSA Secretion in LNCaP Cells. After having
demonstrated the ability of IL-6 to up-regulate PSA mRNA expres-
sion, we measured the production of the androgen-regulated PSA
protein in the supernatants of cultured cells after treatment with
androgen and/or IL-6. Methyltrienolone provoked a concentration-
dependent increase of the secreted PSA protein. Maximal induction
was measured with 1 nM R1881. Androgen-independent induction of
PSA secretion was observed after treatment with IL-6 (Fig. 4A).
Similarly to studies on PSA mRNA, IL-6, at a concentration of 50
ng/ml, caused an ~2-fold increase of PSA protein. This increase in
PSA protein secretion was associated with a dose-dependent down-
regulation of LNCaP cell proliferation by IL-6. In addition, the
R1881-induced proliferative response was diminished in the presence
of IL-6, thus confirming previous observations made by Levesque et
al. (20). Consistent with our observations in cotransfected DU-145
cells, low doses of androgen (5 and 10 pM) and IL-6 (10 and 25 ng/ml)
up-regulated PSA secretion in a synergistic fashion (Fig. 4B). Again,
the pure antiandrogen bicalutamide suppressed not only the effects of
R1881 on PSA but also those induced by IL-6 alone and in combi-
nation with androgen. Experiments in which LNCaP cells were incu-
bated with IL-6 in serum-free medium yielded very similar results
(data not shown). These findings confirmed that stimulation of PSA
secretion could be attributed to IL-6 itself rather than to low androgen
concentrations that might remain in charcoal-stripped FCS.

Effects of PK Inhibitors on PSA Secretion. The ability of inhib-
itors of PKA and MAPK pathways to down-regulate PSA secretion
was tested. PKI and PD 98059 were not toxic for LNCaP cells.
Bisindolylmaleimide was excluded from this experiment, because of
its toxicity in LNCaP cells. PKI shows only a negligible effect on
androgen-induced PSA secretion, and PD 98059 was not effective. In
contrast, the PKA inhibitor reduced the effect of IL-6 on PSA secre-
tion by 56%. PD 98059 completely abolished IL-6 stimulation (Fig.
5). These results indicate that PKA and MAPK pathways are involved
in the AR-mediated regulation of PSA by IL-6.
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Fig. 3. Measurement of PSA mRNA levels in LNCaP cells by semiquantitative
RT-PCR. PSA mRNA levels were determined in LNCaP cells after stimulation with IL-6
(50 ng/ml) for 24 h. mRNA levels are expressed as a PSA:B2-microglobulin ratio. Results
are shown as mean values of five independent experiments; bars, SE; *, P < 0.05, IL-6
treatment versus untreated control, Mann-Whitney U test.
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Fig. 4. Regulation of PSA secretion in LNCaP cells by either R1881 or IL-6 (A) and
by R1881 and IL-6 (B) in the absence () or presence of bicalutamide (Hl). The cells were
incubated in the p e of substances indicated for 72 h. Basal PSA protein levels (0)
were set as 100%. Four independent experiments were performed; bars, SE; *, P < 0.05,
IL-6 treatment versus untreated control, Mann-Whitney U test.

DISCUSSION

This study identifies IL-6 as a novel compound that activates the
human AR in prostatic carcinoma cells. We also show that this
mechanism is not restricted to cells that transiently express the AR
(DU-145) but is clearly implicated in the regulation of PSA mRNA
and protein expression in a cell line that expresses the endogenous AR
(LNCaP). It was demonstrated previously that several polypeptide
growth factors, substances that activate PKA, and vitamin D are able
to up-regulate AR activity (25-27, 36).

Cross-talk between the IL-6 and AR signaling pathways may be
important in carcinoma of the prostate. Abnormally elevated levels of
IL-6 in serum were measured in a subset of patients with advanced
prostate carcinoma who failed androgen ablation therapy (4). Up-
regulation of IL-6 in these patients may be due to the negative
regulation of the IL-6 gene by androgenic hormones (37). High levels
of IL-6 were found in conditioned media from AR-negative prostate
carcinoma cells PC-3, TSU, and DU-145 and primary prostate cancer
cultures, whereas contradictory findings as to IL-6 production were
reported for LNCaP cells (4, 13, 19). The effects of IL-6 on AR
activation were more pronounced in cotransfected DU-145 than in
LNCaP cells. This may be explained by higher IL-6 receptor expres-
sion in DU-145 cells (13). The expression of both subunits of the IL-6

receptor gene increases after withdrawal of androgens (38). IL-6
receptor mRNA was detected by Siegsmund ez al. (14) in all prostatic
carcinomas in their study (14). All these findings emphasize the
importance of a cross-talk between IL-6 and androgen signaling
pathways in prostatic carcinoma. Expression of AR protein was un-
equivocally demonstrated in all primary prostate cancers, relapsed
tumors, and in their metastases (22-24). Mutant ARs detected in
prostate cancer tissues are activated frequently by androgens, other
steroids, and even by nonsteroidal AR antagonists (reviewed in Ref.
39). Future studies will probably use some of these mutants to obtain
more information on molecular mechanisms responsible for IL-6
activation of the AR. Low concentrations of androgen are present in
sera of patients who receive hormone ablation therapy for prostate
cancer. Our results show that low doses of androgen and IL-6 activate
the AR in a synergistic manner. Consequently, the concentration of
androgen that is needed for maximal activation of the AR is reduced
by a factor of 100 in the presence of IL-6. Kokontis et al. (40)
demonstrated that LNCaP cells gradually adapt to an environment
with low androgen supply by increasing transcriptional activity of the
AR. The effects of IL-6 on AR activity may therefore be potentiated
after long-term androgen ablation.

Ligand-independent activation of the AR, as assessed in reporter
gene assays, was reported in this and in three previous studies (25-
27). The human AR is similar to the human ER regarding nonsteroidal
activation (28, 41). In the case of the AR, there is a series of reports
demonstrating androgen-like effects of nonsteroidal substances in a
physiological context (42, 43). In human prostate explants, the PKA
activator forskolin caused a significant increase in PSA secretion, and
its effect was abolished by AR antagonists (44). These results are in
line with our findings, and androgen-like effects of IL-6 will probably
be further investigated in other in vitro and in vivo models.

The effects of nonsteroidal activators of the AR on prostate cancer
cell growth may be either positive or negative. Polypeptide growth
factors and substances that stimulate PKA pathway cause stimulation
of growth of prostatic epithelial cells (18, 45, 46). In contrast, vitamin
D, a potent inhibitor of prostate cancer cell proliferation, similarly to
IL-6, increases the secretion of PSA. The effects of vitamin D on PSA
were also blocked by bicalutamide (36). In our experiments, a dose-
dependent inhibition of proliferation of LNCaP cells by IL-6 was
observed. Our results as to the IL-6 effect on LNCaP proliferation are
in concordance with those of several other investigators (16, 18, 20).
Ritchie et al. (18) demonstrated that IL-6 inhibits the proliferation of
DU-145, PC-3, and LNCaP cells. IL-6, which activates the ER, also
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Fig. 5. Inhibition of IL-6-induced PSA by PK inhibitors. LNCaP cells were
pretreated with one of the inhibitors indicated for 30 min and incubated with IL-6 for 72 h.
The results are mean values of four experiments; bars, SE.
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inhibits the proliferation of ER-positive breast cancer cells (47).
However, autocrine and paracrine growth-promoting effects of IL-6
on the three prostate cancer cell lines were reported recently (17, 21).
The effect of IL-6 on tyrosine phosphorylation of the growth factor
receptor ErbB2 and MAPK activation was demonstrated to be asso-
ciated with growth stimulation of LNCaP cells (21). One of the
reasons for these divergent results may be differences in the levels of
expression of intracellular kinases in LNCaP sublines used in various
laboratories. In our study, however, IL-6 stimulated MAPK pathways
and caused growth inhibition in LNCaP cells. It is recognized that
MAPK activation may be associated with both growth stimulation and
inhibition, depending on cell type, duration of treatment, and avail-
ability of downstream enzyme targets. It was reported that IL-6
decreases proliferation and activates MAPK pathways in MG-63
human osteoblastic cells (48).

IL-6 effects on AR activity in both DU-145 and LNCaP cell lines
were blocked by the nonsteroidal antiandrogen bicalutamide. This
finding is in agreement with a number of observations that AR
antagonists inhibit nonsteroidal activation (25-27, 42-44, 49). In
contrast, several PR and glucocorticoid receptor antagonists acquire
agonistic properties in the presence of PK activators (50, 51). Thus,
the AR is unique among steroid receptors because acquisition of
agonistic characteristics due to nonsteroidal activation has never been
reported for antiandrogens.

Our experiments in which prostate cancer cells were incubated with
IL-6 and PK inhibitors provided some information about the interme-
diary signaling events between the IL-6 receptor and the AR. The
inhibitors of PKA, PKC, and MAPKs down-regulated reporter gene
activity induced by IL-6 in our experiments. These findings provide
comprehensive evidence that PKA, PKC, and MAPK pathways are
required for AR activation by IL-6. Moreover, a partial inhibition of
androgen-induced reporter gene activity was measured with PKI. Our
observation as to the ability of PKI to diminish androgen-induced
reporter gene activity is consistent with that of Nazareth and Weigel
(26). It suggests a regulatory role for PKA in both steroidal and
nonsteroidal activation of the AR. In LNCaP cells, which express the
endogenous AR, PKI was not effective in inhibition of androgen-
induced PSA secretion. The reasons for differences in action of PKI
in transfected and nontransfected cells are not clear at present. Inabil-
ity of PKI to reverse stimulatory effects of androgen on PSA protein
secretion in prostate explants was reported by Nakhla et al. (44).

In summary, the results of our study clearly show that intracellular
signaling of IL-6 interacts with the androgen signaling pathway. This
communication between signaling pathways results in the up-regula-
tion of AR activity and prostate-specific protein expression. In view of
the fact that prostate cancers express IL-6, IL-6 receptors, and the AR,
the interactions described in the present study may have clinical
significance. Further investigations will probably focus on character-
ization of this cross-talk in other prostate carcinoma models.
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