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Introduction

Prostate cancer is the most frequently 
diagnosed cancer in men and the second-
leading cause of cancer-related death in the 
United States.1 Although androgen depri-
vation therapy (ADT) is beneficial for 
patients with advanced prostate cancer, its 
efficacy is limited because malignant cells 
change to a castration-resistant phenotype 
over 1–2 years of therapy. Early studies 
demonstrated that systemic ADT based on 
anti-androgens, which prevent androgens 
from binding to the androgen receptor 
(AR), promotes the development of inva-
sive prostate cancer.2 This suggests that 
the therapeutic suppression of androgen/
AR binding may elicit unwanted signals 
that may favor the progression of surviving 
prostate cancer cells.2 In another study, tar-
geting AR-dependent signaling suppressed 
the wound-healing process by altering 
macrophage infiltration as well as their 
cytokine expression profile.3 Since gene 
signatures associated with wound heal-
ing are similar to those linked to highly 

invasive breast cancer,4 we studied the 
potential relationship between AR signal-
ing and inflammatory responses mediated 
by tumor-infiltrating macrophages as well 
as the impact of these cells of the innate 
immune system on disease outcome.

Tumor-Infiltrating Macrophages 
Promote Prostatic Tumorigenesis

Tumor-infiltrating macrophages are a 
key component of the inflammatory pro-
cess that often accompany prostatic tumor-
igenesis. Fang et al. first demonstrated that 
co-culturing immortalized prostate epithe-
lial cells with macrophages renders them 
tumorigenic.5 Clinical studies indicate that 
the number of macrophages is significantly 
increased within high-grade prostatic 
intraepithelial neoplasms (PINs) or pros-
tate cancer lesions as compared with benign 
prostate tissues. Macrophage-induced 
prostatic tumorigenesis appears to involve 
alterations in the AR-dependent signal-
ing pathway elicited by chemokine (C-C 
motif) ligand 4 (CCL4) and transduced by 

signal transducer and activator of transcrip-
tion 3 (STAT3), the loss of 2 major onco-
suppressors, namely p53 and phosphatase 
and tensing homolog (PTEN), and the epi-
thelial-to-mesenchymal transition (EMT). 
Pten+/− mice lacking the AR in macro-
phages developed far fewer PINs than their 
Pten+/−, macrophage AR-positive coun-
terparts. Moreover, CCL4-neutralizing 
antibodies have been shown to effectively 
block macrophage-induced prostatic onco-
genesis. Targeting the AR by means of a 
newly identified enhancer of its degrada-
tion, namely, ASC-J9®, resulted in reduced 
CCL4 expression and limited the growth 
of prostate cancer xenografts in mice. 
Importantly, the upregulation of CCL4 
was associated with increased expression 
levels of snail family zinc finger 1 (Snai1) 
as well as with the downregulation of p53 
and PTEN in high-grade PINs and pros-
tate cancers. Taken together, these results 
demonstrate that the CCL4/AR signaling 
axis may represent a therapeutic target to 
effectively inhibit inflammation-associated 
prostatic tumorigenesis.
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Inflammatory cytokines and chemokines released by macrophages in the prostate cancer microenvironment may 
signal via the androgen receptor (AR) to influence tumor progression. In particular, macrophages appear to promote 
tumorigenesis by altering the chemokine (C-C motif) ligand 4 (CCL4)/AR signaling axis. This process can be blocked by 
ASC-J9®, an enhancer of AR degradation. ASC-J9® also inhibits the CCL2-dependent, signal transducer and activator of 
transcription 3 (STAT3)-mediated pro-metastatic signaling cascade that is generally activated by androgen deprivation 
therapy. Thus, targeting inflammatory cytokines signaling via the AR, with ASC-J9®, represents a promising therapeutic 
approach against prostate cancer progression.
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The Downregulation of AR  
by RNA Interference Promotes 

CCL2 Expression and Favors 
the Metastatic Dissemination 

of Prostate Cancer

We next tested the hypothesis that 
suppressing the function of AR by RNA 
interference might trigger undesirable 
inflammatory signals that enhance mac-
rophage infiltration and stimulate the pro-
gression of prostate cancers.6 Depleting AR 
from THP-1 macrophages enhances their 
migration toward prostate cancer cells. 
Similarly, the downregulation of AR in 
prostate cancer cells enhances the recruit-
ment of THP-1 macrophages. Mechanistic 
studies revealed that AR silencing in either 
macrophages or prostate cancer cells induces 
the expression of CCL2 and the CCL2-
dependent activation of STAT3, which 
in turn may favor the EMT and hence 
increase the invasiveness of malignant cells. 

In line with this notion, the pharmaco-
logical interruption of the CCL2/CCR2/
STAT3 signaling axis suppressed EMT 
and prostate cancer cell invasiveness, point-
ing to a novel mechanism linking CCL2 to 
the EMT that may play a key role in pros-
tate cancer progression. Knocking-out the 
AR from macrophages in TRAMP mice (a 
murine model of prostate cancer) promotes 
the metastatic dissemination of malig-
nant cells as it enhances CCL2 expression 
and tumor infiltration by macrophages. 
Co-targeting the AR and the CCL2/
CCR2 signaling axis results in improved 
antineoplastic effects against prostate can-
cer xenografts growing in mice as com-
pared with inhibiting the AR alone. Tissue 
microarray analysis of human prostate can-
cer tissues reveal that patient outcomes may 
be negatively affected by elevated intratu-
moral levels of CCL2, suggesting that this 
chemokine may play a key role in stimu-
lating the progression of prostate cancer. 

Altogether, our results may identify a novel 
therapeutic approach against castration-
resistant, metastatic prostate cancer based 
on the combined inhibition of the AR and 
the CCL2/CCR2/STAT3 signaling axis.

ADT Enhances the 
Metastatic Dissemination 

of Prostate Cancer Cells 
by Promoting Tumor 

Infiltration by Macrophages 
and STAT3 Signaling

Previous meta-analyses demonstrated 
that ADT based on luteinizing hormone-
releasing hormone (LH-RH) agonists 
plus anti-androgens improves the overall 
survival rate of prostate cancer patients as 
compared with ADT based on LH-RH 
agonists alone.7 Interestingly, we found 
that bicalutamide (also called Casodex), 
a currently used non-steroidal anti-
androgen, as well as enzalutamide (also 
called MDV3100, a novel anti-androgen 
that potently inhibits castration-resis-
tant prostate cancer),8 may promote the 
invasiveness of prostate cancer cells by 
stimulating the recruitment of macro-
phages.9 Mechanistic studies revealed that 
bicalutamide and enzalutamide reduced 
the AR-dependent expression of protein 
inhibitor of activated STAT3 (PIAS3), 
resulting in enhanced STAT3/CCL2 sig-
naling. Suppressing the STAT3/CCL2/
CCR2 signaling axis reversed the bicalu-
tamide- or enzalutamide-induced migra-
tion of macrophages toward prostate 
cancer cells and limited the invasiveness of 
the latter. Importantly, ASC-J9® inhibited 
both macrophage migration and the sub-
sequent invasion of prostate cancer cells 
by regulating the STAT3/CCL2/CCR2 
signaling axis via an AR-independent 
mechanism that results in the direction 
suppression of STAT3 activation. These 
findings were confirmed in vivo, in ortho-
topic models of prostate cancer. Taken 
together, our results point to potential con-
cerns related to currently-used ADT based 
on anti-androgens, as these may promote 
metastasis, and suggest that ASC-J9®, 
alone or combined with inhibitors of the 
STAT3/CCL2/CCR2 signaling axis, may 
represent an novel therapeutic paradigm 
against castration-resistant prostate cancer 
progression.

Figure 1. Chemokines mediate a vicious cycle between prostate cancer cells and macrophages that 
drives disease progression. Tumor-infiltrating macrophages and inflammatory cytokines such as 
chemokine (C-C motif) ligand 4 (CCL4) play a key role in prostatic tumorigenesis via an androgen 
receptor (AR)-, and signal transducer and activation of transcription 3 (STAT3)-dependent signaling 
axis (dashed arrows). As bicalutamide or enzalutamide reduce the AR-mediated expression of pro-
tein inhibitor of activated STAT, 3 (PIAS3), and stimulate the chemokine (C-C motif) ligand 4 (CCL4)- 
and STAT3-dependent signaling pathway, they promote the migration of macrophages toward 
prostate cancer cells, thus enhancing the invasiveness of the latter (white arrows). Suppressing the 
function of the AR in macrophages simultaneously triggers undesirable inflammatory signals that 
prompt macrophage infiltration and stimulate prostate cancer progression through the activation 
of a CCL2/CCR2/STAT3 signaling axis (black arrows).
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Conclusions

Macrophages appear to play a key role 
at multiple stages of prostatic tumorigenesis 
by regulating AR signaling and/or the 
AR-modulated secretion of inflammatory 
cytokines or chemokines (Fig. 1). ADT with 
anti-androgens may stimulate the release of 
inflammatory cytokines by macrophages, 
resulting in enhanced AR signaling and 
metastatic cancer cell dissemination. 
Combining ADT with agents that spe-
cifically target these macrophage-derived 

inflammatory cytokines may be needed to 
efficiently inhibit prostate cancer progres-
sion. Alternatively, a novel enhancer of AR 
degradation that simultaneously suppresses 
AR signaling and macrophage-derived 
inflammatory cytokines, as well as limited 
toxicity,10 namely, ASC-J9®, may represent 
a promising approach against castration-
resistant prostate cancer progression.
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