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Abstract
IL6/STAT3 signaling is associated with endocrine therapy resistance in prostate cancer, but therapies targeting
this pathway in prostate cancer were unsuccessful in clinical trials so far. The mechanistic explanation for this
phenomenon is currently unclear; however, IL6 has pleiotropic effects on a number of signaling pathways, including the androgen receptor (AR). Therefore, we investigated
IL6-mediated AR activation in prostate cancer cell lines and
ex vivo primary prostate tissue cultures in order to gain a
better understanding on how to inhibit this process for
future clinical trials. IL6 signiﬁcantly increased androgendependent AR activity in LNCaP cells but importantly did
not inﬂuence AR activity at castrate androgen levels. To
identify the underlying mechanism, we investigated several
signaling pathways but only found IL6-dependent changes
in STAT3 signaling. Biochemical inhibition of STAT3 with

Introduction
Patients suffering from castration-resistant prostate cancer
(CRPC) still have a bad prognosis despite recent improvements
in treatment options. The median life expectancy of CRPC
patients is 16 to 18 months, and second-line therapies are able
to increase the median overall survival by only a few months (1).
The androgen receptor (AR) is reactivated in the majority of CRPC
patients (2). However, the efﬁcacy of subsequent AR-targeting/
endocrine therapies is limited by the occurrence of preexisting
resistance or rapid development of acquired resistance. In this
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the small-molecule inhibitor galiellalactone signiﬁcantly
reduced AR activity in several prostate and breast cancer
cell lines. We conﬁrmed the efﬁcacy of galiellalactone in
primary tissue slice cultures from radical prostatectomy
samples. Galiellalactone signiﬁcantly reduced the expression of the AR target genes PSA (P < 0.001), TMPRSS2
(P < 0.001), and FKBP5 (P ¼ 0.003) in benign tissue
cultures (n ¼ 24). However, a high heterogeneity in the
response of the malignant samples was discovered, and
only a subset of tissue samples (4 out of 10) had decreased
PSA expression upon galiellalactone treatment. Taken
together, this ﬁnding demonstrates that targeting the
IL6/STAT3 pathway with galiellalactone is a viable option
to decrease AR activity in prostate tissue that may be
applied in a personalized medicine approach. Mol Cancer
Ther; 17(12); 2722–31. 2018 AACR.

context, the second-generation antiandrogen enzalutamide
increases the median overall survival of CRPC patients by only
2 to 5 months (3, 4). This demonstrates the urgent need to identify
either novel drug targets or innovative ways to inhibit known key
players such as the AR.
Interleukin-6 (IL6) is a paracrine and autocrine growth factor in
prostate cancer and has been frequently associated with development of castration resistance (5–7). Circulating IL6 levels are
increased in CRPC patients and IL6 is a predictive biomarker for
poor prognosis (8). The canonical IL6 downstream mediator
STAT3 is highly activated in metastatic samples from CRPC
patients, and STAT3 activity is increased upon AR inhibition in
LNCaP cells (9, 10). Furthermore, IL6 is a well-known activator of
the AR and has been proposed to induce ligand-independent
(outlaw) AR activity (11). The IL6/STAT3 axis is therefore a
promising target for the treatment of advanced prostate cancer
patients. In particular, the efﬁcacy of endocrine therapy may be
enhanced by disrupting the interaction between IL6 and AR
signaling.
On the basis of this, several inhibitors for IL6 (i.e., siltuximab),
JAK1/2 (i.e., ruxolitinib), STAT3 (i.e., galiellalactone), and other
components of the IL6/STAT3 signaling cascade have previously
been studied in prostate cancer (12). Galiellalactone induced
apoptosis in stem cell–like ALDH-positive cells in two AR-negative prostate cancer cell lines and reduced the tumor growth as
well as metastatic spread in an AR-negative xenograft model (13,
14). Besides prostate cancer, galiellalactone also inhibited the
growth of triple-negative breast cancer cell lines (15). The
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monoclonal anti-IL6 antibody siltuximab is approved for clinical
use in multicentric Castleman disease and has been shown to
successfully reduce IL6 signaling in vitro and in vivo in preclinical
prostate cancer models (16–18). Surprisingly, siltuximab had no
clinical beneﬁt in chemotherapy pretreated CRPC patients in two
phase II trials (19, 20). However, siltuximab monotherapy has not
been tested in earlier stage patients, and it is possible that only
certain patient subpopulations beneﬁt from IL6 inhibition. Similarly, a clinical trial with the JAK1/2 inhibitor ruxolitinib in
metastatic prostate cancer patients was terminated due to lack
of response (12). This discrepancy between very promising preclinical studies and unsuccessful clinical trials demonstrates that
there is an urgent need for more information about IL6/STAT3
signaling and in particular with regard to the interaction with AR
signaling. Furthermore, alternative model systems that accurately
reproduce the complex tumor microenvironment may be
required to develop successful therapies against IL6 and its downstream mediators in prostate cancer.
Therefore, the aim of this study was to investigate the effect of
IL6 on AR activation and evaluate the potential of inhibiting this
process in primary patient tissue samples to overcome the limitations of cell culture model systems.

Materials and Methods
Reagents and chemicals
RPMI 1640 (product number: BE12-167F), DMEM low glucose
(BE12-707F), DMEM/F12 (BE12-719F), sodium pyruvate (BE13115E), and penicillin/streptomycin (17-602E) were purchased
from Lonza. Glutamax (#35050-038) and phenol red free DMEM
(A1443001) were purchased from Thermo Fisher Scientiﬁc. FCS
(S181B-500) was purchased from Biowest. Nonessential amino
acids (NEAA, M11-003) and charcoal/dextran (CSS)-treated FCS
(SH30068.03) were obtained from GE Healthcare. Human IFNgamma (I17001-100UG), insulin (#11376497001), and poly-Dlysine hydrobromide (P6407) were purchased from SigmaAldrich. The synthetic androgen R1881 was obtained from Organon, and the STAT3 inhibitor galiellalactone (sc-202165) was
ordered from Santa Cruz. Recombinant human IL6 was purchased from R&D Systems (#206-IL-050), and recombinant LIF
was purchased from Merck (LIF1010).

Cell culture
The cell lines LNCaP-FGC, VCaP, MCF7, and T-47D were
obtained from ATCC. The DuCaP cell line was a kind gift from
Prof. J. Schalken (Department of Urology, Radboud UMC, Nijmegen, the Netherlands). The identity of all cell lines was conﬁrmed by short tandem repeat analysis. DuCaP cells were grown
in RPMI 1640 supplemented with 10% FCS, 1% penicillin/streptomycin, and 1 glutamax. MCF7 were cultivated in phenol red
free DMEM supplemented with 10% FCS, 1% penicillin/streptomycin, 1 NEAA, 1 mmol/L NaPyruvate, 10 mg/mL insulin, and
1 glutamax. All other cell lines were cultured as recommended
by the ATCC. Multiwell plates were precoated with poly-D-lysine
hydrobromide for experiments with LNCaP cells. For steroid
starvation experiments, the cells were cultivated in RPMI 1640
supplemented with 3% charcoal/dextran treated FCS (CSS-FCS),
1% penicillin/streptomycin, and 1 glutamax. Benign primary
basal epithelial cells (PrEP) were isolated as previously described
(21) and differentiated into a more luminal phenotype by cul-

www.aacrjournals.org

tivation in DMEM/F12 supplemented with 10% FCS, 1% penicillin/streptomycin, 1 glutamax, and 10 nmol/L DHT for 7 days.
Ex vivo tissue slice cultures
The patient cohort consisted of 20 prostate cancer patients
undergoing radical prostatectomy at the University Hospital of
Innsbruck. The Ethics Committee of the Medical University of
Innsbruck has approved the study (UN4837:317/4.7), and
informed written consent was obtained from all patients. Small
biopsy samples were taken from the explanted prostates by an
expert pathologist from cancerous and adjacent benign areas.
Correct assignment was conﬁrmed histologically from thin slices
of the punched core. The biopsy samples were immediately sliced
into thin pieces with a razor blade and placed at the air–liquid
interface on 70-mm cell strainers. The culture medium consisted of
DMEM/F12 supplemented with 10% FCS, 1% penicillin/streptomycin, 1 glutamax, 10 nmol/L DHT, and 5 ng/mL IL6.
Xenograft experiments
The patient-derived xenograft models and the PC346C cell line
were selected from the Erasmus MC Rotterdam panel, including
androgen-dependent (PC82, PC295, and PC310), castration-sensitive (PC346C), and castration-resistant (PC133, PC135, PC324,
PC339, and PC374) models, which were established as described
previously (22, 23). For the castration experiments, PC346C cells
were cultured in prostate growth medium (DMEM/F12, 2% FCS,
1% ITS, 0.01% BSA, 10 ng/mL EGF, 100 ng/mL ﬁbronectin, 20 mg/
mL fetuine, 50 ng/mL cholera toxin, 0.1 mmol/L phosphoethanolamine, 0.6 ng/mL triiodothyronine, 500 ng/mL hydrocortisone, 0.1 nmol/L R1881, and 1% penicillin/streptomycin antibiotics). Cells (5 million in 100 mL PBS) were injected subcutaneously in the ﬂank of male NMRI nude mice (NMRI-Foxn1nu,
Taconic), and mice were castrated using standard surgical techniques when tumors reached 150 mm3, as described previously
(24). All experiments were approved by the Animal Experiments
Committee under the Dutch Experiments on Animals Act, in
adherence of the European Convention for Protection of Vertebrate
Animals used for Experimental Purposes (Directive 2010/63/EU).
RNA isolation and RT-qPCR
Total RNA was isolated with the EXTRACTME TOTAL RNA KIT
(DNA-Gdansk, EM09) according to the manufacturer's instructions. Tissue samples were homogenized with a 5-mm steel
milling ball in TissueLyser II (Qiagen) at 30 Hz for 2 minutes.
The RNA was reverse transcribed with the iScript Select cDNA
Synthesis Kit (Bio-Rad, #1708897). RT-qPCR was performed on
an ABI 7500 Fast system (Thermo Fisher Scientiﬁc) using the
TaqMan Fast Advanced Master Mix (Thermo Fisher Scientiﬁc,
#4444965). Custom primers were used at a concentration of
800 nmol/L each and FAM-TAMRA labeled probes at 150
nmol/L. The primer sequences were as follows: HPRT1 (Fwd:
GCTTTCCTTGGTCAGGCAGTA, Rev: GTCTGGCTTATATCCAACACTTCGT, Probe: TCAAGGTCGCAAGCTTGCTGGTGAAAAGGA), TBP (Fwd: CACGAACCACGGCACTGATT, Rev: TTTTCTTGCTGCCAGTCTGGAC, Probe: TCTTCACTCTTGGCTCCTGTGCACA), PSA (Fwd: GTCTGCGGCGGTGTTCTG, Rev: TGCCGACCCAGCAAGATC, Probe: CACAGCTGCCCACTGCATCAGGA),
AR (Fwd: AGGATGCTCTACTTCGCCCC, Rev: ACTGGCTGTACATCCGGGAC, Probe: TGGTTTTCAATGAGTACCGCATGCACA),
SOCS3 (Fwd: TGATCCGCGACAGCTCG, Rev: TCCCAGACTGGGTCTTGACG, Probe: CCAGCGCCACTTCTTCACGCTCA).
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TaqMan Gene-Expression Assays from Thermo Fisher Scientiﬁc were used for HMBS (Hs00609297_m1), TMPRSS2
(Hs01120965_m1), FKBP5 (Hs01561006_m1), and KRT8
(Hs01595539_g1). Thermo-cycling conditions were as recommended by the manufacturer. All expression data were normalized to the geometric mean of the three reference genes HPRT1,
TBP, and HMBS.
Protein isolation and Western blotting
For all cell line experiments 10 to 50 mg total protein was
separated on NuPAGE Novex 4%–12% Bis-Tris Protein Gels
(Thermo Fisher Scientiﬁc, #NP0335BOX) and transferred to
0.2-mm
nitrocellulose
membranes
(GE
Healthcare,
#10600001). Blocking of the membranes and antibody incubation was performed with 5% BSA in TBS-T. The primary antibodies were purchased from several companies: Merck Millipore:
GAPDH (MAB374); Abcam: lamin-A (ab8980) and Cell Signaling
Technology: AR (#5153), STAT3 (#9139), pSTAT3-Tyr705
(#9131), PTEN (#9188), p-AKT-Thr308 (#13038), p-AKT-Ser473
(#4060), AKT (#9272), pp44/42-Thr202/Tyr204 (#9106), p44/
42 (#4695). Detection was performed on an Odyssey CLx nearinfrared imager (LI-COR), and the protein expression was normalized to GAPDH. For the xenograft experiments, protein lysates
(20 mg in RIPA buffer) were run on 10% SDS-PAGE gels, blotted
onto nitrocellulose membranes, stained with the pSTAT3-Tyr705
(#9145, Cell Signaling Technology) and STAT3 (ab32500,
Abcam) antibodies and detected using SuperSignal West Femto
Substrate (Thermo Fischer Scientiﬁc) on a C-DiGit Blot Scanner
(LI-COR), as described previously (24). Nuclear fractionation was
performed by vortexing the cells in a hypotonic detergent solution
(1% Triton X-100, 0.1 mol/L citric acid) with protease and
phosphatase inhibitors and subsequently pelleting the nuclei by
centrifugation at 5000 RCF for 2 minutes. Protein expression in
the nuclear fraction was normalized to lamin-A.
Proliferation measurements
Proliferation of stably transduced LNCaP cells expressing
EmGFP-NLS was measured with the IncuCyte ZOOM live-cell
imaging system (Essen BioScience) by counting the GFP labeled
nuclei. Nuclei counts were log2 transformed, and the proliferation
rate was measured once the cells maintained a stable growth rate.
Analysis of public transcriptome data sets
Transcriptome expression data of prostate cancer cell lines was
analyzed with the Qlucore Omics Explorer 3.4 (Qlucore) from the
geo database data sets GSE9633, GSE34211, GSE50936,
GSE57083, and GSE36133 (25–28). Batch effects between the
data sets were removed using the inbuilt factor elimination
routine and visually veriﬁed by the clustering of the cell lines in
principal component analysis plots. Glucocorticoid receptor (GR)
expression data for undifferentiated PrEPs were obtained from
previously published (29) transcriptome data from our group
(GSE112686).
Statistical analysis
R (v3.4.2) was used for the statistical analysis. Student t test was
used for the evaluation of statistical signiﬁcance in all cell culture
experiments, and the Wilcoxon signed rank test was used for the
tissue slice culture experiments. For curve ﬁtting of dose–response
curves, nonlinear regression was used in GraphPad Prism 4. P
values lower than 0.05 were considered signiﬁcant and indicated
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as follows:  , P < 0.05;  , P < 0.01;  , P < 0.001. All experiments
have been performed in at least three biological replicates unless
noted otherwise.

Results
IL6 enhances the androgen-mediated activation of the AR
Since the unsuccessful clinical phase II trials with IL6 inhibition
were performed in late-stage CRPC patients with prior endocrine
therapies, we ﬁrst wanted to clarify which treatment setting may
beneﬁt from IL6 inhibition. To this end, we assessed how IL6
affects the androgen response proﬁle of the AR. We initially
focused our experiments on the AR-positive prostate cancer cell
line LNCaP because the majority of research on IL6-mediated AR
activity has been performed with those cells. LNCaP cells were
treated with increasing doses of the synthetic androgen R1881 in
steroid-depleted medium for 72 hours in the presence and
absence of 10 ng/mL IL6. Activity of the AR was evaluated by
measuring the mRNA expression of the clinically relevant target
genes PSA, TMPRSS2, and FKBP5 by RT-qPCR (Fig. 1A and B). IL6
signiﬁcantly enhanced the androgen-dependent AR activity on all
target genes in the presence of moderate to high androgen concentrations, and the highest increase was observed at 1 nmol/L
R1881. Interestingly, we did not observe any IL6-dependent
increase in AR activity in the absence of R1881 or at low
R1881 concentrations of 1 to 10 pmol/L (Fig. 1A and C). Of
note, these ﬁndings demonstrate that IL6 potentiates the androgen-dependent activation of the AR but is not an androgenindependent AR outlaw activator in the context of endogenous
target gene expression.
IL6-mediated AR activity is linked to induction of the STAT3
pathway
Our next aim was to elucidate which IL6 downstream pathway
is responsible for modulation of AR activity. Previous publications have suggested changes in AR expression as well as several
IL6 downstream pathways (STAT3, MAPK, and PI3K/AKT) as
causes for IL6-mediated AR activity (30–34). To identify IL6dependent changes, we measured the expression and activation
of key components of these pathways in LNCaP cells after treatment with 10 ng/mL IL6 in the presence of 1 nmol/L R1881 (Fig.
2A). Importantly, we observed a strong induction of STAT3
phosphorylation as well as total STAT3 protein levels upon IL6
treatment. Due to the PTEN loss in LNCaP cells, we observed a
strong basal activation of the PI3K/AKT pathway that was, however, unaffected by IL6 treatment. In addition, we did not detect
any IL6-mediated MAPK activation at 72 hours of IL6 treatment.
Subcellular localization of AR was unchanged by IL6, whereas
STAT3 was signiﬁcantly enriched in the nucleus (Fig. 2B). This
demonstrates that the effect of IL6 is not mediated via MAPK or
PI3K/AKT signaling in LNCaP cells and that AR protein expression
and localization remains unchanged in the investigated cell line.
Therefore, the effect of IL6 on AR activity is most likely mediated
by STAT3, which may allow a more speciﬁc inhibition of this
process compared with previous anti-IL6 treatment strategies.
STAT3 is highly activated in castration-resistant xenografts
To identify whether STAT3 inhibition is a promising approach
for CRPC patients, we evaluated the activation level of STAT3 in a
prostate cancer xenograft panel (Fig. 3A). We found high levels of
phosphorylated STAT3 in all castration-resistant xenografts
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(PC133, PC135, PC324, PC339, and PC374) as well as in the
androgen-responsive PC346C xenograft. In contrast, activation of
STAT3 was very low in androgen-dependent xenografts (PC82,
PC295, and PC310). In addition, we found increased STAT3
phosphorylation in androgen-responsive PC346C xenografts
upon castration (Fig. 3B). Because STAT3 is activated in response
to several stimuli, we tested whether the cytokines IFN-gamma

In presence of R1881

Rel. expression

(ng/mL)
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Steroid-free

and LIF as well as bacterial endotoxin (LPS) are able to induce AR
activity. All three compounds were able to induce expression of
the STAT3 target gene SOCS3 (Supplementary Fig. S1A). Interestingly, we observed a signiﬁcant increase in PSA mRNA expression upon treatment with IFN-gamma, LIF, and LPS (Fig. 3C),
which was similar in magnitude to IL6 treatment. However, in
contrast to IL6 we did not observe any induction of TMPRSS2 and

A

B

Cyt.

Nuc.
Rel. protein level

Figure 2.
IL6-mediated AR activity is linked to
induction of the STAT3 pathway. LNCaP
cells were treated with 1 nmol/L of R1881
in steroid-depleted medium for 72 hours
in the presence or absence of 10 ng/mL
IL6 before harvesting. A, Activation of
IL6 downstream pathways and total AR
levels were measured by Western
blotting. B, Localization of STAT3 in the
whole-cell lysate (WCL), cytoplasm
(cyt.), and nucleus (nuc.) measured after
subcellular fractionation by Western
blotting.

Relative mRNA expression

Relative mRNA expression

Figure 1.
IL6 enhances the androgen-mediated
activation of the AR. LNCaP cells were
treated with the given concentration of
the synthetic androgen R1881 in steroiddepleted medium for 72 hours in the
presence or absence of 10 ng/mL IL6. AR
activity was measured by RT-qPCR.
Relative mRNA expression (A) and
nonlinear curve ﬁt (B) of the AR target
genes PSA (KLK3), TMPRSS2, and
FKBP5. The dashed line represents the
basal expression without R1881/IL6. C,
Effect of IL6 on AR activity in steroiddepleted medium without the addition
of androgens.
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FKBP5 after treatment with the other STAT3 activators. Taken
together, STAT3 is highly activated in castration-resistant xenografts, and multiple STAT3 activating cytokines can increase AR
activity at least partially.
IL6-dependent AR activation is slower than canonical
androgen-mediated activation
In order to understand how STAT3 inﬂuences AR signaling, we
performed time-course experiments. Canonical activation of the
AR (by R1881) and STAT3 (by IL6) are rapid processes, given that
their respective transcriptional target genes are induced within 3 to
6 hours (Supplementary Fig. S1B). However, we do not have any
information so far whether IL6 is able to inﬂuence AR activity with
a similar kinetic proﬁle. To exclude androgen and cell densitydependent effects LNCaP cells were adapted to a high androgen
concentration (1 nmol/L R1881) for 48 hours and each time point
was normalized to the control well without IL6. In contrast to
R1881-mediated AR activity, we did not observe an IL6-dependent induction of AR activity at 3 to 6 hours (Fig. 3D). Of note, AR
activation by IL6 required at least 24 hours, and the maximum
effect was seen after 48 to 72 hours for PSA and TMPRSS2.
Interestingly, the kinetic proﬁle of FKBP5 activation was slightly
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Figure 3.
STAT3 is highly activated in castrationresistant xenografts and acts on AR
activity in an indirect manner. A, STAT3
activity in castration-resistant (CR),
castration-sensitive/androgenresponsive (CS), and androgendependent (AD) prostate cancer (PCa)
xenografts. B, Activation of STAT3 in
PC346C xenografts upon castration. C,
LNCaP cells were treated with IFNgamma (10 ng/mL), LIF (10 ng/mL), and
LPS (10 mg/mL) for 72 hours, and the
effect on AR activity was measured by
RT-qPCR. D, LNCaP cells were
equilibrated in steroid-depleted medium
supplemented with 1 nmol/L R1881 for 48
hours before treatment with and without
10 ng/mL IL6. The cells were harvested
at each given time point, and IL6induced AR activity was measured by
RT-qPCR on the AR target genes PSA,
TMPRSS2, and FKBP5 by comparing the
IL6-treated cells with the untreated
controls.
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different, and no further increases were seen after 24 hours. This
ﬁnding indicates that the effect of IL6 on AR activity is most likely
an indirect one, involving a more complex and thus time-consuming mechanism (i.e., chromatin remodeling or induction of
STAT3 target genes that subsequently inﬂuence AR activity). Thus,
inhibition of the transcriptional activity of STAT3 may be a
promising approach to block IL6-induced AR activity.
Inhibition of the STAT3 DNA-binding domain with
galiellalactone reduces AR activity
On the basis of the time-course experiment, we wanted to test
whether a STAT3–DNA interaction is required for IL6-dependent
AR activity. To this end, we decided to use the small-molecule
inhibitor galiellalactone because it irreversibly inactivates the
STAT3 DNA-binding domain without decreasing STAT3 phosphorylation (35). To identify the maximum concentration that is
tolerated by the cells, we treated LNCaP cells with 1 to 10 mmol/L
galiellalactone in the presence of 10 ng/mL IL6 and 1 nmol/L
R1881 (Fig. 4A). Because LNCaP cells were able to grow in the
presence of 5 mmol/L galiellalactone (albeit at a slightly reduced
rate), we selected this concentration for all further experiments. At
this concentration, galiellalactone efﬁciently reduced expression

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on October 21, 2019. © 2018 American Association for Cancer Research.

Published OnlineFirst September 25, 2018; DOI: 10.1158/1535-7163.MCT-18-0508

Galiellalactone Reduces IL6-Mediated AR Activity

A

0 μmol/L gal.
1 μmol/L gal.
5 μmol/L gal.
10 μmol/L gal.

0.3
0.2
0.1
0.0
-0.1
10 20 30 40
Time (hours)

LNCaP
***
P < 0.001

120
80
60
40
20
0

50

PSA
IL6

+
0

+
1

+
5

DuCaP
+
10

- + +
0 0 5

VCaP
0

+
0

+ IL6 (10 ng/mL)
5 μmol/L gal.
pSTAT3
STAT3
GAPDH

175
150
125
100
75
50
25
0

Differentiated
PrEPs
**
P = 0.007

*
P = 0.046

TMPRSS2 FKBP5
IL6 + 5 μmol/L gal.

DuCaP
**
P = 0.981
***
P = 0.004
P < 0.001

PSA TMPRSS2 FKBP5
175
150
125
100
75
50
25
0

MCF7
**
P = 0.008

***
P < 0.001

175
150
125
100
75
50
25
0

VCaP
P = 0.302
*
P = 0.014 P < ***
0.001

PSA TMPRSS2 FKBP5

TMPRSS2 FKBP5
DMSO

of the STAT3 target gene SOCS3 in the presence of 10 ng/mL IL6
(Supplementary Fig. S2) without reducing STAT3 phosphorylation (Fig. 4B). Galiellalactone treatment completely inhibited the
effect of IL6 on the expression of the AR target genes PSA and
TMPRSS2 but surprisingly did not inﬂuence FKBP5 expression
(Fig. 4C). To conﬁrm the effect of galiellalactone in other ARpositive cell lines and primary patient material, we treated the
prostate cancer cell lines DuCaP and VCaP (Fig. 4D) and differentiated benign prostate basal epithelial cells (PrEP; Fig. 4E).
Because AR inhibition is currently evaluated in clinical trials for
certain breast cancer subtypes, we also included the AR-positive
breast cancer cell line MCF7 (Fig. 4F). Expression of the AR target
genes was signiﬁcantly reduced in all cell lines, albeit TMPRSS2 in
DuCaP and FKBP5 in VCaP cells remained unaffected by galiellalactone treatment. Because the GR is known to activate AR target
genes in certain conditions and activated STAT3 increases also the
transcriptional activity of the GR (34, 36), we were interested
whether this may explain the differential response between the
cell lines and target genes. However, in LNCaP, DuCaP, and VCaP
cells we only observed minimal GR mRNA expression levels. In
contrast, MCF7 cells and undifferentiated PrEPs had detectable
levels of GR mRNA (Supplementary Fig. S3). On protein level, we
have previously shown that GR expression is very low in LNCaP,
DuCaP, and VCaP cells comparted with DU145 (37). Therefore, it
is unlikely that the GR inﬂuences the AR target genes in LNCaP,
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Figure 4.
Inhibition of the STAT3 DNA-binding
domain with galiellalactone reduces AR
activity. A, The effect of the STAT3
inhibitor galiellalactone on LNCaP
proliferation in the presence of 10 ng/mL
IL6 was measured with the IncuCyte life
cell imaging system. B, Multiple ARpositive cell lines were treated with
galiellalactone for 72 hours in the
presence of 10 ng/mL IL6, and the effect
on phosphorylation and total expression
of STAT3 was evaluated by Western
blotting. C and D, The prostate cancer
cell lines LNCaP, DuCaP, and VCaP were
treated with 5 mmol/L galiellalactone for
72 hours in the presence of 1 nmol/L
R1881 and 10 ng/mL IL6 before
measurement of AR activity. E, Benign
primary epithelial cells (PrEP) were
differentiated into a more luminal
phenotype for 7 days. The differentiated
PrEPs were treated with 5 mmol/L
galiellalactone for 72 hours in the
presence of 1 nmol/L R1881 and 10 ng/mL
IL6 before measurement of AR activity.
F, The AR-positive breast cancer cell line
MCF7 was treated with 5 mmol/L
galiellalactone for 72 hours in the
presence of 10 nmol/L DHT and
10 ng/mL IL6 before measurement
of AR activity.

C
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0.5
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DuCaP, and VCaP cells, but it may contribute to the effects seen in
PrEPs and MCF7 cells. Taken together, this demonstrates that
inhibiting the DNA-binding domain of STAT3 with galiellalactone reduces AR activity on a subset of AR target genes in the
presence of IL6 and androgens.
Galiellalactone reduces AR activity in benign and a subset of
cancerous prostate tissue samples in an ex vivo culture model
On the basis of the results obtained with cell lines, we next
aimed to determine whether galiellalactone is able to reduce AR
activity within the natural microenvironment of living prostate
tissue samples. To this end, we prepared approximately 0.5-mm
thin slices from cancerous and adjacent benign tissue cores
from treatment-na€ve radical prostatectomy patients. Correct
assignment of the tissue biopsy samples was veriﬁed by an
expert uropathologist. Although ex vivo tissue slice cultures have
been shown to maintain viability and proper luminal tissue
architecture for up to 7 days (38), we decided to restrict the
cultivation to the same timeframe (72 hours) used in the cell
culture experiments. A schematic overview of the procedure is
shown in Fig. 5A. All samples were treated with 5 mmol/L
galiellalactone or vehicle in the presence of 10 nmol/L DHT
and 5 ng/mL IL6. Of note, galiellalactone treatment strongly
reduced the expression of PSA (log2 fold change >1) in more
than 50% of the benign samples (Fig. 5B; Supplementary
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Figure 5.
Galiellalactone reduces AR activity in benign and a subset of cancerous ex vivo prostate tissue cultures. A, Small tissue samples were prepared from freshly explanted
prostates of prostate cancer patients undergoing radical prostatectomy and cut into thin slices. The tissue slices were incubated at the air–liquid interface
in multiwell plates and treated with and without 5 mmol/L galiellalactone for 72 hours in the presence of 10 nmol/L DHT and 5 ng/mL IL6. Expression of the AR target
genes PSA, TMPRSS2, and FKBP5 was measured by RT-qPCR. B, Waterfall plots of the galiellalactone induced log2 fold change in all samples. C, Relative
mRNA expression of the tested AR target genes in the conﬁrmed benign and cancerous samples.

Fig. S4). Statistical paired sample analysis revealed that the
expression of all tested AR target genes was signiﬁcantly
reduced by galiellalactone in benign tissues. Median expression
was reduced by 56% (PSA), 39% (TMPRSS2), and 23%
(FKBP5), respectively (Fig. 5C). Interestingly, we observed that
galiellalactone treatment resulted in a much more heterogeneous response in the cancerous tissue samples. Speciﬁcally,
PSA expression (n ¼ 10) was increased in 3 samples and
decreased in 4 samples upon galiellalactone treatment (log2
fold change >1). Response to galiellalactone was not related to
PSA expression level (Supplementary Fig. S4). Expression levels
of AR and the luminal marker KRT8 were mostly unchanged by
galiellalactone treatment, although we observed a small reduction in benign tissue samples (Supplementary Fig. S4).
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Discussion
IL6 signaling in prostate cancer and, more speciﬁcally, IL6mediated AR activity have been intensively investigated by many
research groups in the past. IL6 is known to regulate proliferation,
apoptosis, neuroendocrine differentiation, and epithelial-to-mesenchymal transition in prostate cancer cells (6). However, the
resulting knowledge has not been translated into clinical practice
for the treatment of prostate cancer so far, and several attempts to
develop anti-IL6 therapies have failed in clinical trials (12, 19, 20).
This fact clearly demonstrates that our current understanding of
the IL6 pathway and its interaction with AR signaling is not
sufﬁcient to identify susceptible tumor stages and patient subpopulations for novel (combination) treatment strategies.
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Endocrine therapy is the gold standard for treatment of advanced
prostate cancer. Therefore, it is of particular note that IL6 has been
proposed to induce AR activity in the absence of androgens, as
well as in the presence of androgenic hormones (11, 30–32, 39).
On the basis of these ﬁndings, IL6 has been implicated in
resistance to androgen deprivation therapy. However, inhibition
of the IL6 pathway with siltuximab (anti-IL6) and ruxolitinib
(anti-JAK1/2) did not show any clinical beneﬁt in clinical trials in
CRPC patients (12, 19, 20).
In the present study, we conﬁrmed that IL6 increases the
transactivation potential of the AR; however, this effect was
observed only in the presence of moderate to high androgen
concentrations. In particular, we did not observe any IL6-mediated AR activation at 1 to 10 pmol/L of R1881, which is biologically comparable with castrate testosterone levels found in
patients, considering the 10- to 100-fold higher transactivation
capacity of R1881 (40, 41). This is in contrast to several previous
publications that have found androgen-independent effects of IL6
on AR activity. Importantly, however, these studies have also
conﬁrmed an IL6-mediated increase in the hormone-dependent
response (11, 42). Similar to our results, De Miguel and colleagues
has previously reported that active STAT3 enhances AR activity
exclusively in a hormone-dependent manner (34). The fact that
we could not reproduce the androgen-independent effects of IL6
on AR activity may be explained by variations in the concentration
of residual androgens in the steroid-depleted serum and different
experimental procedures. In previous publications, the effect of
IL6 on AR activity was predominantly measured by reporter gene
assays using short androgen response elements. In contrast, we
measured AR activity on three natural target genes by RT-qPCR,
which enables us to evaluate the complex nature of gene regulation on natural chromatin. Therefore, chromatin remodeling or
distant enhancers may play an important role in the regulation of
IL6-mediated AR activity. Taken together, our results indicate that
anti-IL6 therapies may have the strongest effect on AR activity in
patients with high intratumoral levels of androgens. Considering
that intratumoral production of androgens is frequently found in
CRPC patients (43) and that IL6 has been proposed to induce the
expression of genes responsible for androgen synthesis (44), all
further experiments were carried out in the presence of high
androgen concentrations.
To ensure speciﬁc inhibition of IL6-mediated AR activity, we
ﬁrst wanted to narrow down which pathways are inﬂuenced by
IL6. The effect of IL6 on AR signaling has been associated with
different downstream signaling pathways (STAT3, MAPK, and
PI3K) in the literature (30, 33, 42). Our results conﬁrmed that IL6
inﬂuences its canonical downstream mediator STAT3 in LNCaP
cells, but we did not observe any IL6-dependent changes in MAPK
and PI3K signaling in our particular setting. However, these
pathways may contribute to IL6-dependent AR activity under
certain conditions because IL6 directly inﬂuences these pathways
in other cell lines and MAPK/PI3K signaling are both well known
to regulate AR activity (45). Nevertheless, we decided to focus on
STAT3 signaling in the present study because STAT3 plays an
important role in advanced prostate cancer, and 95% of metastatic
samples from CRPC patients were found to be positive for
activated STAT3 (9). Our experiments conﬁrmed high STAT3
activation in CRPC xenografts and that STAT3 phosphorylation
was increased upon castration in hormone-sensitive prostate
cancer xenografts. Interestingly, we observed that other known
inducers of STAT3 phosphorylation are able to increase the

www.aacrjournals.org

expression of PSA but not of TMPRSS2 and FKBP5, which may
be due to the additional activation of other signaling pathways,
such as MAPK and PI3K/AKT. Mechanistically, activated STAT3
has been proposed to increase AR activity by direct physical
interaction with the N-terminal region of the AR (30, 46). To
identify which domain of STAT3 is responsible for mediating the
effect of IL6 on AR activity, we performed time-course experiments. AR and STAT3 are both activated within 30 to 60 minutes
after the addition of their respective canonical agonists (47, 48),
but the effect of IL6 on AR activity was much slower. This indicates
that regulation of AR activity by IL6 is most likely controlled by an
indirect mechanism. Of note, the histone acetyltransferase activity
of p300 has been implicated in IL6-dependent activation of AR,
and p300 is known to bind STAT3 upon IL6 stimulation (49). This
may lead to chromatin remodeling either due to AR/STAT3
protein–protein interaction or due to direct DNA binding of
STAT3 close to AR target genes. However, it is also possible that
a transcriptional target gene of STAT3 is responsible for the
increase in AR activity upon IL6 treatment. Interestingly, STAT3
is known to induce its own expression in a positive feedback loop
(50), and we observed an increase in total STAT3 levels upon IL6
treatment. This feedback induction might stabilize the reported
physical interaction between AR and STAT3 and thus enhance AR
activity. On the basis of the time-course results, we decided to test
whether inhibition of the STAT3 DNA-binding domain with
galiellalactone leads to a reduction in AR activity in the presence
of IL6.
Galiellalactone was able to reduce tumor growth as well as
metastatic spread of an AR-negative prostate cancer cell line in
xenograft models (13) and inhibited the growth of triple-negative
breast cancer cell lines (15). Recently, an orally available prodrug
of galiellalactone has been described (51). However, galiellalactone has not yet been tested in the context of AR signaling. To
ensure that galiellalactone consistently reduces AR activity, we
selected several AR-positive prostate cancer cell lines and benign
primary epithelial prostate cells. In addition, we also included one
AR-positive breast cancer cell line. Galiellalactone signiﬁcantly
reduced AR activity in the presence of IL6 in all tested cell lines.
Interestingly, we observed differences in the response of the
individual AR target genes, which may inﬂuence the physiologic
response of the cells. It is noteworthy that FKBP5, which was
unaffected by inhibition of the STAT3 DNA-binding domain in
LNCaP, also showed a different kinetic proﬁle in the time-course
experiment. It is therefore possible that STAT3 inﬂuences AR
activity by various means, some of which require DNA binding
(i.e., induction of AR coactivators), whereas others are independent of a direct STAT3–DNA interaction (i.e., chromatin remodeling due to AR/STAT3 protein–protein interaction). However,
induction of PSA and TMPRSS2 was completely inhibited by
galiellalactone in LNCaP cells, which demonstrates the importance of the STAT3 DNA-binding domain. In addition, we
observed variations between VCaP and DuCaP cells. Although
these cell lines were obtained from the same patient, they represent two different metastatic lesions. In line with this, analysis of
publicly available transcriptome data (27) from VCaP and DuCaP
cells conﬁrms that a large number genes are signiﬁcantly deregulated between both cell lines (Supplementary Fig. S5). Therefore,
differences in the expression of pioneering factors or AR coregulators may explain their individual response to galiellalactone.
Furthermore, other nuclear hormone receptors may also be inﬂuenced by IL6. Especially, the GR is known to activate AR target
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genes in certain conditions (36), and we found GR mRNA
expression in PrEPs and MCF7 cells. However, based on its
expression level, we can rule out that the GR is responsible for
the variations in AR target gene response seen in LNCaP, VCaP,
and DuCaP cells. Taken together, we conclude that the smallmolecule inhibitor galiellalactone is a promising drug to reduce
AR activity in the presence of IL6 and androgens.
Because several clinical trials targeting the IL6 pathway have
failed despite very promising preclinical results in cell culture and
xenograft experiments (12, 19, 20), we aimed to verify our cell
culture experiments in primary patient material. To this end, we
tested the effect of galiellalactone in the presence of IL6 in an
innovative ex vivo tissue slice culture model with material from
patients undergoing radical prostatectomy. In benign tissue samples, the results were very well in line with our in vitro ﬁndings and
galiellalactone signiﬁcantly reduced the expression of the tested
AR target genes. Surprisingly, we observed a very heterogeneous
response to galiellalactone in cancerous samples, and PSA expression was increased in some and decreased in other tissue samples.
Although we cannot fully explain this variability in response to
galiellalactone, we suspect that a difference in the AR coactivator
proﬁle may cause a shift in the interplay of STAT3/AR signaling.
Speciﬁcally, the complex interaction of cancer cells with their
surrounding tumor microenvironment may play an important
role in determining the effect of STAT3 on AR activity. The
pleiotropic role of IL6/STAT3 signaling has been published in
the past, and recently STAT3 has been reported to act as a tumor
suppressor in a PTEN knockout mouse model (52). These ﬁndings
might shed some light on the reason why inhibitors targeting the
IL6 pathway have failed in clinical trials despite very promising
cell culture results. However, the low number of conﬁrmed cancer
samples is a limitation of this study, and additional conﬁrmation
studies are therefore required in the future.
Taken together, we demonstrated that the STAT3 inhibitor
galiellalactone consistently reduces IL6-mediated AR activity in
cancer cell lines and benign prostate tissue cultures, as well as in a
subgroup of malignant tissue cultures in the presence of androgens. On the basis of this ﬁnding, we propose that follow-up
studies should focus on identifying a biomarker that predicts the

response to IL6/STAT3 inhibition before future clinical trials
targeting this pathway are initiated.
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