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Prostate cancer (PCa) lists as the second most lethal cancer for men in western
countries, and androgen receptor (AR) plays a central role in its initiation and
progression, which prompts the development of androgen deprivation therapy (ADT)
as the standard treatment. Prostate tumor microenvironment, consisting of stromal
cells and extracellular matrix (ECM), has dynamic interactions with PCa epithelial cells
and affects their growth and invasiveness. Studies have shown that both genomic
and non-genomic AR signaling pathways are involved in the biological regulation of
PCa epithelial cells. In addition, AR signaling in prostate stroma is also involved in
PCa carcinogenesis and progression. Loss of AR in PCa stroma is clinically observed
as PCa progresses to advanced stage. Especially, downregulation of AR in stromal
fibroblasts dysregulates the expression levels of ECM proteins, thus creating a suitable
environment for PCa cells to metastasize. Importantly, ADT treatment enhances this
reciprocal interaction and predisposes stromal cells to promote cell invasion of PCa
cells. During this process, AR in PCa epithelium actively responds to various stimuli
derived from the surrounding stromal cells and undergoes enhanced degradation while
elevating the expression of certain genes such as MMP9 responsible for cell invasion.
AR reduction in epithelial cells also accelerates these cells to differentiate into cancer
stem-like cells and neuroendocrine cells, which are AR-negative PCa cells and inherently
resistant to ADT treatments. Overall, understanding of the cross talk between tumor
microenvironment and PCa at the molecular level may assist the development of novel
therapeutic strategies against this disease. This review will provide a snapshot of AR’s
action when the interaction of stromal cells and PCa cells occurs.

Keywords: PCa, AR, microenvironment, stroma, androgen deprivation therapy (ADT)

INTRODUCTION

Prostate cancer (PCa) is a malignant growth of prostate epithelial cells, and it continuously causes
severe mortality among men. According to a survey in 2020, an estimated 190,000 new cases of PCa
are diagnosed and 33,000 associated deaths are reported worldwide (Siegel et al., 2020), suggesting
an urgent need to identify effective therapeutic strategies against this disease. Given the fact that
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androgen receptor (AR) plays central roles in PCa carcinogenesis
(Heinlein and Chang, 2004; Lonergan and Tindall, 2011),
androgen deprivation therapy (ADT) is the mainstream
treatment for PCa, which is effective for 2–3 years before PCa
progresses to castration-resistant PCa (CRPC; Ruizeveld de
Winter et al., 1994; Henshall et al., 2001; Scher et al., 2004).
The reactivation of AR in CRPC, owing to gene amplification
(Koivisto et al., 1997), gene mutation (Tilley et al., 1996), or the
production of constitutively active AR variants (Nakazawa et al.,
2014), makes it still a promising therapeutic target.

Androgen receptor, also called NR3C4 (nuclear receptor
subfamily 3, group C, member 4), is one member of the steroid
and nuclear receptor superfamily and is encoded by the AR
gene located at Xq11-12 (Tan et al., 2015). AR mainly contains
four functional domains, as indicated in Figure 1: the amino-
terminal domain (NTD; exon 1), DNA-binding domain (DBD;
exons 2–3), hinge region (exon 4), and ligand-binding domain
(LBD; exons 4–8). As a hormone-inducible transcription factor,
AR is ubiquitously expressed in multiple tissues and is involved
in various physiological and pathological events by controlling
gene expression (Waghray et al., 2001; DePrimo et al., 2002).
Genomic AR signaling in PCa is well studied: AR disassociates
from its cytoplasmic chaperones such as HSP70 and translocates
to the nucleus upon androgenic hormone binding, working as
either homodimer or heterodimer to regulate its downstream
genes such as PSA, FKBP5, and TMPRSS2, in order to provide
survival signals for PCa growth (Figure 1; Smith and Toft,
2008). Of note, activation of non-genomic AR signaling is also
critical to PCa development. An early study demonstrated that
AR in both prostatic smooth muscle cells and prostatic epithelial
cells rapidly responded to androgen stimulation (Peterziel et al.,
1999) and interacted with non-receptor tyrosine kinase Src
(Migliaccio et al., 2000; Castoria et al., 2017). This interaction
impaired the inhibitory intramolecular binding of Src and
allowed it in its active form to activate PI3K and MAPK signaling
pathways, which promoted cell proliferation and cell invasion
of PCa (Cai H. et al., 2011; Castoria et al., 2017). Although
castration leads to a remarkable decline of AR activity, AR
utilizes various novel ways to escape androgen ablation and
continues to support PCa growth in castration-resistant stage
(Figure 2). For instance, upregulated EGF and IGF in CRPC
could activate AR transactivation. Mechanistically, Src responded
to EGF stimulation and phosphorylated AR at the residue of
tyrosine 534, leading to AR activation (Migliaccio et al., 2005; Liu
et al., 2010). IGF-stimulated AKT and ERK1/2 signaling pathways
were directly responsible for AR activation (Wu et al., 2006).
In addition, elevated cytokines in CRPC such as IL-6 or IL-8
also had the capacity to activate AR signaling via MAPK and
JAK/STAT3 signaling pathways (Chen et al., 2000; Seaton et al.,
2008). Studies also revealed that AR mutation including aberrant
AR splicing and AR gene amplification were frequently (10–
30%) observed in CRPC patients (Visakorpi et al., 1995; Tilley
et al., 1996; Koivisto et al., 1997), which allowed it to be active
even under castrated conditions, effectively conferring androgen
independence to AR.

Prostate cancer is a malignant mass infiltrated with endothelial
cells, bone marrow stem cells, fibroblasts, and immune cells

(Sejda et al., 2020; Thienger and Rubin, 2021). Evidence
suggested that the infiltration of these cells increased as PCa
progressed to the CRPC stage. These stromal cells provide
cytokines and growth factors to drive PCa progression. Clinical
evidence indicated that stromal AR was a protective factor
for PCa patients as its expression was inversely related to
poor PCa outcomes including tumor stage, metastasis, cancer
relapse, and cancer-related death (Olapade-Olaopa et al.,
1999; Henshall et al., 2001; Ricciardelli et al., 2005; Li
et al., 2008; Wikstrom et al., 2009; Leach et al., 2015). In
contrast, AR in PCa epithelium acted as a tumor-promoting
factor to control PCa development. Therefore, comprehensive
knowledge of AR’s role in the cross talk between PCa and its
surrounding stromal component is necessary for scientists to
better understand this disease.

ANDROGEN RECEPTOR INHIBITION AS
A STANDARDIZED TREATMENT FOR
PROSTATE CANCER

Androgen receptor inhibition is the major way to treat PCa,
and AR-targeted therapies are listed in Table 1. ADT has been
the mainstay treatment for PCa patients in past decades, which
includes surgical and chemical castration. Surgical castration
refers to one operation in which the entire testes is removed
to ablate androgen synthesis, while chemical castration utilizes
various types of compounds to antagonize AR signaling
pathway in PCa. Leuprorelin and triptorelin are clinically used
as LHRH agonists to fulfill androgen deprivation (Crawford
and Hou, 2009; Lepor and Shore, 2012). Mechanistically,
LHRH agonist treatment leads to LHRH downregulation and
eventually inhibits pituitary production of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH), two important
hormones responsible for androgen synthesis in testes, while
LHRH antagonists such as degarelix and relugolix interact
with LHRH receptor and impair the physiological binding
of LHRH and its receptor, reducing androgen synthesis.
However, LHRH agonists and antagonists only block testes
from producing androgens. Evidence show that 5–10% of
androgens are generated from adrenal glands and they are
sufficient to drive AR signaling (Montgomery et al., 2008),
which facilitates the development of other compounds in
order to reduce the synthesis of adrenal androgens. CYP17
is a key enzyme required for the biosynthesis of adrenal
androgens so that its specific inhibitors such as abiraterone,
TAK-700, and TOK-001 have been developed to treat CRPC
patients who are resistant to LHRH agonists and antagonists
(Schweizer and Antonarakis, 2012).

Of note, the castration level of androgen still has the ability
to activate AR signaling and to support CRPC growth. To
reach a deep AR inhibition, anti-androgens are developed
to treat metastatic CRPC patients. They directly inhibit
the binding of androgen to AR and to prevent AR nuclear
translocation and the subsequent transactivation. However,
first-generation anti-androgens such as bicalutamide cannot
completely block AR activity due to their relatively low
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FIGURE 1 | Androgen receptor’s structure and how it works to regulate gene expression.

affinity to AR. This leads to the emergence of second-
generation anti-androgens in the standard treatment of
metastatic CRPC patients. Enzalutamide is one of these
second-generation anti-androgens and significantly improves
patients’ survival (Scher et al., 2010; Roumiguie et al., 2021).
Overall, AR inhibition is the main strategy to prevent
PCa development.

ANDROGEN RECEPTOR SIGNALING IN
CROSS TALK BETWEEN ENDOTHELIAL
CELLS AND PROSTATE CANCER

Endothelial cells are key builders of vascular structure, and their
proliferation, migration, and remodeling are tightly associated
with angiogenesis (Dudley, 2012). Early reports demonstrated
that initial ADT treatment led to the apoptosis of endothelial
cells and decreased the number of microvascules (Shabsigh
et al., 1998). Very intriguingly, microvascules showed regrowth
and the number of endothelial cells evidently increased as
PCa progressed to the CRPC stage (Godoy et al., 2011; Tomic
et al., 2012). This regrowth of microvascules was accompanied

by PCa metastasis. Indeed, in vitro evidence supported the
notion that endothelial cells could increase PCa cell migration
and invasion. By coculturing HUVECs (human umbilical vein
endothelial cells) with PCa cells, Chang et al. found that
HUVECs had the capacity to enhance cell migration and
cell invasion of CWR22Rv1 and C4-2 cells (Wang et al.,
2013). According to their data, PCa cells exposed to HUVECs
expressed lower levels of AR than non-exposed controls. AR
seemingly regulated TGFβ and MMP9 in a negative manner,
as evidenced by the enhanced expression levels of TGFβ and
MMP9 when AR was depleted by siRNAs. They also identified
that IL-6, a cytokine secreted by HUVECs, was sufficient to
drive AR downregulation. Consistent with this report, HUVEC-
enhanced cell invasion of PCa cells via downregulating the
AR level was also observed by Jiang et al. AR reduction was
promoted by the interaction of CCL5 on endothelial cells
with its receptor CCR5 on PCa cells, triggering mitochondria-
mediated autophagy, one mechanism responsible for cell
invasion of PCa cells (Zhao et al., 2018). Interestingly, another
study documented that MMP9, together with PIP5K1α, could
interact with AR to promote its transcriptional activity on the
downstream target cyclin A1, leading to enhanced growth of
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FIGURE 2 | Androgen receptor utilizes various ways to bypass AR inhibition to support CRPC growth. P stands for phosphorylation.

metastatic CRPC tumor (Larsson et al., 2020). However, as
a transcription factor, how AR regulates TGFβ, MMP9, and
autophagy in the presence of HUVECs is still largely unknown
and requires further exploration. In addition, it remains to be
clarified how IL-6 and CCL5/CCR5 signals at a molecular level
reduce AR expression.

On the other hand, anti-androgen-resistant PCa tends to
express a higher level of endothelial nitric oxide synthase (eNOS)
compared to hormone naive PCa (Yu et al., 2013), suggesting
that chronic inhibition of AR signaling causes an upregulation
of eNOS, a critical molecule involved in supporting endothelial

cell survival and proliferation. Together, all these data pinpoint
a positive feedback loop between PCa cells and endothelial cells
during PCa development.

How does AR function in endothelial cells? Literature
revealed that androgen could promote cell proliferation of
HUVECs by activating the AR/VEGF/Cyclin A signaling axis
(Cai J. et al., 2011; Torres-Estay et al., 2017; Eisermann et al.,
2013). However, another study contradictorily showed that AR
activation triggered TNF-α-induced cell apoptosis of EA.hy926
endothelial cells (Ling et al., 2002). One possible explanation
to this is that different endothelial cell lines have distinct
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TABLE 1 | Androgen receptor targeted therapies in prostate cancer.

Established therapies AR based drugs Type of PCa Mechanistic action

LHRH agonists Leuprolide; Leuprolide mesylate;
Triptorelin; Goserelin; Histrelin

Localized Suppress LHRH expression and reduce the
production of FSH and LH. Impair androgen
synthesis in testes

LHRH antagonists Degarelix; Relugolix Localized; Advanced Compete LHRH to bind its receptor and
prevent its biological function

CYP17 inhibitors Abiraterone; TAK-700 (Orteronel);
Ketoconazole;

mCRPC Inhibition of biosynthesis of adrenal androgens
by suppressing CYP17 activity

TOK-001 (Galeterone) CRPC

Antiandrogen Bicalutamide; Nilutamide; Flutamide Localized; Advanced First generation antiandrogen, compete
androgen to interact with AR

Enzalutamide mCRPC Second generation antiandrogen, compete
androgen to interact with AR, block AR nuclear
translocation, inhibit AR DNA binding and the
recruitment of AR cofactors

Apalutamide (ARN-509) mCSPC

Darolutamide nmCRPC

CRPC stands for castration resistant prostate cancer; mCRPC means metastatic castration resistant prostate cancer; nmCRPC means non-metastatic castration resistant
prostate cancer; mCSPC stands for metastatic castration sensitive prostate cancer.

responses to androgen treatment. Therefore, the exact role of
AR in endothelial cells during PCa progression is still open
to investigation.

INTERACTION BETWEEN BONE
MARROW MESENCHYMAL STEM CELLS
AND ANDROGEN RECEPTOR
SIGNALING IN PROSTATE CANCER

An observation of the migration of mesenchymal stem cells
(BM-MSCs) into PCa stroma implies their possible participation
in the regulation of PCa development (Placencio et al., 2010;
Brennen et al., 2017). As multipotent stromal cells, BM-
MSCs bear the ability to differentiate into various cell types
(Pittenger et al., 1999; Mendez-Ferrer et al., 2010) including
fibroblasts, adipocytes, and smooth muscle cells in PCa stroma.
Moreover, the recruited BM-MSCs promoted cell invasion and
stemness differentiation of PCa cells, ultimately allowing PCa
cells to survive in an androgen-independent manner (Chang
et al., 2014; Luo et al., 2014, 2015). Mechanistic dissection
illustrated that BM-MSCs could secrete CCL5 and IL-1β, which
independently acted to reduce the AR level. According to the
literature, secreted CCL5 from BM-MSCs led to decreased levels
of prolyl hydroxylase (PHD) 1 and 4, which prevented the
hydroxylation of HIF2α and caused it to become more stable
(Luo et al., 2015). Immunoprecipitation assay also confirmed
that CCL5-induced HIF2α enhanced HSP70-AR interaction,
which inhibited AR nuclear translocation and the subsequent
transactivation. Another study also verified that conditioned
medium from BM-MSCs could decrease the AR protein level,
which was mediated by the cytokine IL-1β(Chang et al., 2014).
However, the detailed mechanism by which IL-1βdecreased AR
was not clearly explored. These studies also proved that the
reduction of AR was a central driving force to promote PCa cell

invasion. Further explorations revealed that AR downregulation
by BM-MSCs increased the stemness of PCa, owing to the
upregulation of several CSC (cancer stem cells) related markers
such as CXCR4, ZEB1, and Snail1 (Luo et al., 2014). Given
the fact that prostatic CSCs are more malignant than parental
PCa cells, it is understandable that BM-MSCs promote PCa
invasion and metastasis.

Of note, a lack of evidence showing that AR in BM-MSCs
exerts its function to regulate PCa survival and invasion may
prompt scientists to explore this direction.

INTERACTION BETWEEN ANDROGEN
RECEPTOR SIGNALING IN
CANCER-ASSOCIATED FIBROBLASTS
AND PROSTATE CANCER

Cancer-associated fibroblasts (CAFs), one type of activated
fibroblasts, typically express high levels of αSMA (α-smooth
muscle actin) and fibroblast activation protein (FAP; Sahai et al.,
2020). Studies indicate that CAFs have a malignant property by
affecting their surrounding compartments including cancerous
cells and other stromal cells (Taylor et al., 2012). Compared
to normal fibroblasts, CAFs have distinct genome-wide DNA
methylation signatures at enhancers and promoters, causing
aberrant expression of cancer-related genes to impact cancer fate
(Pidsley et al., 2018). Abundant studies show that CAFs exist in
the primary site of localized or metastatic PCa microenvironment
and promote its initiation and progression. By comparing
immortalized CAFs and normal prostate fibroblasts, researchers
noticed that CAFs had stronger ability to promote malignant
transformation of BPH-1 cells in vitro and in vivo (Yu et al.,
2017), suggesting that CAF was a central driving source for
PCa initiation. In this process, AR in stromal fibroblasts but
not in epithelium is necessary for prostatic epithelia malignant
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transformation (Ricke et al., 2012). According to this study, loss
of stromal AR did not impair prostate homeostasis but decreased
the expression levels of several stroma fibroblast-derived growth
factors such as FGF-2 and FGF-10, impeding PCa carcinogenesis
(Ricke et al., 2012). Moreover, studies also indicated that CAFs
had better capacity to increase cell proliferation and invasion
of LNCaP cells in vitro (Yu et al., 2017), compared to normal
prostate fibroblasts. The LNCaP xenografted mouse model
also strengthened the tumor-promoting role of CAFs in PCa
carcinogenesis (Yu et al., 2017). Consistent with this report,
another study also found that CAFs significantly enhanced
PCa growth and distant metastases when compared to normal
prostate fibroblasts (Linxweiler et al., 2020). Why are CAFs so
effective in promoting PCa development? Focus cytokine array
showed that CAFs secreted more growth factors such as EGF,
FGF, HGF, TGFβ and VEGF, than normal prostate fibroblasts,
providing survival advantage to PCa cells (Yu et al., 2017).

How does AR contribute to fibroblast proliferation and
migration? Results from mouse embryo fibroblasts NIH3T3
and fibrosarcoma HT1080 revealed that androgen stimulation
(10 nM) could suppress proliferation while increasing migration
of these two cell lines (Castoria et al., 2014). Mechanistic
dissection unfolded that the androgen-stimulated AR/FlnA
complex led to the activation of Rac1 as well as its downstream
effector DYRK 1B, which phosphorylated p27 at Ser 10. The
phosphorylated p27 at Ser 10 was stabilized and attributable to
cell cycle arrest at G0/G1 of fibroblasts (Castoria et al., 2014).
Meanwhile, the AR/FlnA complex also triggered the activation
of focal adhesion kinase FAK, Rac1, and paxillin via recruiting
integrin beta 1, promoting cell migration of NIH3T3, HT1080
cells, and PCa-derived fibroblasts (Castoria et al., 2011; Di
Donato et al., 2021). These findings suggest the therapeutic value
of targeting the AR/FlnA complex to suppress the malignant
activity of CAFs. Indeed, knockdown of FlnA with siRNAs or
inhibition of AR by enzalutamide could abolish the migration and
invasiveness of CAFs induced by androgen treatment (Di Donato
et al., 2021). Similarly, disruption of the AR/FlnA complex
by drug-like compound Rh-2025u-stapled peptide, which was
developed from the AR amino acid sequence required for the
interaction with FlnA (Loy et al., 2003; Castoria et al., 2011),
abolished the androgen-induced migration and invasiveness of
CAFs, consequently leading to less recruitment of CAFs to
PCa and suppressing PCa-CAF organoid growth (Di Donato
et al., 2021). How does AR in CAFs function to influence PCa
growth and invasion? Several studies have demonstrated that
the reduced expression level of AR in CAFs was a prognostic
indicator of PCa progression, suggesting that AR in CAFs
serves as a negative regulator to determine PCa development.
A study showed that AR regulated extracellular matrix (ECM)
components and maintained its inhibition on PCa cell invasion.
Loss of AR in fibroblasts led to the downregulation of adhesive
proteins such as FBXO32 and FBN1 as well as the upregulation
of ECM-degrading enzyme MMP1, establishing an environment
permissive for PCa cells to invade (Leach et al., 2015). By using
the in vitro coculture system, Smith and colleagues found that
immortalized human prostate myofibroblast cell line PShTert
with AR activation could retard the cell growth of various PCa

cells including PC3, Du145, C4-2B, and LNCaP cells, highlighting
the protective role of AR in CAFs during PCa development
(Palethorpe et al., 2018). Additionally, another report further
proved that loss of AR in CAFs promoted cell migration of
PCa cells (Cioni et al., 2018). As described in this report, AR
negatively regulated the expressions of CCL2 and CXCL8 at the
transcriptional level. Therefore, loss of AR released its inhibitory
regulation on these two cytokines, which were secreted and
promoted PCa cell migration in a paracrine manner. Another
document strengthened this conclusion by pinpointing that
loss of AR in CAFs led to the enhanced expression levels of
interferon gamma (IFN-γ) and macrophage colony-stimulating
factor (M-CSF), which acted on PCa cells and educated them
to differentiate into cancer stem-like cells (Liao et al., 2017)
characterized with more invasive properties. Contradictorily, the
group of Chang illustrated that myofibroblast stromal cell line
WPMY-1 with AR siRNAs could suppress the cell invasion of
PCa cells in the coculture system (Niu et al., 2008), and the group
of Gross described that reduction of AR in CAFs with antisense
oligonucleotide (ASO) dramatically suppressed CAF-promoted
PCa growth in vitro and in vivo (Liao et al., 2017). It can be argued
that the group of Chang reached the conclusion on the basis of
an artificial coculture system. In the study by Gross, ASOs were
utilized to reduce the AR protein level, while the previous study
applied anti-androgen RD162 for AR inhibition. It is possible
that the physiological effects of anti-androgen and ASO on CAFs
are different so that opposite conclusions are generated. Besides,
Gross et al. utilized mouse CAFs as a source to study their
contribution to the cell growth of human PCa cells, which was
not an optimal in vitro model.

Although AR signaling is very important for PCa growth and
metastasis, few studies examined AR status in PCa epithelial cells
that interprets the signal from CAFs to influence PCa epithelial
cells when these two types of cells are communicating with each
other, which should be explored with future efforts.

ANDROGEN RECEPTOR SIGNALING IN
CROSS TALKS BETWEEN IMMUNE
CELLS AND PROSTATE CANCER

Infiltration of immune cells into PCa is frequently observed,
which is further increased upon ADT treatment, indicating
that immune cells are actively involved in PCa progression.
Macrophages, T lymphocytes, NK cells, and mast cells are the
most important components of immune cells, and their cross talk
with AR signaling in PCa will be summarized as follows.

ANDROGEN RECEPTOR SIGNALING IN
CROSS TALK BETWEEN CD4+T CELLS
AND PROSTATE CANCER

T cells consist of CD8 + cytotoxic T cells and CD4 + helper
T cells, playing a central role in the adaptive immune response.
Kwon et al. demonstrated that androgen ablative therapy (ADT)
could increase the infiltration of CD4 + T cells but not
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CD8 + T cells into the PCa (Mercader et al., 2001). In agreement
with this observation, Underwood et al. also found that the
infiltration of CD4 + T cells was strongly associated with poor
outcome in PCa patients (McArdle et al., 2004). Collectively,
all these findings suggest that CD4 + T cells may participate
in PCa progression. Consistently, another study documented
that androgen (testosterone) could inhibit the differentiation of
CD4 + T cells (Kissick et al., 2014). CD4 + T cells isolated
from castrated mice exhibited reduced STAT4 phosphorylation
and IFN-γ production upon testosterone treatment. Testosterone
activated AR to transcriptionally upregulate the expression level
of Ptpn1 (protein tyrosine phosphatase non-receptor type 1),
which in turn served as a negative regulator of STAT4 signaling
(Kissick et al., 2014). Therefore, castration not only increased
the infiltration of CD4 + T cells but also promoted their
differentiation. Collectively, these data suggest that CD4 + T
cells may play a tumor-promoting role in PCa development.
Indeed, through an in vitro cell model, Chang et al. found
that PCa cells had a better capacity to recruit CD4 + HH and
Molt-3 T cells compared to normal prostate epithelial RWPE-
1 cells (Hu et al., 2015). Mechanistically, FGF11 secreted from
HH and Molt-3 T cells led to the reduction of AR in PCa
cells by enhancing miR-541-mediated AR mRNA degradation
(Hu et al., 2015). AR downregulation could elevate the MMP9
expression level, promoting PCa invasion and metastasis. Again,
detailed mechanisms underlying AR regulation of MMP9 were
not investigated in this study. In addition, it was unlikely that
FGF11 directly increased the expression level of miR-541 to
reduce the AR level. PCa cells must undergo multiple signaling
events upon FGF11 treatment to complete miR-541 induction.

Although ADT with enzalutamide treatment initially
increased the infiltration of CD4 + helper cells, it sensitized PCa
cells to CD8 + T cell killing by downregulating the expression
of antiapoptotic gene NAIP (neuronal apoptosis inhibitory
protein) (Ardiani et al., 2014). NAIP played a critical role in
conferring the killing ability of CD8 + cytotoxic cells toward
PCa cells. In enzalutamide-resistant PCa, AR signaling was
reactivated in various ways so that AR drove NAIP expression,
decreasing the sensitivity of PCa cells to CD8 + cytotoxic cells
(Ardiani et al., 2014). Therefore, a combined therapy using T cell
immunotherapy with anti-androgen therapy becomes ideal for
PCa management (Sanchez et al., 2013).

ANDROGEN RECEPTOR SIGNALING IN
CROSS TALK BETWEEN
MACROPHAGES AND PROSTATE
CANCER

As the most predominant immune cells within the PCa
microenvironment, macrophages play a central role in PCa
development including cell survival, cell invasion, angiogenesis,
lineage plasticity, and anti-androgen resistance. Macrophages
can be classified into pro-inflammatory/anti-tumoral M1 type
and anti-inflammatory/pro-tumoral M2 type. Typically, M2
macrophages, featured with high IL-10 production, increasingly

infiltrate PCa, and this infiltration is strongly correlated with
PCa aggressiveness (Comito et al., 2014). Studies demonstrated
that PCa could promote differentiation and polarization
of macrophages. PCa-derived IL-6, SDF1, and antimicrobial
peptide LL-37 (leucin leucin 37) could promote M1–M2
differentiation/polarization (Comito et al., 2014; Cha et al., 2016),
which in turn increased PCa invasiveness. Indeed, depletion
of M2 macrophages remarkably inhibited tumor progression
in various mouse tumor models (Sica et al., 2008), including
PCa. Previous studies revealed that there was much more
macrophage infiltration in PCa compared to matched normal
tissues, monitored by the specific macrophage marker CD68 (Zhu
et al., 2006; Fang et al., 2013), suggesting that macrophages may
play a role in PCa tumorigenesis. In an experimental setting
mimicking in vivo cell–cell interaction, Fang et al. (2013) applied
the coculture system using immortalized prostate epithelial
cells (RWPE-1) and macrophages (THP-1) to induce prostate
tumorigenesis. The results demonstrated that RWPE-1 cells
cocultured with THP-1 cells could well differentiate into prostate
spheres and had better ability to develop tumor in xenografted
mouse models, and strengthening macrophage infiltration can
promote PCa tumorigenesis.

Castration further increased the infiltration of M2
macrophages into PCa (Lin et al., 2013; Yuri et al., 2020), and
this recruitment of macrophages by ADT may be attributable
to CCL2 production from PCa cells (Tsai et al., 2018). One
publication illustrated that a transcriptional repressor of CCL2,
SPDEF (SAM pointed domain-containing ETS transcription
factor), was positively regulated by AR. ADT inactivated AR
transcriptional activity to reduce the transcription of SPDEF,
which in turn promoted the expression of CCL2. CCL2 bound
its receptor CCR2 on macrophages in a paracrine manner and
enhanced their recruitment to PCa cells (Tsai et al., 2018).
Furthermore, the infiltrated macrophages would enhance PCa
invasion/metastasis via downregulating AR and activating
STAT3 signaling. Chang et al. found that coculture of THP-1
with PCa cells led to AR reduction in PCa cells (Izumi et al.,
2013). They also identified that PIAS3 was an AR-inducible
gene, which was transcriptionally decreased in the presence
of THP-1 cells. Without the negative regulator PIAS3, STAT3
signaling was activated and drove PCa invasion/metastasis.
Nevertheless, how AR is reduced when PCa cells receive the
signals from macrophages remains unknown and requires
additional investigation.

Androgen receptor seemingly acts as a tumor-suppressing
factor in PCa-associated macrophages. According to Izumi
et al. (2013), AR knockdown in THP-1 cells promoted the
expression of CCL2, which bound its receptor CCR2 on PCa cells
and activated STAT3-mediated EMT (epithelial mesenchymal
transition) and cell invasion/metastasis. However, studies also
showed that androgen had the capacity to promote M2
macrophage polarization (Becerra-Diaz et al., 2018; Larsson et al.,
2020), supporting the tumor-promoting role of AR signaling
in PCa-associated macrophages. Indeed, conditioned medium
from PMA-activated THP-1 cells with R1881 stimulation
could promote cell migration and cell invasion of CWR-R1
PCa cells without affecting their proliferating ability in vitro
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(Cioni et al., 2020). By applying ChIP-seq and Ingenuity Pathway
Analysis, they identified that TREM-1 signaling was remarkably
enriched in R1881-treated THP-1 cells compared to vehicle-
treated ones, and AR physically bound to the proximal or
distal upstream region of various genes related to TREM-
1 signaling, implying that AR transcriptionally regulates the
expression levels of these genes to control TREM-1 signaling.
Further explorations revealed that several chemokines such as
CCL2, CCL7, CCL13, and CXCL8 secreted by R1881-stimulated
THP-1 were responsible for PCa migration. Importantly, TREM-
1 signaling inhibitory peptide LP17 could block the R1881-
stimulated production of these chemokines in THP-1 cells and
attenuate the associated PCa migration.

THE ROLE OF ANDROGEN RECEPTOR
IN CROSS TALK BETWEEN NATURAL
KILLER CELLS AND PROSTATE CANCER

Natural killer (NK) cells are cytotoxic lymphocytes which
play an important role in the regulation of innate immune
response (Vivier et al., 2011; Perera Molligoda Arachchige, 2021).
Accumulating evidence suggests that the infiltration of NK cells
is greater in PCa than that in normal prostate tissues (Lin et al.,
2017; Wu et al., 2020) and castration amplifies this phenomenon.
By using the coculture system, Galustian et al. confirmed that
PCa cells had a stronger ability to enhance IL-15-mediated
expansion and cytotoxicity of NK cells than non-cancerous cell
lines (PNT2 and WPMY-1) (Sakellariou et al., 2020), suggesting
that the human body applies a protective strategy against PCa by
activating NK cells. Accordantly, another study showed that AR
could transcriptionally regulate the expression of NK inhibitory
ligand LLT1 (lectin-like transcript 1) in PCa cells (Tang et al.,
2020). Castration led to a short decline of AR activity so that the
LLT1 level was reduced, eventually contributing to the expansion
and activation of NK cells.

Specifically, the recruited NK cells could suppress
the progression of CRPC by selectively degrading ARv7

(Lin et al., 2017), the most important AR variant determining
CRPC growth and drug resistance (Antonarakis et al., 2014;
Scher et al., 2016; Wang et al., 2017). NK cells could not only
sensitize CRPC cells to anti-androgen treatment but also inhibit
cell invasion of CRPC cells. More importantly, the suppression
effect of NK cells on CRPC progression could be attenuated by
the introduction of ARv7 into PCa cells. NK cells allowed CRPC
cells to express high levels of miR-34 and miR-449, which bound
the 3′-UTR of ARv7 and caused its degradation (Lin et al., 2017).
As the direct downstream effect of ARv7, EZH2 was reduced
upon NK cell treatment and was the key causal factor controlling
PCa invasion. All these data indicate that targeting ARv7 or
EZH2 may overcome CRPC progression.

CROSS TALK BETWEEN MAST CELLS
AND PROSTATE CANCER

Mast cells are immune cells originated from myeloid stem
cells. The wide distribution of mast cells across various tissues
suggests that they act as key players to regulate a variety of
physiological and pathological functions (Halova et al., 2012;
Krystel-Whittemore et al., 2015). Typically, mast cells can be
classified into intra-tumoral and peri-tumoral mast cells based
on their location in specific tissues. Intra-tumoral mast cells
exert a protective role to prevent cancer development while
peri-tumoral mast cells support tumor growth (Fleischmann
et al., 2009). Evidence supports the tumor-promoting role
of mast cells in PCa owing to their peri-tumoral addiction
(Johansson et al., 2010). Castration with ADT stimulates mast
cell recruitment. Chang et al. used the coculture system to
identify several chemoattractants including IL8, adrenomedullin
(AM), and CCL8 as key molecules indispensable for mast cell
recruitment (Dang et al., 2015). Interestingly, the expression
levels of these cytokines were tightly regulated by AR. Castration-
mediated AR inhibition increased the expression levels of IL8,
AM, and CCL8 in PCa cells so that more mast cells were
attracted. Their results also revealed that the recruited mast cells

TABLE 2 | The role of AR in PCa stromal cells.

Cell type The role of AR Effect on PCa References

Endothelial cells Is involved in TNF-induced apoptosis Inhibits progression Ling et al., 2002

Induces VEGF-A and VCAM-1 expression, promotes
proliferation

Promotes progression Cai J. et al., 2011; Eisermann
et al., 2013; Torres-Estay et al.,
2017

CD4 T cells Decreases IFN-γ production and suppresses CD4 T cell
proliferation

Inhibits progression Kissick et al., 2014

Fibroblasts Upregulates FGF-2 and FGF-10 levels Promotes initiation Ricke et al., 2012

Decreases cell proliferation while increase cell migration
of fibroblasts cells

Castoria et al., 2011, 2014

Negatively regulates the expression levels of CCL2,
CCL8, M-CSF and IFN-γ

Inhibits invasion Cioni et al., 2018; Palethorpe
et al., 2018

Regulates cytokines secretion Increases growth invasion Niu et al., 2008; Liao et al.,
2017

Macrophages Negatively regulates the expression levels of CCL2 Inhibits invasion Izumi et al., 2013

Promotes M2 macrophages polarization and regulates
TREM-1 signaling

Promotes invasion Becerra-Diaz et al., 2018; Cioni
et al., 2020
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FIGURE 3 | Cartoon showing the role of AR in cross talks between stromal cells and prostate cancer (PCa) cells.

could drive neuroendocrine (NE) and stemness differentiation
of PCa cells (Li et al., 2015), promoting cancer invasion and
tumor metastasis. According to their data, miR-32 upregulation
in PCa after AR inhibition was the causal factor determining
NE differentiation. However, the targets of miR-32, potentially
the direct downstream effectors regulating NE differentiation, are
still not yet identified.

Evidence also revealed that infiltrating mast cells could
enhance the occupation of the HOTAIR/PRC2-suppressing
complex at the upstream promoter region of the AR gene locus,
leading to the suppressive transcription of AR (Li et al., 2015).
The exact role of AR in mast cells in regard to PCa growth and
invasion/metastasis is another direction for further investigation.

CONCLUSION AND FUTURE
PERSPECTIVE

Although clinical evidence suggests that stromal AR is gradually
lost as PCa progresses to advanced stage, experimental results
indicate that the role of AR in stromal cells is complicated
(Table 2) and is still open for investigation. Stromal cells (CAFs,
BM-MSCs, endothelial cells, CD4 + T cells, macrophages, NK
cells, and mast cells) are clearly observed in PCa and castration
with ADT or anti-androgen treatment further increasing the
infiltration, leading to AR reduction (Figure 3). Although AR
reduction retards PCa growth, it promotes PCa cell invasion
and tumor metastasis. Further explorations support that AR

inhibition increases the populations of cancer stem-like cells
and neuroendocrine cells, which are widely viewed as AR
negative and lethal type of PCa cells with little response to
current treatments. Besides, AR inhibition also releases the
transcriptional suppression on MMP9 and multiple cytokines
(CCL5, CCL2 IL8, IL-1β and more). These cytokines serve as
chemoattractants to recruit stromal cells into PCa. MMP9, as
one of matrix metallopeptidases, can degrade the ECM and
allow PCa cells to invade. From this point of view, although
ADT can slow down PCa tumor growth, it predisposes PCa to
undergo malignant transformation. Therefore, a simultaneous
inhibition of AR signaling and the supporting stimuli from the
surrounding microenvironment or signaling pathways involved
in tumor metastasis is a promising therapeutic strategy to battle
against PCa progression.
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