
Frontiers in Oncology | www.frontiersin.org

Edited by:
Francesca Pirini,

Istituto Scientifico Romagnolo per lo
Studio e la Cura dei Tumori (IRCCS),

Italy

Reviewed by:
Kenichi Takayama,

Tokyo Metropolitan Institute of
Gerontology, Japan

Swathi Ramakrishnan,
University at Buffalo, United States

*Correspondence:
Michele Iuliani

m.iuliani@unicampus.it

†These authors share first authorship

‡These authors share last authorship

Specialty section:
This article was submitted to

Molecular and Cellular Oncology,
a section of the journal
Frontiers in Oncology

Received: 05 October 2021
Accepted: 22 November 2021
Published: 13 December 2021

Citation:
Ribelli G, Simonetti S, Iuliani M,
Rossi E, Vincenzi B, Tonini G,

Pantano F and Santini D (2021)
Osteoblasts Promote Prostate Cancer

Cell Proliferation Through Androgen
Receptor Independent Mechanisms.

Front. Oncol. 11:789885.
doi: 10.3389/fonc.2021.789885

ORIGINAL RESEARCH
published: 13 December 2021

doi: 10.3389/fonc.2021.789885
Osteoblasts Promote Prostate
Cancer Cell Proliferation Through
Androgen Receptor Independent
Mechanisms
Giulia Ribelli 1†, Sonia Simonetti 1†, Michele Iuliani1*, Elisabetta Rossi2,3, Bruno Vincenzi1,
Giuseppe Tonini1, Francesco Pantano1‡ and Daniele Santini 1‡

1 Department of Medical Oncology, Campus Bio-Medico University of Rome, Rome, Italy, 2 Department of Immunology and
Molecular Oncology, Istituto Oncologico Veneto (IOV) Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS), Padua, Italy,
3 Department of Surgery, Oncology and Gastroenterology, University of Padua, Padua, Italy

Patients with metastatic prostate cancer frequently develop bone metastases that elicit
significant skeletal morbidity and increased mortality. The high tropism of prostate cancer
cells for bone and their tendency to induce the osteoblastic-like phenotype are a result of a
complex interplay between tumor cells and osteoblasts. Although the role of osteoblasts
in supporting prostate cancer cell proliferation has been reported by previous studies,
their precise contribution in tumor growth remains to be fully elucidated. Here, we tried to
dissect the molecular signaling underlining the interactions between castration-resistant
prostate cancer (CRPC) cells and osteoblasts using in vitro co-culture models.
Transcriptomic analysis showed that osteoblast-conditioned media (OCM) induced the
overexpression of genes related to cell cycle in the CRPC cell line C4-2B but, surprisingly,
reduced androgen receptor (AR) transcript levels. In-depth analysis of AR expression in
C4-2B cells after OCM treatment showed an AR reduction at the mRNA (p = 0.0047),
protein (p = 0.0247), and functional level (p = 0.0029) and, concomitantly, an increase of
C4-2B cells in S-G2-M cell cycle phases (p = 0.0185). An extensive proteomic analysis
revealed in OCM the presence of some molecules that reduced AR activation, and among
these, Matrix metalloproteinase-1 (MMP-1) was the only one able to block AR function
(0.1 ng/ml p = 0.006; 1 ng/ml p = 0.002; 10 ng/ml p = 0.0001) and, at the same time,
enhance CRPC proliferation (1 ng/ml p = 0.009; 10 ng/ml p = 0.033). Although the
increase of C4-2B cell growth induced by MMP-1 did not reach the proliferation levels
observed after OCM treatment, the addition of Vorapaxar, an MMP-1 receptor inhibitor
(Protease-activated receptor-1, PAR-1), significantly reduced C4-2B cell cycle (0.1 mM
p = 0.014; 1 mM p = 0.0087). Overall, our results provide a novel AR-independent
mechanism of CRPC proliferation and suggest that MMP-1/PAR-1 could be one of the
potential pathways involved in this process.

Keywords: castration resistance prostate cancer, bone microenvironment, androgen receptor, osteoblasts, matrix
metalloproteinase-1
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INTRODUCTION

Androgen-deprivation therapy is the mainstay for advanced
prostate cancer, but despite the initial success of these
treatments, castration-resistant prostate cancer (CRPC)
inevitably occurs within a few years (1). Multiple mechanisms
of resistance contribute to the progression to castration-resistant
disease and the androgen receptor (AR) remains the most
important driver in this progression (2). At present, the
approved chemotherapies for CRPC include systemic drugs
(docetaxel and cabazitaxel) and agents that target androgen
signaling such as enzalutamide, abiraterone, apalutamide, and
daralutamide (3). Although these treatments confer a significant
survival benefit, over time, the majority of patients inevitably
develop resistance to treatment and their disease progresses.
Several mechanisms have been attributed to these resistances
including AR overexpression or mutations, the expression of
constitutively active AR splice variants, the increase in
intratumoral hormonal synthesis, and the activation of
different growth factor pathways (4–7). At this stage, about
70% of patients develop bone metastases (8) usually associated
with skeletal-related events (SREs) including pathological
fractures, bone pain, and spinal cord compression that severely
affect the patients’ quality of life (9). As widely described in
vicious cycle theory, bone microenvironment represents a fertile
soil where the bi-directional interaction between bone and
cancer cells promotes tumor growth and progression (10–14).
Bone metastases from prostate cancer are predominantly
characterized by an increased osteoblast (OB) activation that,
in turn, influences prostate cancer proliferation. Despite
increasing evidence supporting a key role of OBs within bone
metastatic niche (15–17), their precise contribution in
supporting tumor cell survival and proliferation is not
completely elucidated. From these perspectives, our purpose
was to better elucidate the biohumoral interactions between
OBs and prostate cancer cells in the bone microenvironment.
MATERIALS AND METHODS

Prostate Cancer Cell Line
The C4-2B cell line was gently gifted by Thalman who isolated
them in 1994 (18). C4-2B cells were grown in T-medium (80%
Dulbecco’s modified Eagle’s medium, 20% F12K, 3 g/L NaHCO3,
100 units/L Penicillin G, 100 mg/ml Streptomycin, 5 mg/ml
insulin, 13.6 pg/ml triiodothyronine, 5 mg/ml apo-transferrin,
0.25 mg/ml biotin, and 25 mg/ml adenine) with 10% FBS. The
cells were Mycoplasma free. Green Fluorescent Protein C4-2B
(C4-2B GFP+) cells were obtained transfecting cells with
MISSION® pLKO.1-puro-CMV Turbo GFP™ Positive Control
Transduction Particles (multiplicity of infection: 0.5) (Sigma
Aldrich). Transfected cells were isolated adding 2 mg/ml of
Puromycin. C4-2B Firefly/Renilla (C4-2B FR) cells were
generated transfecting C4-2B cells with androgen receptor
(AR) two luciferase lentiviral particles using Cignal AR
luciferase reporter assay (Qiagen). C4-2B FR were selected
adding 100 mg/ml of Hygromycin and 2 mg/ml of Puromycin.
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Primary Human Osteoblasts
Human primary OBs were obtained from bone marrow samples
of healthy patients undergoing total hip replacement at
Policlinico Universitario Campus Bio-Medico of Rome, Italy.
The procedure was approved by the Ethical Committee of the
Campus Bio-Medico University of Rome and informed consent
from patients was collected in accordance with the Declaration of
Helsinki principles (Prot 21/15 OSS). Bone marrow
mesenchymal stem cells (BM-MSCs) were isolated and
differentiated in OBs as previously described (19). At the end
of the OB differentiation protocol, the positivity for alkaline
phosphatase (ALP) and Alizarin red staining were tested as
previously described (20).

OBs-C4-2B Cell Co-Cultures
For “indirect co-cultures”, osteoblast-conditioned media (OCM)
and C4-2B conditioned-media (C4-2B CM) were collected
respectively from OBs and C4-2B cells after 48 h of androgen
deprivation in T-medium supplemented with 10% of charcoal-
stripped serum. OCM and C4-2B CM were added to C4-2B FR
cells seeded at a confluency of 104 in 96-well plates for AR
activity assay (see paragraph below) and 6 × 104 in 24-well plates
for cell cycle analysis (see paragraph below). For “direct co-
cultures”, C4-2B FR cells were plated (104 in 96 well plates) on an
OB layer for AR activity assay (see paragraph below) and GFP+
C4-2B cells were seeded (5 × 104 in 24-well plates) on an OB
layer for proliferation analysis. To generate growth curves, GFP
signal cells were measured at 24 h, 48 h, 96 h, and 120 h using
Nikon NIS-Elements microscope imaging software. GFP-
fluorescent signal at each time point was normalized to GFP-
fluorescent signal at t0. As control, C4-2B FR cells were cultured
on the C4-2B layer (for AR activity) and GFP+ C4-2B cells were
cultured on the C4-2B layer (for proliferation analysis).

Real-Time PCR
Total RNA was extracted by Trizol reagent (Invitrogen)
according to the manufacturer’s instructions. cDNA was
produced using the High-Capaci ty cDNA Reverse
Transcription kit (Applied Biosystems) according to the
manufacturer’s instructions. mRNA levels were measured by
quantitative real-time polymerase chain reaction (qRT-PCR)
using TaqMan Gene Expression Assays in the 7900HT Real-
Time PCR System (Applied Biosystems). AR (Hs00171172_m1),
KLK3 (Hs02576345_m1), TMPRSS2 (Hs05024838_m1), and
MMP-1 (Hs00899658_m1) expression levels were normalized
to the endogenous housekeeping gene Glucuronidase Beta
(GUSb) (Hs99999908_m1).

Microarray
Gene expression profiling was performed using Clariom™ D
Pico Assay, human (Affymetrix, USA) according to user guide.
Quantile normalization and subsequent data processing were
performed using Applied Biosystems™ Transcriptome Analysis
Console (TAC) Software (Affymetrix, USA). A volcano plot
representing differentially regulated genes was generated using
R software (Vienna University of Economics and Business,
Austria). According to the results of microarray, RNAs with
December 2021 | Volume 11 | Article 789885

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ribelli et al. Osteoblasts Promote Prostate Cancer Proliferation
fold change > 1.5 were marked as significantly differentially
expressed genes (21). Gene set enrichment analysis was
performed using WEBGESTALT (22).

Western Blot
C4-2B FR cells were lysed in RIPA buffer (Sigma-Aldrich) with
protease inhibitor cocktail (Sigma-Aldrich) and phosphatase
inhibitor cocktail (Sigma-Aldrich). Protein concentration was
measured using a DC protein assay (Bio-Rad) following the
manufacturer’s instruction. AR primary antibody (Rabbit mAb,
Cell Signaling), b-actin primary antibody (Mouse mAb, Sigma),
and secondary HRP-conjugated anti-Rabbit or anti-Mouse IgG
Ab (Cell Signaling) were used. Immunoreactive bands were
visualized by ChemiDoc MTP Imaging System (Bio-Rad) and
their intensity was quantified using ImageJ software.

AR Luciferase Activity Assay
C4-2B FR cells were treated with OCM or C4-2B CM. After 24 h,
AR activation was quantified using Dual-Luciferase Reporter
Assay (Promega) following the manufacturer’s instructions.
Firefly and Renilla luciferase signals were measured
sequentially by a spectrofluorometer (Tecan Infinite M200Pro).
AR activity was determined normalizing firefly luciferase signal
with Renilla luciferase signal (constitutively expressed signal).
Specificity of the luciferase signal was checked treating C4-2B FR
cells with AR agonist R1881 (1 nM) and AR-antagonist
enzalutamide (35 mM) (Supplementary Figure 1).

Cell Cycle Analysis
Cell cycle analysis was performed on C4-2B FR cells treated with
OCM or C4-2B CM for 96 h. Cell cycle was analyzed using the
following gating strategy (Figure 1) (23). Briefly, cells were fixed
and permeabilized with Foxp3/Transcription Factor Staining
Buffer Set (Thermofisher eBioscience) for intracellular staining
with anti-Ki67-APC antibody (clone 20Raj1 eBioscience) and a
Propidium Iodide (PI) solution (50 mg/ml PI+ 40 ng/ml RNAseA+
0.1% of Triton) (Sigma). Dead cell exclusion was performed with
Fixable Viability Dye conjugated with eFluor780 fluorochrome
(Affimetrix eBioscience). Samples were analyzed by CytoFlex
instrument (Beckman Coulter) and using CytExpert Software,
v.2.1. Raw data of cell cycle phases (percentage) are summarized
in Supplementary Figure 2.

Proteomic Assay
Proteomic profile analysis was performed on OCM or C4-2B
CM. A panel of 507 human target proteins was analyzed using
the human antibody Array Membrane Kit (RayBiotech)
according to the manufacturer’s instructions. Band signal was
detected by ChemiDoc MTP Imaging System (Bio-Rad), and
their intensity was quantified using ImageLab Software
(Bio-Rad).

Statistical Analysis
Data were analyzed using the Student’s t-test and one-way
ANOVA test followed by Tukey’s multiple comparison tests.
The graphics processing and statistical tests were performed
using the program GraphPad Prism (San Diego, CA).
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RESULTS

Osteoblasts Modulate CRPC Cell
Gene Profile
To evaluate if OB-secreted factors influence gene expression
profile of CRPC cells, transcriptomic analysis was performed on
C4-2B cells treated with OCM and C4-2B CM (as control).
Pathway enrichment analysis revealed a significant upregulation
of cell cycle signaling pathways [false discovery rate (FDR)
adjusted p-value ≤ 0.05] in C4-2B cells treated with OCM
compared to control, suggesting that OCM could promote
cancer proliferation. Surprisingly, AR, which represents the
major driver in prostate cancer proliferation, resulted among
the genes that were significantly downregulated (Figure 2).

Soluble Osteoblast Factors Inhibit AR and
Promote CRPC Cell Proliferation
To dissect the effect of OB-secreted factors on AR signaling, we
performed an “indirect” co-culture treating C4-2B FR cells with
OCM or with C4-2B CM. Data confirmed that AR expression
was downregulated in terms of mRNA (p = 0.0047), protein
levels (p = 0.0247), and AR activity (p = 0.0029) when C4-2B FR
cells grew in the presence of OCM compared to control (C4-2B
CM) (Figures 3A–C). In addition, we found that OCM
treatment significantly reduced mRNA levels of AR target
genes such as Kallikrein Related Peptidase 3 (KLK3) (p = 0.02)
and Transmembrane Serine Protease 2 (TMPRSS2) (p = 0.06) in
C4-2B FR cells (Figure 3D). Next, we evaluated the effect of
OCM on CRPC cell proliferation by flow cytometry. Data
showed that OCM treatment increased the percentage of C4-
2B in G1 (p = 0.0477) and S-G2-M (p = 0.0185) phases, but
reduced the percentage of Ki-67-PI-resting cells in G0 phase (p =
0.0313) (Figure 4).

We obtained similar results co-culturing CRPC cells and OBs
in cell–cell contact models. In particular, we set up a “direct”
OBs/C4-2B FR co-culture seeding C4-2B FR cells on an OB
monolayer or C4-2B FR cells on a C4-2B cell monolayer as
control. Data confirmed a significant reduction of AR activity
(p = 0.020) (Figure 5A) and a concomitant increase of C4-2B
GFP+ cell proliferation when cancer cells grew in the presence of
OBs. In particular, the presence of OBs augmented C4-2B GFP+
growth at 48 h (p = 0.006), 96 h (p = 0.006), and 120 h (p =
0.004) (Figure 5B).

Analysis of Osteoblast Secretome
Identifies MMP-1 as a Key Mediator of
CRPC Proliferation AR Independent
To identify potential OB soluble factors involved in AR reduction
and/or CRPC proliferation, an extensive proteomic analysis was
performed on OCM and C4-2B CM. Secretome analysis
identified a subset of 154 molecules that were differentially
expressed between OCM and C4-2B CM. After filtering
analysis based on the factors overexpressed in OCM, with a
fold change > 2, we identified 9 soluble molecules: TIMP
metallopeptidase inhibitor 2 (TIMP-2), TIMP metallopeptidase
inhibitor 1 (TIMP-1), Monocyte chemoattractant protein-1
December 2021 | Volume 11 | Article 789885
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A B

FIGURE 2 | Transcriptomic analysis on C4-2B FR treated with OCM and C4-2B CM. (A) Gene set enrichment analysis and (B) Volcano plot of down- (blue) and
upregulated genes (red) in C4-2B FR treated with OCM (fold change ˃1.5). Top 10 genes ranked by enrichment score for gene set “cell cycle R-HAS-1640170
REACTOME” and androgen receptor (AR) are labeled.
FIGURE 1 | Gating strategy for C4-2B cell cycle. Cells are stained with FVD to exclude death cells (FVD+). Gating strategy based on Forward and Side scatter is shown.
Frontiers in Oncology | www.frontiersin.org December 2021 | Volume 11 | Article 7898854
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FIGURE 4 | Combination of PI and Ki-67 staining in C4-2B FR cells treated with OCM. Schematic representation of C4-2B cells percentage in G0, G1, and S-G2-M
phases after OCM treatment with average value (bar). Cytometry profiles are representative of data from 4 different experiments. *p < 0.05.
A B

C D

FIGURE 3 | AR and AR-target gene expression in C4-2B FR cells after OCM treatment. (A) AR mRNA levels normalized for the housekeeping b-glucoronidase
(GUS-b). Values are expressed as fold change relative to the control. (B) Representative image and schematic representation of AR protein expression normalized for
the housekeeping b-actin. (C) AR activity of C4-2B FR cells measured as firefly luciferase signal normalized with Renilla luciferase signal (housekeeping control). (D)
KLK3 and TMPRSS2 mRNA levels were normalized for the housekeeping b-glucoronidase (GUS-b). Values are expressed as fold change relative to the control.*p <
0.05; **p < 0.001.
Frontiers in Oncology | www.frontiersin.org December 2021 | Volume 11 | Article 7898855

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Ribelli et al. Osteoblasts Promote Prostate Cancer Proliferation
(MCP-1), C-X-C Motif Chemokine Ligand 2 (CXCL-2), C-X-C
Mo t i f Ch emok i n e L i g a n d 1 (CXCL - 1 ) , Ma t r i x
metalloproteinase-1 (MMP-1), Dickkopf-1 (DKK-1),
Ectodysplasin A2 (EDA-A2), and Insulin Like Growth Factor
Binding Protein 7 (IGFBP-7) (Figure 6).

To investigate if one or some of these factors influenced AR
activity, we treated C4-2B FR cells with C4-2B CM adding
different dosages of each molecule (Supplementary
Figure 3A). We found that DKK-1 (1 ng/ml p = 0.03; 10 ng/
ml p = 0.04), EDA-A2 (1 ng/ml p = 0.04; 10 ng/ml p = 0.03),
IGFBP-7 (50 ng/ml p = 0.03), and MMP-1 (0.1 ng/ml p = 0.006; 1
ng/ml p = 0.002; 10 ng/ml p = 0.0001) significantly reduced AR
activity (Figure 7).

Then, we tested the effect of these factors on CRPC
proliferation through flow cytometry. Data showed that only
MMP-1 was able to increase S-G2-M phases (1 ng/ml p = 0.009;
10 ng/ml p = 0.033) (Figure 8A and Supplementary Figure 3B).
Based on these results, we performed further analyses to confirm
the direct involvement of MMP-1 in AR signal downregulation
Frontiers in Oncology | www.frontiersin.org 6
and CRPC proliferation. In particular, data showed that MMP-1
significantly reduced ARmRNA levels (0.1 ng/ml p = 0.024; 1 ng/
ml p < 0.001; 10 ng/ml p < 0.001) (Supplementary Figure 4).
Moreover, to confirm that MMP-1 is directly involved in CRPC
proliferation through the activation of its receptor, Protease-
activated receptor-1 (PAR-1), we treated C4-2B FR with OCM
plus Vorapaxar (0.01 mM, 0.1 mM, and 1 mM), a specific PAR-1
inhibitor. As shown in Figure 8B, Vorapaxar significantly
reduced S-G2-M cell cycle phases (0.1 mM p = 0.014; 1 mM p =
0.0087), confirming that MMP-1/PAR-1 could be one of the
signaling pathways involved in AR-independent CRPC proliferation.
DISCUSSION

Our results provide a novel AR-independent mechanism of
CRPC proliferation mediated by OBs. In the current study, we
demonstrated that OB-secreted factors reduced AR activity, but,
surprisingly, induced the growth of prostate cancer cells.
FIGURE 6 | Waterfall plot of soluble molecules differentially expressed in OCM compared to C4-2B CM (expressed as fold change). Proteomic analysis was
performed on OCM pooled from three different donors and C4-2B CM from three different cell passages; molecules overexpressed in OCM with a fold change > 2
(blue) and downregulated fold change < 2 (yellow) are reported.
A B

FIGURE 5 | AR activity C4-2B FR cells and proliferation analysis of C4-2B GFP+ cells in “direct” co-culture with OBs. (A) AR activity measured as firefly luciferase
signal normalized with Renilla luciferase signal (housekeeping control). (B) Representative images of direct co-cultures captured at 24, 48, 96, and 120 h after C4-2B
GFP+ cell (green) seeding; scale bar = 100 mm. Proliferation curves C4-2B GFP+ cells co-cultured with OBs (red) or C4-2B as control (blue). GFP+ signal at each
time point was normalized with GFP signal at baseline *p < 0.05; **p < 0.001.
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Proteomic analysis identified some soluble factors highly
expressed in OCM compared to C4-2B CM, and, among these,
four molecules were able to reduce AR activation, namely, DKK-
1, MMP-1, EDA-A2, and IGFBP-7. Intriguingly, MMP-1 had the
ability to decrease AR signal and, concomitantly, enhance
prostate cancer cell proliferation. However, the increase in C4-
2B cell growth induced byMMP-1 did not reach the proliferation
levels observed after OCM treatment, suggesting that MMP-1
may not be the only factor responsible for AR-independent
CRPC proliferation. MMP-1 is a potent agonist for PAR1, a G-
protein-coupled receptor (GPCR) that plays critical roles in
thrombosis, inflammation, and vascular biology (24).
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Moreover, several lines of evidence reported that PAR1 is also
involved in the invasive and metastatic processes of various
cancers (25–29). Thus, to evaluate if the MMP-1/PAR-1 axis
was involved in OB-mediated CRPC proliferation, we treated
C4-2B cells with Vorapaxar, a specific PAR-1 inhibitor.
Intriguingly, C4-2B cell cycle was significantly reduced after
treatment, confirming the potential role of MMP-1/PAR-1
pathway in tumor growth. Some studies reported that MMP-1
was mainly secreted by stromal cells, such as OBs and fibroblasts,
in prostate and breast tumor microenvironment and promoted
cancer cell migration and invasion through PAR-1 signaling (30, 31).
In addition, cDNA microarray analysis revealed an increased
A B

FIGURE 8 | Combination of PI and Ki-67 staining in C4-2B FR cells treated with OCM. Schematic representation of C4-2B cells percentage in S-G2-M phases
treated with C4-2B CM supplemented with MMP-1 (A) and with OCM in the presence of different dosages of vorapaxar (B). *p < 0.05; **p < 0.001.
FIGURE 7 | AR activity of C4-2B FR cultured in C4-2B CM supplemented with DKK-1, EDA-A2, IGFBP-7, and MMP-1; *p < 0.05; **p < 0.001.
December 2021 | Volume 11 | Article 789885
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expression of PAR1 on bone-derived prostate cancer cell lines (32),
confirming the role of bone microenvironment in promoting
MMP-1/PAR1 pathway activation.

Similar to the current study, previous papers reported that
OBs contribute to prostate tumor proliferation in in vitro co-
culture models of OBs and prostate cancer cell lines (33–36). In
particular, Blaszczyket et al. demonstrated that interleukin-6
secreted by OBs stimulated the androgen-independent
proliferation of prostate cancer cells by a mechanism that was
partially AR dependent (33). However, data were obtained on
LNCaP cells, a hormone-sensitive prostate cancer cell line that
differs from C4-2B cells, which represent the best characterized
castration-resistant bone metastatic model (37). In addition,
Thulin and colleagues reported a key role of OBs as mediators
of CRPC cell growth in bone through the stimulation of the
intratumoral steroidogenesis. Differently from us, the authors
used immortalized murine calvarial cell line MC3T3-E1 that did
no t comp l e t e l y r e semb le the phys i o log i c a l bone
microenvironment (34). More recently, another study
proposed an interesting in vitro 3D model to investigate the
OBs/prostate cancer cell crosstalk. This more complex co-culture
system highlighted the crucial involvement of OBs in prostate
cancer progression (35). Moreover, preclinical studies showed
that prostate cancer cells induced a strong osteogenic response
(36) as well as the co-injection of bone stromal cells and human
prostate cancer cells enhanced tumor formation in mice (17, 38).
However, how osteoblasts supported tumor growth was not fully
clarified. Sung et al. (17) identified extracellular matrix proteins
versican and tenascin and chemokine ligands CXCL5 and
CXCL16, released by stromal cells, as potential mediators of
prostate cancer cell proliferation. Moreover, transcriptomic
analysis of the stroma compartment of bones xenografted with
human CRPC cells showed that some genes were upregulated in
mouse stromal cells including PTN, EPHA3, and FSCN1 (39).
These data suggest that a combination of stromal secreted
factors, rather than one, could provide a support for prostate
cancer cells. Taken together, these lines of evidence highlight the
crucial role of bone microenvironment in supporting prostate
cancer progression, but the identification of the cellular and
molecular determinants remains an important unsolved question.

In this complex but fascinating scenario, our results reveal a
novel potential mechanism of proliferation induced by OBs
through an AR-independent mechanisms. Paradoxically, we
found that AR signaling remained very low in bone
microenvironment, and these findings have been confirmed at
different levels, i.e., mRNA, protein, and functional activity.
Although we consider this phenomenon real, we are not able
to insert it in any biological frameworks given by previous
literature data. Indeed, to our knowledge, no identified
pathway can simultaneously inhibit AR and stimulate CRPC
proliferation. Thus, MMP-1/PAR-1 could be one of the potential
pathways able to promote AR-independent CRPC proliferation.
However, further extensive investigations are warranted to
completely elucidate the mechanisms that fully explain the
data we observed. This represents the major limitation of
the study.
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To date, all mechanisms identified as responsible for CRPC
progression or resistance to antiandrogens directly involved AR
signaling. These include AR amplification and hypersensitivity
(40), AR mutations (41), alterations in coactivators/
corepressors (42), androgen-independent AR activation (43),
intratumoral and alternative androgen production (44), and AR
splice variants (45, 46). Here, we found that the AR axis could
not be the only driver of disease progression, in bone metastatic
niche, but it could be bypassed by alternative signaling
pathways. Indeed, this inhibitory effect exerted by OB on AR
activity could induce tumor cells to promote alternative
molecu la r pa thways o f pro l i f e ra t ion . Thus , bone
microenvironment could provide novel potential mechanisms
of resistance to second-generation AR inhibitors and, in
particular, the MMP-1/PAR-1 axis could represent a new
druggable pathway deserving of further studies.
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