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Abstract
Aim: Interleukin-6 (IL-6) is a pleiotropic cytokine that is associated with tu-
mor metastasis and prostate cancer.  We evaluated the mechanism and effect of 
17-(allylamino)-17-demethoxygeldanamycin (17AAG), a novel inhibitor of heat 
shock protein 90 (Hsp90), on the IL-6 gene expression in human prostatic carci-
noma (PC-3) cells.  Methods: Quantitative IL-6 and IL-6 receptor (IL-6R) ex-
pressions were assessed using RT–PCR.  The deregulation of 17AAG and phor-
bol 12-myristate 13-acetate (PMA) on the IL-6 gene was determined by ELISA 
and transient gene expression assays using an IL-6 reporter vector.  Results: Al-
though the IL-6R is ubiquitously expressed by prostatic epithelium cells, the IL-6 
expression is only found in advanced prostatic carcinoma cells, such as PC-3 and 
DU145.  Further studies using RT–PCR indicated that 17AAG downregulated 
the gene expression of IL-6.  ELISA and the transient gene expression assay re-
vealed that 17AAG blocked the stimulation of PMA of IL-6 gene expression in 
PC-3 cells.  The PMA-induced IL-6 gene expression is dependent on the NF-κB 
response element.  However, the effect of 17AAG appears to be mediated via a 
region located at –149 to +8 bp upstream of the transcriptional starting site of the 
IL-6 gene, and might not be through the NF-κB signaling pathway.  Conclusion: 
The present study reveals that IL-6 is transcriptionally downregulated in human 
prostatic carcinoma cells in response to 17AAG.  This result suggests the pres-
ence of a novel Hsp90 mediation pathway that is involved in the deregulation on 
the transcription of the human IL-6 gene in human prostate cancer.
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Introduction
The receptor of the interleukin (IL)-6 family of cyto

kines, gp130, has been identified in prostate tissue and 
prostate carcinoma cells[1,2].  Alterations in the expression 
to growth factors/cytokines may contribute to prostate 
cancer development and the androgen-independent 
phenotype[3].  The increase of serum cytokines, including 
IL-6, was found in cachectic patients with prostate 
carcinoma.  Immunostaining levels of IL-6 and its 
receptor increased with Gleason grade[1,4].  Several studies 
have revealed that plasma IL-6 levels have prognostic 
significance in patients with metastatic hormone-refractory 
prostate cancer[5].  Those studies suggested that high levels 

of circulating IL-6 are correlated with advanced prostate 
cancer.  IL-6 signaling can activate the androgen receptor 
in a ligand-independent manner and may play an important 
functional role in hormone-refractory prostate cancer 
progression[3,6].  In vitro studies have found that IL-6 is 
considered a positive growth factor for most prostate cells.  
On the contrary, IL-6 caused growth arrest and induced 
differentiation in LNCaP, androgen-sensitive prostate 
carcinoma cells, although IL-6 treatment accelerated the 
growth of chronic IL-6-treated LNCaP cells[7].

Heat shock proteins were originally identified as a 
group of proteins inducible by heat shock.  It was also 
discovered that heat shock proteins could also be induced 
by some stimuli, such as growth factors, inflammation, 
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and infection[8].  Heat shock protein 90 (Hsp90), which 
promotes the attainment and maintenance of proper 
conformation of its client protein, is an essential protein 
for all eukaryotes.  Over hundreds of proteins have been 
reported to be the client protein of Hsp90, such as steroid 
hormone receptor, growth factor receptor, Akt serine/
threonine and tyrosine protein kinases, and transcription 
factors[9].  Hsp90 also functions in multiple oncogenic 
pathways in prostate cancer, and multiple Hsp90inhibitors 
have also been applied to prostate cancer therapy[10,11].  

Previous studies have indicated that elevated IL-6 levels 
in the serum of patients with systemic lupus erythematosus 
induce elevated levels of Hsp90 protein in peripheral blood 
mononuclear cells[12].  In addition, a recent study using 
tissue microarray revealed a positive correlation between 
Hsp90 and IL-6 in the epithelium and stroma of intra-
epithelial prostatic neoplasia and prostatic carcinoma[13].  
These studies suggested that an interregulation between 
Hsp90 and IL-6 expression.  The objectives of our 
study were to determine the regulatory mechanisms 
of Hsp90 and Hsp90 inhibitor, 17-(allylamino)-17-
demethoxygeldanamycin (17AAG), on the gene expression 
of IL-6 in human prostatic carcinoma cells (PC-3).

Materials and methods

Cell culture and chemicals  The PZ-HPV-7, CA-
HPV-10, LNCaP, PC-3, and DU145 cell lines were 
collected and maintained as described before[14].  17AAG 
and phorbol 12-myristate 13-acetate (PMA) were purchased 
from Sigma (St Louis, MO, USA).  The antihuman IL-6 
monoclonal antibody (MAB2061) was purchased from 
R&D Systems (Minneapolis, MN, USA).  Fetal bovine 
serum (FBS) was purchased from HyClone (Logan, UT, 
USA).  All culture media and reagents were purchased 
from Life Technologies (Rockville, MD, USA).  The cells 
were cultured in RPMI-1640 containing 10% FBS, and the 
medium was replaced twice a week.

RT–PCR  The total RNA was isolated with TRIzol 
reagent, and cDNA was synthesized by using the superscript 
III pre-amplification system as described before[15].  The 
expression of multiple cytokine genes (TNF-α, IL-1β, 
IL-6, and IL-8) were determined by a multiplex polymerase 
chain reaction (MPCR) kit for human sepsis cytokines set 
(Maxim Biotech, San Francisco, CA, USA).  Primers were 
used for the amplification of sequences specific to human 
IL-6 [5´-AAAGAGGCACTGGCAGAAAA-3´ (sense) 
and 5´-CATGCTACATTTGCCGAAGA-3´ (antisense)], 
IL-1β [5´-TTCGACACATGGGATAACGA-3´ (sense) and 

5´-TCTTTCAACACGCAGGACAG-3´ (antisense)], 
and IL-6 receptor (IL-6R; [5´-AAAGAGGCACT-
GGCAGAAAA-3´ (sense) and 5´-CATGCTACATTT-
GCCGAAGA-3´ (antisense)] mRNA.  The cDNA 
quality was verified by performing controlled reactions 
by using primers derived from β-actin-P and β-actin-R 
[5´-GAAGATCAAGATCATTGCTCCTCC-3´ (sense) and 
5´-CTGT GCTCAAGTCAGTGTACAGG-3´ (antisense)].  
The PCR reaction was carried out in a thermal cycler 
(Thermolyne, Dubuzue, IA, USA) and the parameters were 
as follows: 30 cycles of 94 °C for 0.5 min, 55 °C for 1 min, 
and 72 °C for 1 min.  The PCR products were separated by 
2% agarose gel electrophoresis and visualized by ethidium 
bromide staining.

Cell proliferation assay  The cell proliferation of 
PC-3 cells in response to 17AAG or PMA was measured 
by the conversion of a MTS tetrazolium salt into a 
formazan product by viable cells and absorbance at 490 
nm using the cell Titer96 Aqueous cell proliferation assay 
as described before[15].  In this assay, the cells (5000 cells/
well) were subcultured to each well of a 96-well plate with 
100 µL RPMI-1640 medium with 10% FBS and different 
treatments as indicated.  After 24 or 48 h, the cells were 
washed twice with phosphate-buffered saline (PBS), and 
the reaction was stopped by adding the MTS and PMS 
reagent (20:1) into 100 μL PBS.  The number of cells in 
each well was counted using an ELISA microplate reader 
(Dynex Technologies, Chantilly, VA, USA) after 3 h 
incubation at 37 °C.

Reporter vector constructs  The control reporter 
vector (ppGL3), which contains the SV40 promoter, was 
purchased from Promega Biosciences (San Luis Obispo, 
CA, USA).  The DNA fragment containing the enhancer/
promoter of the IL-6 gene was isolated from the BAC clone 
(RP11-240H8; Invitrogen, Carlsbad, CA, USA).  The BAC 
clone was digested with XhoI, and then 1 2550 bp DNA 
fragment, which was subcloned into the pGL3 reporter 
vector (Promega Biosciences, USA), was sequenced and 
identified as the 5´ flanking region of the human IL-6 
gene (–2541 to +8) and termed pIL6X.  The gene maps of 
the human IL-6 reporter vectors (pIL6SX: –2171 to +8, 
pIL6B: –1536 to +8, and pIL6NH: –226 to +8) are shown 
in Figure 1A.  The pIL6NHS (–149 to +8) was synthesized 
from pIL-6NH by PCR using the GL2 oligonucleotide 
primer (Promega Biosciences, USA) and primer 5´-GAGT
CTTAATAAGGTTTCCAATCAG-3´.  The DNA fragment 
was ligated into the pGEMTeasy vector and then digested 
and cloned into pGL3 at the SacI and HindIII sites.  The 
reporter vector (pIL6NFm), containing the mutant NF-κB 
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response element, was constructed by the QuikChange 
site-directed mutagenesis kit (Stratagene, La Jolla, CA, 
USA) using complementary double-stranded primers 5´- 
GATTTATCAAATGTTACATTTTCCCATGAGTC-3´ 
(underlined sequence represents the mutation site, which 
is only present in the sense strand).  Proper ligation and 
orientation was confirmed by extensive restriction mapping 
and sequencing.

Transient transfections and reporter assay  The PC-3 
cells were plated onto 24-well plates at 1×104 cells/well 1 
day prior to transfection.  Cells were transiently transfected 
using TransFast transfection reagent (0.6 µg/well; Promega 
Biosciences, USA) with 1 µg/well reporter vector and 
0.5 µg/well pCMVSPORTβgal (Life Technologies, 
USA) for 4 h.  The cells were then incubated in RPMI-
1640 medium with 10% FBS overnight.  The transfected 
cells were treated with RPMI-1640 medium with 10% 
FBS and different concentrations of drugs as indicated 
for an additional 16 h.  The cell extracts were assayed 
for the luciferase activity and for the β-galactosidase 
(β-GAL) activity, as described by the manufacturer 
(Promega Biosciences, USA).  The activity of luciferase 
was determined using a LumiCount microplate reader 
(Packard Bioscience, Meriden, CT, USA) and was adjusted 
according to the β-GAL enzymatic activity as previously 
described[15].

ELISA  The PC-3 cells were incubated with 1 mL of 
RPMI-1640 medium and PMA or 17AAG, respectively, as 
indicated, in a 24-well-plate (2×104 cells/well) for 36 h.  
Following incubation, the supernatants from each well 
were collected for IL-6 assays.  Cell pellets were washed 
twice with ice-cold PBS and then dissolved in 500 μL PBS.  
After sonication for 10 s, the cell extracts were centrifuged 
at 23 000×g for 20 min.  The IL-6 levels in 20 µL culture 
media were measured by IL-6 ELISA, as described by the 
manufacturer (PeproTech, London, UK).  The IL-6 level in 
each sample was adjusted by the concentrations of protein 
in the whole cell extract, which was measured using a BCA 
protein assay kit (Pierce, Rockford, IL, USA).

Statistical analysis  Results are expressed as the 
mean±SEM of at least 3 independent replications of 
each experiment.  Statistical significance was determined 
by paired t-test analysis using SigmaStat software for 
Windows (version 2.03; SPSS, Chicago, IL, USA).

Results
In order to investigate the gene regulation of human 

IL-6, we constructed a series of human IL-6 reporter 
vectors from a BAC clone (RP11-240H8) and determined 

their reporter activities.  The results of the 5´ deletion 
transient gene expression assay indicated that the pIL6NHS 
reporter vector still expressed almost the same amount of 
reporter activity as the ppGL3 vector, which contained the 
SV40 promoter.  The promoter of the human IL-6 gene in 
the PC-3 cell line was found to be located within 149 bp 
upstream of the transcriptional initiation site (Figure 1B).  

The results from multiple PCR indicated that both IL-6 
and IL-8 were expressed in advanced prostatic carcinoma 
cells, PC-3 and DU145, but not in the HPV-7-PZ, HPV-10-
CA, and LNCaP prostatic cells.  The expression of TNF-α 
was found in the HPV-7-PZ, HPV-10-CA, and PC-3 cells 
(Figure 2A).  However, there was little IL-1β expression 
found in all of the prostate cells.  Therefore, we repeated 
the RT–PCR assay using the specific primers for IL-1β.  
The results confirmed that the IL-1β expression in the 
prostate cell lines was similar to that of TNF-α; the LNCaP 
and DU145 cells were found to have lower expression than 
other cells (Figure 2B).  We also determined the expression 

Figure 1.  Map used for constructing the reporter vector for the IL-6 
promoter/enhancer.  (A) gene map of IL-6 reporter vectors.  (B) transient 
gene expression assay of IL-6 reporter vectors transfected into PC-3.  
Luciferase activity was determined 48 h after transfection.  Data are 
expressed as mean percentage±SEM of 6 preparations in relation to the 
control reporter vector (ppGL3).
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of the IL-6R using RT–PCR with a pair of specific primers.  
The results showed that all of the cells used in this study 
expressed IL-6R in different amounts (Figure 2B).  When 
the PC-3 cells were treated with 17AAG (0 .5  and  1  
μmol /L ) ,  the RT–PCR indicated that 17AAG specifically 
downregulated the gene expression of IL-6, but not that of 
IL-6R (Figure 2C).

We used the MTS assay to determine the cell prolifera
tion of the PC-3 cells after 17AAG and PMA treatments.  
The PMA treatments significantly (P<0.05) induced 1.5- 
to 2-fold of cell proliferation only when the cells were 
treated with 80–160 nmol/L PMA for 48 h.  However, only 
10%–20% of cell proliferation was upregulated after 48 h 
incubation when the cells were treated with 40 nmol/L 
PMA (Figure 3A).  17AAG significantly (P<0.05) affected 
approximately 10%–25% of the cell proliferation when the 
treatment was used up to 1 μmol/L with incubation for 48 h 
(Figure 3B).  We also determined whether PMA-enhanced 

cell proliferation was due to the effect of the IL-6 secretion.  
The MTS assay revealed that PMA treatment (160 nmol/L) 
for 48 h induced cell proliferation 2-fold, but IL-6 MAB 
treatment for 48 h downregulated cell proliferation by 
40%.  However, the IL-6 antibody treatment blocked 
the stimulation of PMA treatment on cell proliferation 
(Figure 3C).  In order to eliminate the factors affecting 
cell proliferation on IL-6 synthesis, 0.5 μmol/L 17AAG 
and 40 nmol/L PMA treatments were used in the following 
experiment.  In in vitro studies, ELISA indicated that 0.5 
μmol/L 17AAG treatment blocked 20% of IL-6 secretion 
in the PC-3 cells, but 40 nmol/L PMA treatment enhanced 
it by 220%.  Moreover, 17AAG treatment blocked the 
stimulation of PMA treatment on IL-6 synthesis (Figure 
3D).  

The transient gene expression assay revealed that 
17AAG decreased the IL-6 gene expression.  When the 
IL-6 reporter vector-transfected PC-3 cells were treated 
with 0.25–1 μmol/L 17AAG for 24 h, reporter activity was 
blocked by 60% compared to the control-treated group 
(Figure 4A).  The transient gene expression assay also 
revealed that PMA induced IL-6 promoter activity 2- to 
3-fold (Figure 4B).  Further reporter assays also revealed 
that 0.5 μmol/L 17AAG blocked the stimulation of PMA 
on IL-6 promoter activity (Figure 4C).

The results from the 5´ deletion reporter assay using 
the pIL6X, pIL6SX, pIL6B, pIL6NH, and pIL6NHS 
reporter vectors indicated that the response element for 
the effects of 17AAG on IL-6 promoter activity was 
located at –149 to +8 of the 5´ flanking region of the 
human IL-6 gene (Figure 5A).  Since the enhancement 
of PMA on the IL-6 expression is dependent on the 
NF-κB binding site, we continue to determine whether 
the deregulation of 17AAG on IL-6 gene expression 
is also dependent on the NF-κB signal pathway.  The 
PC-3 cells were cotransfected with IL-6 reporter vector 
pIL6NHS containing the NF-κB response element and the 
super repressor IκBα (S32A/S36A), a dominant negative 
inhibitor of the NF-κB overexpression vector.  The results 
of the transient gene expression assays showed that the 
overexpression of the IκBα vector blocked the NF-κB 
nuclear translocation and decreased promoter activities.  
However, the reporter activity was not affected by the 
forced overexpression of the IκBα vector when the NF-κB 
binding site was mutated from AAATGTGGGATTTTCCC 
to AAATGTTACATTTTCCC by site-directed mutagenesis 
(Figure 5B).  The results from the 5´ deletion and site-
directed mutagenesis reporter assay revealed that the 
effects of PMA appeared to be through the NF-κB pathway.  

Figure 2.  Expression of cytokine genes and IL-6R in human prostatic 
carcinoma cells.  Total RNA from cells was extracted for (A) multiple RT–
PCR and (B) RT–PCR with specific primers to determine the expression 
of the IL-6, IL-6R, IL-8, IL-1β, and TNF-α.  (C) expression of IL-6 and 
IL-6R in PC-3 cells after being treated with different concentrations of 
17AAG was determined by RT–PCR (PZ: PZ-HPV-7; CA: CA-HPV-10; 
LN: LNCaP; PC: PC-3; DU: DU145).
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When the NF-κB response element of the IL-6 promoter 
was mutated, the stimulation of PMA on IL-6 promoter 
activity was blocked (Figure 5C).  On the contrary, 17AAG 
still downregulated the gene expression of IL-6 reporter 
activity, even when the NF-κB binding site on the IL-6 
promoter was mutated (Figure 5D).  

Discussion
IL-6 is a member of the gp130 family of cytokines.  

In vitro and in vivo studies have indicated that IL-6 
accelerates growth in human prostate cancer[7,16].  Several 
studies have revealed that circulating IL-6 levels or IL-6R 
in the solid tumor has prognostic significance in patients 
with metastatic hormone-refractory prostate cancer[1,13,17].  
Our in vitro study revealed that only advanced prostate 
carcinoma cells (PC-3 and DU145) express IL-6 and IL-8.  
However, IL-6R is ubiquitously expressed in all 5 prostate 
epithelium cells.  These results are in agreement to prior 
experiments performed in other laboratories[1,2,18].  Although 
our study indicated that the expression of TNF-α was found 
in the HPV-7-PZ, HPV-10-CA, and PC-3 cells, an early 

study indicated that none of the prostate cell lines secreted 
detectable quantities of TNF-α[19].  The expression of IL-
1β was found in PC-3 cells, but not in LNCaP and DU145 
cells, as reported in a previous study[20].

An immunohistochemical study indicated that prostatic 
epithelium and stroma both expressed IL-6; however, 
IL-6 expression increased in the epithelium and decreased 
in the stroma as the prostatic malignancy progressed[13].  
Moreover, results from in vitro studies have indicated that 
IL-6 is produced by androgen-independent prostate cancer 
cells and acts in an autocrine and/or paracrine manner to 
stimulate their growth, suppressing the growth of androgen-
dependent cells[7].  In cell cultures or xenografts in nude 
mice, anti-IL-6 MAB treatment induces cell apoptosis and 
tumor regression[21].  

Previous reports have indicated that IL-6 serum levels 
are positively correlated to the Hsp90 levels of peripheral 
blood mononuclear cells in systemic lupus erythematosus 
patients[12].  Hsp90 is critical in the intracellular signaling 
pathway that promotes inflammatory cytokine biosynthesis 
and prognostic value in some tumors.  Moreover, 

Figure 3.  Modulation of 17AAG and PMA treatments on cell proliferation and IL-6 secretion in PC-3 cells.  PC-3 cells were treated with 40–160 
nmol/L PMA (A) or 0.125–1 μmol/L 17AAG (B) for 24 (●) or 48 (○) h.  (C) PC-3 cells were treated with 160 nmol/L PMA and/or 1 μg/mL IL-6 MAB 
for 48 h.  Relative cell proliferation was determined by MTS assay.  (D) PC-3 cells were treated with 0.5 μmol/L 17AAG and/or 40 nmol/L PMA.  IL-6 
levels in the conditioned medium were determined by ELISA.  Data are expressed as mean percentage stimulation±SEM of 6 preparations induced by 
different treatments relative to the control solvent treatment.  bP<0.05, cP<0.01 vs control.
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IL-6 and Hsp90 seem to play an important role in the 
survival response of cancer exposed to the toxic effects 
of chemotherapy or radiotherapy[22].  A recent study has 
suggested a positive correlation between Hsp90 and IL-6 
in the epithelium and stroma of intra-epithelial prostatic 
neoplasia and prostatic carcinoma[5,13].  The present study 

is the first report indicating that Hsp90 inhibitor blocked 
IL-6 secretion and attenuated cell proliferation of advanced 
prostate carcinoma cells in vitro.

17AAG is a benzoquinone antibiotic that downregulates 
oncoproteins by binding specifically to the cytosolic 
chaperone protein, Hsp90.  17AAG also inhibits Hsp90-
mediated conformational folding and promotes the 
degradation of oncoproteins[23].  Preclinical studies have 
indicated that 17AAG could be beneficial in combination 
therapy with other chemotherapeutic agents in advanced 
prostate cancer[10].

Other studies have also found that Hsp90 inhibitor, 
geldanamycin, not only inhibits the production of IL-6 in 
activated macrophage, but also suppresses IL-6-induced 
gene expression in hepatoma cells[24].  However, there is 
no direct evidence to support the interregulation between 
IL-6 and Hsp90 in prostate carcinoma cells.  The results 
using RT–PCR and the transient gene expression assay 
suggest that 17AAG downregulated the gene expression 
of IL-6, but not IL-6R.  By using the RT–PCR, ELISA, 
and transient gene expression assays, we found that 
Hsp90 inhibitor decreased the IL-6 gene expression at the 
transcriptional level.

The promoter of the human IL-6 gene contains potential 
binding sites for a number of transcription factors, such as 
AP-1, cAMP response element binding protein, CCAAT 
enhancer-binding proteins, and NF-κB, which is known 
to participate in the induction of IL-6 gene expression 
in prostate carcinoma cells[25].  Previous studies have 
indicated that the induction of IL-6 gene expression in 
the prostate cells by PMA is dependent on the binding of 
the NF-κB in the promoter of IL-6 gene[26,27].  The results 
are in agreement with our present report.  In the present 
study, the transient gene expression with the 5´ deletion 
reporter assay suggested that 17AAG-downregulated 
reporter activity was dependent on the 5´ flanking region 
(–149 to +8) of IL-6 gene.  It is known that many proteins 
are reported to be the client protein of Hsp90[9].  However, 
the client proteins involved in the modulation of the IL-6 
promoter has yet to be identified.  The CCAAT/enhancer-
binding protein, NF-κB, and GATA-1 binding sites were 
previously identified within the promoter region of IL-6 
gene[25,26].  Our results showed that even when the NF-κB 
binding site was mutated, 17AAG still downregulated the 
gene expression of IL-6.  These data suggest that although 
17AAG treatment blocked the stimulation of PMA on 
IL-6 expression, 17AAG-modulated IL-6 expression is 
dependent on the region of proximal basic promoter (–149 
to +8), but is not related to the NF-κB signal pathway.

Figure 4.  Modulation of 17AAG and PMA on IL-6 promoter activity 
in PC-3 cells.  Luciferase activity of IL-6 reporter vector (pIL6SX)-
transfected PC-3 cells after treatment with different concentrations of 
17AAG (A), PMA (B), or 0.5 μmol/L 17AAG, and/or 40 nmol/L PMA (C) 
for 24 h.  Data are expressed as mean percentage±SEM of 6 preparations 
in relative to the control treatment.  cP<0.01 vs control.
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