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Abstract
Prostate cancer represents the major cause of cancer-related death in men and patients frequently develop drug-
resistance and metastatic disease. Most studies focus on hormone-resistance mechanisms related to androgen
receptor mutations or to the acquired property of prostate cancer cells to over-activate signaling pathways. Tumor
microenvironment plays a critical role in prostate cancer progression. However, the mechanism involving androgen/
androgen receptor signaling in cancer associated fibroblasts and consequences for prostate cancer progression still
remains elusive. We now report that prostate cancer associated fibroblasts express a transcriptional-incompetent
androgen receptor. Upon androgen challenging, the receptor co-localizes with the scaffold protein filamin A in the
extra-nuclear compartment of fibroblasts, thus mediating their migration and invasiveness. Cancer-associated
fibroblasts move towards epithelial prostate cancer cells in 2D and 3D cultures, thereby inducing an increase of the
prostate cancer organoid size. Androgen enhances both these effects through androgen receptor/filamin A complex
assembly in cancer-associated fibroblasts. An androgen receptor-derived stapled peptide, which disrupts the
androgen receptor/filamin A complex assembly, abolishes the androgen-dependent migration and invasiveness of
cancer associated fibroblasts. Notably, the peptide impairs the androgen-induced invasiveness of CAFs in 2D models
and reduces the overall tumor area in androgen-treated 3D co-culture. The androgen receptor in association with β1
integrin and membrane type-matrix metalloproteinase 1 activates a protease cascade triggering extracellular matrix
remodeling. The peptide also impairs the androgen activation of this cascade. This study offers a potential new marker,
the androgen receptor/filamin A complex, and a new therapeutic approach targeting intracellular pathways activated
by the androgen/androgen receptor axis in prostate cancer-associated fibroblasts. Such a strategy, alone or in
combination with conventional therapies, may allow a more efficient treatment of prostate cancer.

Introduction
Prostate cancer (PC) represents the most common

cancer in men over the age of 50 and skills currently
available for its treatment include active surveillance,
beam therapy, radical prostatectomy and pharmacologic

approaches, mainly the androgen deprivation therapy
(ADT; refs. 1,2). ADT still represents the standard treat-
ment for PC patients, since androgens influence PC
initiation and progression. ADT inhibits, indeed, PC
growth and progression. Despite considerable efforts in
the development of new androgen/androgen receptor
(AR) antagonists, such as abiraterone and enzalutamide,
current treatments often fail to achieve long-term efficacy
and most patients relapse and develop castrate-resistant
PC (CRPC), frequently characterized by metastatic
spreading3.
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Tumor microenvironment is made up of a variety of
stromal and inflammatory cells. Among them, cancer-
associated fibroblasts (CAFs) are recruited by cancer cell-
secreted factors, thereby participating in the cross talk
with tumor cells. Once ‘activated’, CAFs reorganize the
structure and composition of the connective tissue by
depositing extracellular matrix (ECM) and releasing
cytokines, as well as growth factors that remodel ECM,
increase tumor stiffness and induce growth, invasiveness
and drug-resistance of transformed epithelial cells4.
Prostate CAFs enhance the gland transformation and
promote PC progression5–7. In addition, they constitute a
‘niche’ that sustains the function of cancer stem cells
(CSCs), thus promoting metabolic re-programming of PC
cells or their epithelial–mesenchyme transition (EMT;
refs. 8,9) and metastatic spreading5,10,11.
Immunohistochemistry (IHC) analysis has shown that AR

expression is very high in non-malignant stroma, as com-
pared to PC stroma11–13 and significant levels of the
receptor have been detected in CAFs from human PC spe-
cimens14. Thus it is largely recognized that prostate CAFs
express AR15, although its role and function in PC is still
conflicting15. Stromal AR induces prostatic intraepithelial
neoplasia (PIN) or metastatic events16,17. It might direct
fibroblasts towards PC epithelial cells upon a local increase
of androgen levels, as frequently occurs in PC18. Thereafter,
the stromal receptor might induce changes in the tumor
microenvironment composition and stimulate the release of
growth factors, thus enabling metastatic events19.
We previously reported that normal primary or

immortalized fibroblasts and fibro-sarcoma cells express
low, but significant levels of AR. Upon androgen challen-
ging, these cells undergo migration as a consequence of a
bipartite AR/filamin A (FlnA) complex assembly in the
extra-nuclear cellular compartment20–22. Such complex
also regulates the neuritogenesis induced by androgens or
nerve growth factor (NGF) in neuronal cells23, as well as
the motility induced by NGF in PC-derived LNCaP cells24.
We now report that most of prostate CAFs from human

specimens analyzed express appreciable amounts of AR. The
androgen-triggered AR/FlnA complex drives migration and
invasiveness of CAFs, as an AR-derived stapled peptide,
specifically preventing the AR/FlnA complex assembly in
androgen-treated CAFs, inhibits these responses. Similar
findings are observed by siRNA FlnA experiments, thus
reinforcing the role of AR/FlnA complex in androgen-
induced motility and invasiveness in CAFs. CAFs are
recruited by PC epithelial cells in in vitro 2D co-culture
experiments and mediate a significant increase of PC orga-
noid area, through ECM remodeling. Hormone stimulation
enhances both these effects, which are drastically inhibited
by the AR/FlnA complex interfering peptide.
In sum, the potential role of signaling activated by the

androgen/AR axis that impinges on AR/FlnA complex

assembly is here investigated in CAFs. Targeting the AR/
FlnA complex by a stapled peptide offers a potential new
strategy in PC therapy.

Materials and methods
Chemicals, stapled peptide synthesis and constructs
R1881 and dihydro-testosterone (DHT; both from

Sigma-Aldrich St. Louis, MO, USA) were used at 10 nM.
Enzalutamide (Selleck-chem, Munich, Germany) was
used at 10 μM. Unless otherwise stated, enzalutamide was
added 30 min before hormonal stimulation. The stapled
peptide Rh-2025u was designed and synthesized as
reported21. It was used at 10 nM and added 30min before
hormonal stimulation. Briefly, Rh-2025u peptide was
synthesized by 9-fluorenylmethoxycarbonyl (Fmoc)/ tert-
butyl solid-phase method with an Applied Biosystem
peptide synthesizer A431. The peptide was assembled on
TentaGel R RAm resin and coupling reactions were
conducted using the HBTU-HOBt method. N-terminal
primary amines were acetylated21 and Fmoc-S5-OH was
coupled manually in 3-fold molar excess in the presence
of HBTU, HOBT, and diisopropylethylamine (DIEA). The
ring-closing metathesis reaction was performed on the N-
terminal acetylated peptide while still on the solid sup-
port21. Cleavage of peptide from the resin was achieved
with a trifluoroacetic acid/water/triisopropylsilane mix-
ture (92.5/5/2.5, v/v) for 3 h. After the resin had been
removed by filtration, the filtrate was concentrated and
crude peptides were precipitated with diethyl ether. Crude
peptide was purified using reversed phase high-
performance liquid chromatography (RP-HPLC) on a
preparative C4 column (BioAdvantage Pro 300, Thomson
Liquid Chromatography) with a water/acetonitrile solvent
system containing trifluoroacetic acid. Purified stapled
peptide was characterized by matrix-associated laser
desorption ionization time-of-flight mass spectrometry
(MALDI micro MX, Waters, Milford, Massachusetts, MA,
USA) and RP-HPLC on an analytical C18 column (Eclipse
XDB-C18, Agilent, Santa Clara, CA, USA). The purity of
the peptide was found to be >95%.
cDNA encoding for the wild-type human AR (hAR) was

in pSG525. The 3416 construct was cloned in the NheI site
in pTK-TATA-Luc26.

Cell cultures
All the cell lines here used were from Cell Bank Interlab

Cell Line Collection (ICLC- Genova-Italy) and authenti-
cated by the supplier for DNA profile by Short Tandem
Repeat (STR) analysis. The cells were maintained at 37 °C
in humidified 5% CO2 atmosphere. Media and supple-
ments were from Gibco (Thermo Fisher Scientific; Wal-
tham, MA USA). PC-derived fast-growing LNCaP cells
were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS), penicillin (100 U/ml), streptomycin
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(100 U/ml), glutamine (2 mM), sodium pyruvate (1 mM)
and non-essential amino acids (0.1 mM). Three days
before stimulation, LNCaP cells were made quiescent
using phenol red-free RPMI-1640 medium containing
10% charcoal-stripped serum (CSS), penicillin (100 U/ml),
streptomycin (100 U/ml) and 0,02 U/l insulin. PC-derived
PC3 and DU145 cells were cultured and made quiescent
as reported27. Breast cancer-derived MCF-7 and T47D
cells were grown as described20,21. Primary human normal
fibroblasts (HNFs; from Invitrogen Carlsbad, California,
USA) were cultured according to manufacturer’s
instructions. Cell lines were routinely monitored for
Mycoplasma contamination and expression of steroid
receptors. Hormone responsiveness of LNCaP, MCF-7
and T47D cells was evaluated by BrdU incorporation
analysis. Primary prostate CAFs were obtained from PC
patient biopsies. Informed consent was obtained for
experimentation in human subjects. The ethical Com-
mittees approved the study (IRST and Area Vasta
Romagna; IRST B.072; 22/03/2017 and PC-StAR Project;
University ‘L. Vanvitelli’ B.684; 18/12/2017). PC grade was
identified using histopathological analysis of stained fro-
zen sections by Gleason’s score. Fresh tissue fragments
adjacent to PC were cut into small fragments. CAFs were
separated from epithelial cells after enzymatic digestion5

and plated in six-well dishes. Cells were cultured in
DMEM supplemented with 10% FBS, penicillin (10 U/ml),
streptomycin (100 μg/ml), glutamine (2 mM), insulin
(5 μg/ml), transferrin (5 μg/ml) and amphotericin B (2 μg/
ml). They were maintained at 37 °C in humidified 5% CO2

atmosphere. After reaching confluence, CAFs were
expanded and used for no more than 4–5 passages. They
were screened with anti-AR, as well as anti-cytokeratin
antibodies to confirm the absence of contaminating epi-
thelial cells and anti-vimentin antibody to confirm their
mesenchyme nature. Table 1 resumes the data obtained in
CAFs from PC patients with different Gleason’s score.
About 83% of the analyzed lysates expressed AR. CAFs
prepared from the patients indicated in Table 2 were then
characterized for the presence of vimentin, α-smooth
muscle actin (α-SMA), fibroblast activation protein (FAP),

cytokeratin, as well as AR, estrogen receptor alpha (ERα)
or progesterone receptor (PR). AR-positive or AR-
negative CAFs were pooled and made quiescent using
phenol red-free DMEM containing 0.1% CSS, penicillin
(100 U/ml), streptomycin (100 U/ml), insulin (5 μg/ml),
transferrin (5 μg/ml), and amphotericin B (2 μg/ml).
Unless otherwise indicated, CAFs were maintained in this
medium for 24 h and used.

Transfection, transactivation and siRNA experiments
CAFs were transfected with 1 μg of purified pSG5-hAR-

expressing plasmid, using Lipofectamine 2000 (Invitro-
gen). Control cells were transfected with the empty pSG5
plasmid. After 6 h, transfected cells were made quiescent.
In AR nuclear translocation analysis, quiescent cells were
left un-stimulated or stimulated for 1 h with 10 nM
R1881. In AR transactivation assay, CAFs were co-
transfected with purified 3416-pTK-TATA-Luc (4 μg)
and left un-stimulated or stimulated for 24 h with the
indicated concentrations of R1881. The luciferase activity
was analyzed as reported20. FlnA siRNA was done22, using

Table 1 AR expression in CAFs from PC patients.

Gleason’s score Sample’s number AR expression Cytokeratin expression Vimentin expression

6 13 12/13 0/13 13/13

7 12 10/12 0/12 12/12

8 4 4/4 0/4 4/4

9 6 3/6 0/6 6/6

10 1 1/1 0/1 1/1

36 30/36 0/36 36/36

Table 2 Biochemical properties of CAFs from PC patients.

Patient Gleason’s score AR ERα PR α-SMA FAP

#1 7 + − − + +
#2 6 + − − + +
#3 6 + − − + +
#4 7 + − − + +
#5 7 + − − + +
#6 7 + − − + +
#7 7 + − − + +
#8 7 − − − + +
#9 7 + − − + +
#10 7 + − − + +
#11 7 + + − + +
#12 7 − + − + +
#13 7 + − − + +
#14 9 − + − + +
#15 7 + + − + +
#16 6 + − − + +
#17 8 + − − + +
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a 3 target-specific 20-25nt si RNAs pool (Santa Cruz,
Dallas, TX, USA). Non-targeting siRNA, containing a
scrambled sequence, was from Santa Cruz. CAFs were co-
transfected with siRNA Alexa Fluor 488 to help identify
the transfected cells. siRNA was transfected in growing
CAFs, using Lipofectamine 2000. Optimem/DMEM (50%
v/v) medium, containing 10% serum, was used in siRNA
transfection. Six hours later, the medium was discarded
and transfected CAFs were washed twice using phenol
red-free DMEM. The cells were made quiescent for 36 h
and used. LNCaP cells were transfected with purified
3416-pTK-TATA-Luc (4 μg), using Lipofectamine 2000.
After 6 h, transfected cells were made quiescent, then left
un-stimulated or stimulated for 24 h with 10 nM R1881.
The luciferase activity was finally analyzed20. The plasmid
pEGFP-C1 (Addgene; Watertown, MA, USA) was used to
generate GFP-stable LNCaP cells. Transient transfection
was done using the calcium phosphate-DNA co-pre-
cipitating method. Cells at exponential growth-phase
were harvested and re-plated at a density of 1 × 106 cells
in a 100 mm dish 20 h before the transfection. Cell
medium was replaced 2 h before the transfection. A mix
of 2.5M CaCl2 (Sigma-Aldrich) and pEGFP-C1 plasmid
(15 μg) was added to 2× HEPES buffered saline (140 mM
NaCl, 1.5 mM Na2HPO4, 50 mM HEPES, pH 7.05; Sigma-
Aldrich) at 1:1 ratio. The mixture was then added to the
plated cells, which were incubated at 37 °C for 6 h and
then shocked by addition of 10% glycerol to the medium
for 2 min at 37 °C. After a wash with PBS, the glycerol
solution (Sigma-Aldrich) was replaced with fresh medium
and cells were incubated for additional 2 days. The PC3
cells constitutively expressing GFP were established using
the plasmid pEGFP-C1 (5 μg). Cells were transfected
using Lipofectamine2000. G418 (Sigma-Aldrich) was used
as a selection marker. LNCaP and PC3 cells were splitted
into 12-well plates with selecting culture medium con-
taining increasing (from 1000 to 1500 µg/ml) concentra-
tion of G418. The selection medium was replaced every
2–3 days. After 7–14 days, cell death was monitored by
phase contrast and immunofluorescence (IF) microscopy
to identify the GFP-expressing cells. After 8 weeks, the
G418-resistant cell clones expressing GFP were selected.

Cytoskeleton analysis, BrdU incorporation,
immunofluorescence (IF), and confocal microscopy
Cytoskeleton changes and BrdU incorporation were

analyzed by IF as reported20,28. Endogenous AR was
visualized using diluted (1:100) rabbit polyclonal antibody
against the N-terminal domain of AR (Ab-2; Neomarkers;
Portsmouth, New Hampshire, USA). Diluted (1:200 in
PBS containing 0.2% bovine serum albumin) anti-rabbit
fluorescein isothiocyanate-conjugated antibody (Jackson
Laboratories, Bar Harbor, Maine, USA) was used as a
secondary reagent. Nuclei were stained with Hoechst

33258 (Sigma-Aldrich) and coverslips were inverted and
mounted in Mowiol (Sigma-Aldrich). In AR/FlnA co-
localization and AR nuclear translocation analysis, the
receptor was revealed using the rabbit Alexa Fluor 488-
conjugate anti AR antibody (clone D6F11 from Cell Sig-
naling; Danver, MA, USA). FlnA was stained using diluted
(1:50 in PBS) goat polyclonal anti-FlnA antibody
(Ab11074; Abcam; Cambridge, UK). Goat antibody was
detected using diluted (1:300 in PBS) rabbit anti-goat
Texas red-conjugated antibody (Abcam). Cells on cover-
slips were analyzed using a DMLB (Leica; Wetzlar, Ger-
many) fluorescent microscope, equipped with HCX PL
Apo ×63 oil and HCX PL Fluotar ×100 oil objectives.
Images were captured using DC480 camera (Leica) and
acquired using Leica Suite software. AR/FlnA co-
localization was analyzed29, using a Zeiss (Oberkochen,
Germany) LSM 510 laser scanning confocal microscope.

Migration, invasion and gelatine metallo-proteinase
zymography
Migration assay was done30, using quiescent CAFs (3 ×

104 per well in 150 µl of cell medium) in collagen-pre-
coated Boyden’s chambers with 8 μm polycarbonate
membrane (Corning; Corning, NY, USA). The indicated
stimuli were added and cytosine arabinoside (Sigma-
Aldrich; at 50 µM final concentration) was included in cell
medium to inhibit cell proliferation. Cells were allowed to
migrate for 7 h. Invasion assay was done30, using quies-
cent CAFs (5 × 104 per well in 200 µl of cell medium) in
Boyden’s chambers with 8 μm polycarbonate membrane
(Corning) pre-coated with growth factor-reduced and
phenol red-free Matrigel (0,6 mg/ml; Corning). The
indicated stimuli were added together with cytosine ara-
binoside (50 µM), and cells were allowed to invade for
24 h. Migrating or invading cells were scored as repor-
ted30. Zymography assay was done using CAFs at 80% of
confluence. Cells were made quiescent, left in serum-free
media and then un-stimulated or stimulated for 24 h with
10 nM R1881, in the absence or presence of enzalutamide
or Rh-2025u. Conditioned media (CM) were collected and
centrifuged, while trypsinized cells were counted. CM
were normalized to 1 × 106 CAFs. Samples were con-
centrated using Amicon Ultra-2 centrifugal filter units
(UFC200324; Millipore, Burlington, MA, USA), then
mixed with Zymogram sample buffer (#1610764; Bio-Rad,
Hercules, California, USA). SDS–PAGE (10% acrylamide)
was co-polymerized with gelatine (at 0.1%; from Sigma-
Aldrich) and electrophoresis was carried at 30 mA. Gel
was washed in a renaturation buffer (#1610765; Bio-Rad)
and treated for 36 h at 37 °C with the development buffer
(#1610766; Bio-Rad). It was fixed, stained with Comassie
Brilliant Blue R-250 and de-stained. MMP-2 proteolytic
activity appeared as a clear band migrating at approxi-
mately 72 KDa on a blue background.
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2D co-cultures
LNCaP, PC3, and DU-145 cells were seeded in 24-well

plates at 70% of confluence. After 48 h, CAFs (5 × 104

cells/ml) were plated on the top of the 24-well plates, in
separate Trans-well inserts with 8 μm polycarbonate
membrane (Corning) pre-treated with growth factor-
reduced and phenol red-free Matrigel (0,6 mg/ml). The
indicated compounds were added to the upper and
lower chambers. After 18 h, cell invasiveness was
analyzed.

3D cultures and co-cultures in ECM
Organoids were generated as reported31. When used

alone, 2 × 104 GFP-stable expressing PC3 cells were mixed
in each well with 200 μl of ECM and 50 μl of organoid
plating medium27. In co-culture experiments, 2 × 104 GFP-
stable expressing LNCaP or PC3 cells and 5 × 104 CAFs
were mixed with 200 μl of ECM and 50 μl of organoid
plating medium in each well. Whatever the experimental
condition, ECM was a 1:4 mix of collagen (4,6mg/ml; rat tail
type I; BD Bioscience, San Jose, CA, USA) and phenol-red
free growth factor-reduced Matrigel (10mg/ml; BD
Bioscience). The mixture was pipetted in 24-well plate as
reported32 and allowed to solidify for 45min at 37 °C, before
the addition of 400 μl organoid plating medium. It was made
as reported33 using phenol red-free DMEM/F12 medium,
containing 7% CSS, penicillin (100U/ml), streptomycin
(100U/ml), diluted GlutaMAX 100X (Gibco), 10mM
Hepes, B27 supplement (50× stock solution; Thermo Fisher
Scientific), 1M nicotinamide (Sigma-Aldrich), 500mM N-
acetylcysteine (Sigma-Aldrich) and 10 μM Y-27632 (Milli-
pore). After 3 days, the organoid-plating medium was
replaced with a similar medium in the absence of N-
acetylcysteine and Y-2763227. At the 4th day, organoids were
untreated or treated with the indicated compounds. The
medium was changed every 3 days. Different fields were
analyzed using DMIRB Leica (Leica) microscope equipped
with C-Plan ×40 or HCX PL Fluotar ×63 objectives (Leica).
Phase-contrast and IF microscopy images were acquired
using a DFC 450C camera (Leica). Merged images were
generated using the Application Suite Software (Leica). The
relative organoid size was calculated using the same software
and expressed as a fold increase over the basal organoid size,
which was measured at 3th day.

ELISA analysis
LNCaP, PC3, and DU-145 (80 × 103) cells were seeded

in 12-well plates and made quiescent. After 48 h, cell
culture media were collected and used to assay DHT,
testosterone, EGF and β-NGF, according to the manu-
facturer’s instructions. DHT (KA1886; Abnova; Taipei,
Taiwan), testosterone (KGE010; R&D systems; Minnea-
polis, USA), human EGF (KHG0061; Invitrogen) and
human β-NGF (EHNGF; Thermo Fisher Scientific) ELISA

kits were used. Data were analyzed using the curve-fitting
statistical software Graph Prims Pad.

DNA isolation, polymerase chain reaction (PCR),
sequencing and data analysis
Genomic DNA was extracted from CAFs derived from

two different patients (about 1 million cells/patient), using
QIAamp DNA Blood Mini kit (Qiagen, Hilden, Germany).
DNA purity and concentration were measured by Qubit 2.0
(Thermo Fisher Scientific), using Qubit 1× dsDNA high
sensitivity assay kit. hAR coding region (NM_000044) was
amplified in 9 amplicons (between 300 and 900 nt in size).
Each amplicon includes one exon, except for the exon 1 that
was divided in 2 overlapping regions (1A and 1B), because of
its big size (1616 nt). Primers were designed to amplify all
the exons at the same PCR conditions, also including 20 nt
at the splicing junctions. The exon1 needed a primer
annealing exactly at its 5’ junction. PCR was done from 50
ng of the genomic DNA, using the AmpliTaqGold (Thermo
Fisher Scientific).

Primer Fw Rev

AR_Ex1A CGACTACCGCATCATCACAG GCTCCAACGCCTCCACAC

AR_Ex1B GCACTTCGACCATTTCTGAC GAACACAGAGTGACTCTGC

AR_Ex2 GAGCAATGAATAATAGTCATTTATGCC CTCTATTTCTGAGATGATAAAATCC

AR_Ex3 CTGTTCTAGAAATACCCGAAG GAAAGGGTCAGCCTGTGTC

AR_Ex4 GTTGCATTGTGTGTTTTTGACC GGTCCATAGGAGCGTTCAC

AR_Ex5 CAGGGACTCAGACTTAGC CTTCACTGTCACCCCATCAC

AR_Ex6 GGATGGCAATCAGAGACATTC GCTTTTCCCTAATAATGTTTTAATGG

AR_Ex7 GTGGTCAGAAAACTTGGTGC GTGCCAGACTCTAGAGAAG

AR_Ex8 GACCAAAAATCAGAGGTTGGG GAGGAGTAGTGCAGAGTTATAAC

The 9 amplicons were analyzed by Sanger’s sequencing.
PCR products were transferred to a BigDye Terminator
v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific)
mixture for sequencing reaction, after Illustra ExoProStar
1-STEP Kit purification (GE Healthcare, Chicago, Il,
USA), and run into a capillary electrophoresis system
(3500xL Dx Genetic Analyzer; Thermo Fisher Scientific).
Additional primers were designed to better define 3’ and
5’ junction of exon 1. Electropherograms of each ampli-
con were analyzed using Mutation Surveyor v5.1.0 (Soft-
genetics, State College, PA, USA). DNA sequences are
deposited in unstructured repository Figshare: (https://
doi.org/10.6084/m9.figshare.13317575.v1; https://doi.org/
10.6084/m9.figshare.13317584.v1).

Lysates, immune-precipitation (IP), co-immune-
precipitation (Co-IP), Rac pull-down assay and Western
blot (WB)
All performed as reported34, using the following

reagents: the mouse monoclonal anti-PR (6A1; Cell Sig-
naling, Beverly, MA, USA), anti-cytokeratin (C11; Santa
Cruz), anti-αSMA (CGA7; Santa Cruz), anti-FAP (SS-13;
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Santa Cruz), anti MT-MMP-1 (SC-373908; Santa Cruz),
anti-tubulin (Sigma-Aldrich), anti-FAK and anti P-Tyr397
FAK (both from BD Bioscience) antibodies; the rabbit
polyclonal anti-AR (N-20; Santa Cruz), anti-ERα (HC-20;
Santa Cruz), anti-vimentin (H-84; Santa Cruz), anti-FlnA
(4762S; Cell Signaling) and anti-integrin β1 (Ab1952;
Millipore) antibodies. The mouse monoclonal anti-AR
(441; Santa Cruz) antibody was used to immune-
precipitate and detect AR in Co-IP experiments. Rac
pull-down assay was done20, using the Rac activation kit
(Upstate Biotechnology, Burlington, MA, USA). The ECL
system (GE Healthcare) was used to reveal immune-
reactive proteins.

Statistical analysis and data availability statement
Experiments were performed in triplicate and data

presented as the mean ± standard deviation. The differ-
ences between values observed after the various treat-
ments were analyzed using the paired Student’s t test. p
value < 0.05 was considered significant. The data gener-
ated during this study are available from the corre-
sponding author on reasonable request.

Results
Expression of AR in prostate CAFs
CAFs from patients # 1–17 (Table 2) were prepared.

Their purity was confirmed by the absence of the epi-
thelial marker, cytokeratin, and presence of the
mesenchyme marker, vimentin (Fig. 1S, a). CAFs, but not
human normal fibroblasts (HNFs), expressed α-SMA and
FAP (Fig. 1S, b), which are indicative of the fibroblast
activated-phenotype35. Expression of AR was analyzed by
WB technique. Most of the analyzed CAFs (Table 2)
expressed low, but detectable levels of AR, as compared to
those expressed in LNCaP cells (Fig. 1S, c). Various
mesenchyme and mesenchyme-transformed cells express
low levels of AR20–22. Of note, low levels of stromal AR
correlate with PC bad prognosis36. The anti-AR antibody
used (raised against the NH2-terminal sequence) reacted
with a band migrating at 110 KDa, and in some lysate
samples, including those prepared from LNCaP cells, it
also recognized a minor band migrating at 95 KDa (Fig.
1S, left panel in c). This latter immune-reactive band
might represent an AR-truncated isoform or a proteolytic
product of the receptor37. AR might undergo degradation
through the MDM2 (mouse double minute 2 homolog)-
mediated ubiquitin–proteasome pathway38. In addition,
other E3 ligases, such as NEDD4 (neural precursor cell
expressed developmentally down-regulated protein 4),
CHIP (C-terminus of Hsp70-interacting protein), and
SKP2 (S-Phase Kinase-Associated Protein 2) might also
regulate AR proteolysis in LNCaP cells39,40. Although ERα
has been revealed by immune-histochemical (IHC) ana-
lysis in 60% of CAFs from PC specimens41, we detected

the receptor in only 20% of the analyzed CAFs (Fig. 1S, c).
Differences related to the models (frozen tissues or cul-
tured cells), or anti-ER antibodies used might allow these
discrepancies42. In addition, we did not detect PR in lysate
proteins from CAFs. ERα and PR were, instead, detected
in MCF-7or T47D cell lysates and used as positive con-
trols for ERα or PR expression, respectively (Fig. 1S, c).

AR-positive CAFs from PC patients increase the size
of LNCaP and PC3 organoids: inhibitory effect of the
Rh-2025u stapled peptide
We next generated miniaturized PC-CAF co-cultures in

ECM. To this end, AR-positive CAFs from patients in Table
2 were pooled together to minimize data spread due to
inter-individual variation, then co-cultured with LNCaP cells
stably expressing GFP (GFP-LNCaP cells; Fig. 1a) in ECM. A
3D structure was observed in GFP-LNCaP cells after 3 days
of co-culture with CAFs (Fig. 1b). At that time, the orga-
noids were left untreated or treated with 10 nM of the non-
aromatizable androgen R188143, in the absence or presence
of 10 μM of the AR-antagonist, enzalutamide44, or 10 nM of
the stapled peptide, Rh-2025u. This latter compound derives
from the AR 622–670 amino acid sequence responsible for
interaction of the receptor with FlnA22,45. Because of the
strong cell permeability, higher affinity for the target and
decreased degradation exhibited by the stapled version of
peptides, as compared to their un-stapled counterparts46, we
designed a stapled version of the peptide (ref. 21 and Fig. 2S,
a). The procedure of peptide synthesis has been previously
published21 and summarized in Method’s section. At 10 nM
concentration, the stapled peptide specifically disrupts the
androgen-induced AR/FlnA complex assembly and motility
in mouse and HNFs, as well as human fibrosarcoma-derived
HT1080 cells21,22. It also reverses the androgen-induced AR/
FlnA complex assembly, thereby inhibiting the neuritogen-
esis in PC12 cells23. Supplemental Data in Fig. 2S resume the
most important properties of this compound. It does not
perturb motility and invasiveness induced by serum in AR-
positive CAFs (Fig. 2S, b) or PC-derived cells (Fig. 2S, c).
Notably, the compound does not function in AR-negative
CAFs (Fig. 2S, d) and unlike other inhibitors currently used
in PC clinical trials, such as enzalutamide, the peptide
exhibits its efficacy at very low (nano-molar) concentration.
It only affects the small pool of AR that binds FlnA, leaving
unaltered other receptor functions, such as gene transcrip-
tion in LNCaP cells (Fig. 2S, e).
Changes in dimension and structure of organoids were

then monitored for additional 15 days. Phase-contrast
microscopy and IF images (Fig. 1b) together with quan-
tification of data (Fig. 1c) show that stimulation with
10 nM R1881 resulted in a significant increase of the
LNCaP organoid size and similar findings were observed
using 10 nM of the androgen DHT (Fig. 3S, a and b). A
slight, but significant stimulation was observed using
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2 nM R1881. Of note, R1881 and DHT exhibit equivalent
AR binding affinities47, but the synthetic androgen R1881
is non-aromatizable. Therefore, we choose to use R1881
throughout the manuscript. The observation that the
maximal increase in LNCaP organoid size was detected at
10 nM androgen concentration supports a dose-
dependent effect of ligand. Although AR occupancy is
almost completely saturated by 2 nM ligand concentra-
tions, the number of receptors, the affinity and on/off
rates of AR ligand interactions, as well as the receptor
synthesis and degradation might influence the AR activity
in target cells47 and refs therein. Moreover, we have
shown that the optimal AR/FlnA complexation occurs at
10 nM androgens21–23. These findings likely account for
the ligand concentration-dependent effects here reported.
Enzalutamide and Rh-2025u both abolished the R1881-

induced effect on organoid size (Fig. 1b, c), while leaving
unaffected this response when used in the absence of
hormone (Fig. 1c). Androgen treatment resulted in
recruitment of AR-positive CAFs by LNCaP organoid
(Fig. 1b). Stromal components, which are not fluorescent,

made up a cell network surrounding the LNCaP organoid
(marked in green). Here again, enzalutamide or Rh-2025u
inhibited these effects.
We next used the AR-negative PC3 cells stably expressing

GFP (GFP-PC3). Notably, the PC3 organoid size sig-
nificantly increased over the untreated level when GFP-PC3
were co-cultured with AR-positive CAFs in the presence of
androgen (Fig. 2a, b). Here again, AR-positive CAFs were
detected in close proximity of the organoid, when androgen
was added. Enzalutamide or Rh-2025u inhibited both the
recruitment of CAFs by PC3 organoids, as well as the
increase in organoid size (Fig. 2a, b). In the absence of CAFs,
we only detected an increase over the basal level (3 days
culture) of about 4-folds in organoid size upon 15 days of
culture (Fig. 2c, d). Expectedly, hormone addition did not
modify the PC3 organoid size, since PC3 cells do not express
AR and are insensitive to androgens27. Regardless of
experimental conditions, neither enzalutamide, nor Rh-
2025u peptide modified the organoid size (Fig. 2d).
Thus AR-positive CAFs robustly increase the PC orga-

noid size upon androgen stimulation, regardless of PC

Fig. 1 LNCaP-CAFs organoid growth: effect of Rh-2025u peptide. LNCaP cells stably expressing GFP were used. In a, cells were analyzed by
phase contrast (left section) and fluorescence microscopy (middle section). Merged images are shown in the right section. Scale bar, 10 μm. AR-
positive CAFs from different patients (Table 2) were pooled and used. In b and c, GFP-LNCaP cells in ECM were co-cultured with CAFs for 3 days (basal
condition). Cells were then left unchallenged or challenged with 10 nM R1881, in the absence or presence of 10 nM Rh-2025u peptide (Rh), or 10 μM
enzalutamide (enz). Control cells were treated with the peptide or enzalutamide, alone. In b, the organoid size was monitored for 15 days and
representative images by phase-contrast (left section), or fluorescence microscopy (middle section) were captured and shown. The corresponding
merged images are shown in the right section. Scale bar, 100 μm. In c, the organoid size was calculated using the Leica Suite software under basal
conditions (3 days) or in cells left unstimulated or stimulated for 15 days, in the absence or presence of the indicated compounds. It was finally
expressed as a fold increase in the relative LNCaP-CAFs organoid size. n represents the number of experiments. Means and SEM are shown. *p < 0,01,
as compared to basal or untreated cells.
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cells used (LNCaP or PC3 cells). The stapled peptide,
which perturbs the androgen-induced AR/FlnA complex
assembly in CAFs (see the Fig. 4 in this paper), reduces
the size of LNCaP and PC3 organoids and impairs the
androgen-induced recruitment of AR-positive CAFs by
PC organoids. These results make the AR/FlnA complex a
putative target in prostate CAFs.

Recruitment of AR-expressing CAFs from PC patients by
LNCaP, PC3 or DU-145 cells in 2D co-culture: inhibitory
effect of the Rh-2025u peptide
We next co-cultured the AR-positive LNCaP cells with

AR-positive CAFs (pooled from patients indicated in

Table 2). Expression of AR was confirmed by WB analysis
of the corresponding cell lysates (Fig. 3a). Unconditioned
medium for LNCaP cell culture (right inset in Fig. 3b) was
used as a control. After co-culture of CAFs with LNCaP
cells (left inset in Fig. 3b), cells were left untreated or
treated with 10 nM R1881, in the absence or presence of
the indicated compounds (Fig. 3e). Co-culture with
LNCaP cells stimulated by 2-folds the number of invading
CAFs, as compared to the control, unconditioned med-
ium. Androgens enhanced by about 2-folds the recruit-
ment of AR-positive CAFs by LNCaP cells. Rh-2025u and
enzalutamide reverted this effect (Fig. 3e). In addition, co-
culture with LNCaP cells slightly increased (from 1 to

Fig. 2 PC3-CAFs organoid growth: effect of Rh-2025u peptide. AR-negative PC-derived PC3 cells stably expressing GFP were cultured in ECM, in
the presence of pooled AR-positive CAFs from different patients (Table 2), for 3 days (basal condition). Cells were then left unchallenged or
challenged for 15 days with 10 nM R1881, in the absence or presence of 10 nM Rh-2025u peptide (Rh), or 10 μM enzalutamide (enz). Control cells
were treated with the peptide or enzalutamide, alone. In a, the organoid size was monitored by phase-contrast (left section), or fluorescence
microscopy (middle section). Merged images are shown in the right section. Scale bar, 100 μm. In b, the organoid size was calculated as described in
the legend to Fig. 1 and expressed as fold increase in the relative PC3-CAFs organoid size. In c and d, GFP-PC3 cells were cultured in ECM, in the
absence of CAFs. In c, the organoid size was monitored on 3 and 15 days and representative images by phase-contrast (left section) or fluorescence
microscopy (middle section) were captured and shown. The corresponding merged images are shown in the right section. Scale bar, 100 μm. In d,
GFP-PC3 cells in ECM were cultured for 3 days (basal condition). The cells were then left unchallenged or challenged with 10 nM R1881, in the
absence or presence of 10 nM Rh-2025u peptide (Rh), or 10 μM enzalutamide (enz). Control cells were treated with the peptide or enzalutamide,
alone. The organoid size was calculated as described in the legend to Fig. 1 and expressed as fold induction in the relative PC3 organoid size. In b
and d, n represents the number of experiments. Means and SEM are shown. *p < 0,05, as compared to basal or untreated cells.
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1,35) the number of invading AR-negative CAFs, as
compared to control, unconditioned medium (Fig. 3S, c).
Expectedly, AR-negative CAFs were insensitive to R1881
(Fig. 3S, c). The finding that LNCaP cells recruit CAFs
under basal conditions might be due to a local increase in
androgen48, cytokine and growth factor49, or nerve
growth factor (NGF;50,51) levels. Analysis of conditioned
medium by ELISA assay indicates that LNCaP cells
release appreciable amounts of testosterone and NGF. In
contrast, only low amounts of DHT and EGF were
detected (Fig. 3S, d). Thus, LNCaP cells might recruit AR-
positive CAFs through testosterone release. In turn,
stromal cells might convert testosterone into DHT, since
they express 5α-reductase (5α-R) enzymes52. The weak
increase in AR-negative CAF recruitment by LNCaP cells
might be caused by NGF release (Fig. 3S, c and d).
We then used AR-negative PC3 cells (Fig. 3a) in co-

culture with AR-positive CAFs. Here again, uncondi-
tioned medium employed for PC3 cell culture (right inset

in Fig. 3c) was used as a control. After co-culture of CAFs
with PC3 cells (left inset in Fig. 3c), cells were left
untreated or treated with R1881, in the absence or pre-
sence of the indicated compounds (Fig. 3f). Co-culture
with PC3 cells increased by almost 3-folds the number of
invading CAFs, as compared to the control, uncondi-
tioned medium. As before stated, such an increase might
be related to the paracrine loop between stromal and PC
cells. PC3 cells release androgens and NGF, in addition to
a very low amount of EGF (Fig. 3S, d). R1881 increased by
1,7 folds the number of invading CAFs and this effect was
inhibited by 10 nM Rh-2025u or 10 μM enzalutamide (Fig.
3f). Similar results were observed when AR-positive CAFs
were co-cultured with AR-negative DU-145 cells (Fig. 3a,
d and g). Thus, by perturbing the AR/FlnA complex
assembled in CAFs, the stapled peptide inhibits the
androgen-dependent recruitment of CAFs by PC3 or DU-
145 cells. The possibility that Rh-2025u acts in PC3 or
DU-145 cells is excluded by the finding that the stapled

Fig. 3 2D co-culture experiments: effect of Rh-2025u peptide. LNCaP cells, PC3 and DU-145 cells, as well as AR-positive CAFs pooled from
different patients (Table 2) were used. The upper section in a shows the WB of lysates from the indicated cells with anti-AR antibody. The lower
section in a shows the WB of the corresponding lysate proteins with anti-tubulin antibody, as loading control. Schematic representations in b, c, and
d show that AR-positive CAFs were co-cultured with LNCaP cells (left in b) or unconditioned medium (ctrl medium; right in b), PC3 cells (left in c) or
unconditioned medium (ctrl medium, right in c), DU-145 cells (left in d) or unconditioned medium (ctrl medium, right in d), using a Trans-well
system. In e–g, cells were left untreated or treated with the indicated compounds. R1881 and Rh-2025u peptide were used at 10 nM. Enzalutamide
was used at 10 µM. CAFs were allowed to invade for 16 h, stained and counted as described in “Methods” section. Data are expressed as fold increase
in number of invading CAFs. n represents the number of experiments. Means and SEM are shown. *p < 0,05.
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peptide does not function in AR-negative cells (ref. 21 and
Fig. 2S).
Thus, PC epithelial cells recruit CAFs under basal

conditions because of a paracrine regulatory loop.
Androgens significantly enhance such effect, which likely
requires the assembly of AR/FlnA complex in CAFs.

The androgen-triggered AR/FlnA complex assembly
regulates migration and invasiveness of CAFs: inhibitory
effect of the Rh-2025u peptide
Given the data so far presented, we analyzed the AR/

FlnA complex assembly in CAFs. In a first attempt, we
evaluated by WB the expression of FlnA in CAF lysates
derived from different patients (Fig. 4S, a). Thereafter, we
surveyed by Co-IP approach the androgen effect on AR/
FlnA complex assembly. Lysates from AR-expressing
CAFs (pooled from patients in Table 2) were used.
Similar amounts of AR or FlnA were detected in CAF
lysates, regardless of experimental conditions
(upper section in Fig. 4a). Ten minutes challenging with
10 nM R1881 significantly stimulated the association of
AR with FlnA in CAFs. Addition of 10 nM Rh-2025u
peptide abolished this association and a similar effect was
observed using 10 μM enzalutamide. Both compounds did
not affect the AR/FlnA complex assembly when used in
the absence of hormone (middle section in Fig. 4a). The
absence of AR and FlnA in CAF lysates immune-
precipitated with control antibodies confirmed the spe-
cificity of Co-IP approach (lower section in Fig. 4a).
We then investigated by confocal microscopy the

androgen effect on AR/FlnA co-localization in CAFs from
patients indicated in Fig. 4S, b. Quantitative analysis from
different experiments shows that androgen increased AR/
FlnA co-localization ratio by almost 2-fold. Representative
images captured from one experiment in CAFs from
patient # 4 are presented in Fig. 4b. A significant increase
in co-localization ratio between AR (green) and FlnA
(red) was observed in the extra-nuclear compartment of
androgen-treated CAFs. Control images captured from
CAFs stained with secondary antibody alone, in combi-
nation with the FITC-conjugated anti AR antibody, show
the specificity of FlnA staining (Fig. 4S, c).
We next analyzed the migration (Fig. 4S, d) and inva-

siveness (Fig. 4S, e) induced by different concentrations of
R1881 or DHT in CAFs. Consistent with data in Fig. 3S,
both ligands did not significantly affect migration or
invasiveness when used at 0,1 nM, while a slight increase
was observed at 1 nM ligand concentration. A 2,5-fold
increase in both the effects was observed in CAFs chal-
lenged with 10 nM androgens, further supporting a dose-
dependent response to ligand stimulation. We then eval-
uated the effect of Rh-2025u peptide on motility and
invasion induced by 10 nM R1881 in CAFs from patient #
4. Androgen challenging significantly increased CAF

motility (Fig. 4c) and invasiveness (Fig. 4d). Ten nM Rh-
2025 peptide or 10 μM enzalutamide inhibited both the
effects. Similar results were observed in CAFs from dif-
ferent patients (Table I in Supplemental Data). In sum-
mary, androgens enhance AR/FlnA complex assembly
and co-localization in extra-nuclear compartment of
CAFs. Interference in this complex by the peptide reverses
the androgen-induced CAF migration and invasiveness.
At last, we assessed the role of FlnA by siRNA approach.

Since primary cells are refractory to siRNA stable trans-
fection53, we transiently transfected AR-positive CAFs
(pooled from patients in Table 2) with siRNA FlnA and
analyzed the effect of this knockdown in androgen-
induced migration and invasiveness. The WB analysis
shows that FlnA level decreased by about 70 % in siRNA
FlnA transfected cells (Fig. 4e). Such knockdown sig-
nificantly inhibits the androgen-triggered migration (Fig.
4f) and invasion (Fig. 4g) of CAFs. In summary, findings
collected in Fig. 4 show that pharmacologic inhibition of
AR/FlnA complex by a tailored peptide or somatic FlnA
knockdown impair the migratory and invasive phenotype
elicited by androgens in AR-expressing CAFs.

Analysis of AR expressed in CAFs
Given the results so far presented, we looked at the

biological properties of AR expressed in CAFs. We firstly
analyzed by IF the intracellular distribution of AR in CAFs
from patient #4 (Table 2). The score of cells exhibiting
cytoplasmic AR fluorescence shows that the receptor was
mostly unable to translocate into nuclei and was pre-
valently localized in cytoplasm, regardless of androgen
stimulation. A low (<20%) fraction of cells showing
nuclear/cytoplasmic AR staining was detected under basal
conditions, and a slight increase in nuclear staining,
simultaneously with a small decrease in cytoplasm, was
observed by 1h androgen challenging of cells (Fig. 5a).
Figure 5b show images captured from one experiment
presented in panel a. The absence of fluorescence in CAFs
stained with the secondary antibody alone also indicates
the specificity of our approach (right image in b). Similar
data were observed in CAFs derived from different
patients (Table II in Supplemental Data). In contrast,
over-expression of hAR, which was verified by WB of CAF
lysate from patient # 4 (panel f), resulted in a robust
nuclear translocation of the receptor by 1h hormone sti-
mulation (c and d). Given these results, we verified the AR
transactivation by a reporter assay. CAFs from patient #4
were transfected with androgen-responsive element
(ARE)-luc and then left untreated or treated with 1 or
10 nM R1881. Irrespective of hormone concentration,
luciferase activity was only slightly increased when CAFs
transfected with a control plasmid were stimulated with
androgens. Similar data were collected in CAFs from
different patients (Table III in Supplemental Data). A
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weak, but significant increase in luciferase activity was
observed upon 1 nM hormone challenging, while a robust
ARE-luc activation was detected at 10 nM
R1881 stimulation of the CAFs transfected with hAR-
encoding plasmid (Fig. 5e, f). Noticeably, CAFs used in
our reporter assay express low amounts of AR, as

compared to those observed after overexpression of hAR
(Fig. 5f). Thus, the failure of AR in mediating a significant
androgen-induced gene transcription in CAFs is likely due
to low levels of receptor, which do not allow its dimer-
ization and nuclear translocation. In support of this
hypothesis, transfection of CAFs with hAR cDNA

Fig. 4 The androgen-triggered AR/FlnA complex assembly and co-localization mediates motility and invasiveness of CAFs. In a, AR-positive
CAFs pooled from different patients (Table 2) were made quiescent and then left unchallenged or challenged for 10 min with 10 nM R1881, in the
absence or presence of the indicated compounds. Enzalutamide (Enz) was used at 10 μM. Ten nM Rh2025u peptide (Rh) was added 30min before
hormonal stimulation. The upper section in a shows the WB with the indicated antibodies to reveal lysate proteins (loading), which were then
immune-precipitated using the anti-AR antibody (middle section, anti-AR Ab) or control IgG (lower section, ctrl IgG). The WB with the indicated
antibodies was done to detect proteins in immune-complex. In b, quiescent CAFs from patient #4 (Table 2) were left untreated (basal) or treated for
10 min with 10 nM R1881 (R1881). Cells on coverslips were stained for AR and Fln A. Images captured by confocal microscope show the staining of
AR (green) and Fln A (red). Merged images are presented in the right panels. They are representative of three independent experiments. Bar, 5 μm. In
c and d, quiescent CAFs from patient #4 (Table 2) were left unchallenged or challenged with 10 nM R1881, in the absence or presence of the
indicated compounds. Enzalutamide (Enz) was used at 10 μM, and Rh2025u peptide (Rh) at 10 nM. Cells were allowed to migrate (c) or invade (d) for
7 h or 24 h, respectively. They were scored as described in “Methods” section and data were expressed as fold increase. Means and SEMs are shown. n
represents the number of experiments. *p < 0,05 for the indicated experimental points versus the corresponding untreated control (basal). In e–g, AR-
positive CAFs pooled from different patients (Table 2) were used. Growing cells were transfected with siRNA Alexa Fluor 488 along with control siRNA
(siRNA ctr) or siRNA FlnA (siRNA FlnA), as described in “Methods” section. After transfection, lysate proteins were analyzed by WB using the indicated
antibodies (e). CAFs were made quiescent and left in the absence or presence of 10 nM R1881. CAFs were then allowed to migrate (f) or invade (g)
for 7 h or 24 h, respectively. Migrating (f) or invading (g) CAFs were scored as described in “Methods” section and data expressed as fold increase in
number of migrating or invading cells. Results from several independent experiments were collected and analyzed. Means and SEM are shown. n
represents the number of experiments. *p < 0,05 for the indicated experimental points versus the corresponding untreated control (basal).
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Fig. 5 Biological responses mediated by AR expressed in prostate CAFs. AR-positive CAFs from patient #4 (Table 2) were used. In a, quiescent
CAFs on coverslips were left untreated or treated for 60 min with 10 nM R1881. Cells were stained for AR or nuclei and analyzed by IF, as described in
“Methods” section. AR localization was expressed as percentage of cells showing a predominant cytoplasmic (cyt) or nuclear/cytoplasmic (nuc/cyt)
AR localization. Representative images captured from one experiment in a are shown in panel b. In c, d, CAFs were transfected with hAR expressing
plasmid or empty pSG5 plasmid, as control. In d, quiescent transfected cells on coverslips were left untreated or treated for 60 min with 10 nM R1881.
CAFs were stained for AR or nuclei and analyzed by IF, as described in “Methods” section. The score of CAFs showing a predominant cytoplasmic (cyt)
or nuclear/cytoplasmic (nuc/cyt) AR localization was also done and reported in c. Representative images were captured and shown in d. In e, f CAFs
were transfected, with 3416-luc constructs, in the presence of the control pSG5 or hAR expressing plasmid. Transfected cells were made quiescent
and then left unstimulated or stimulated for 24 h with 1 or 10 nM R1881. Luciferase activity was assayed, normalized using β-gal as an internal control
and expressed as fold induction (panel e). Over-expression of hAR was also evaluated by WB of lysate proteins from CAFs transfected with the empty
pSG5 or hAR encoding plasmid (upper section in f). The lower section in f shows the WB of corresponding CAF lysate proteins with anti-tubulin
antibody. In g and h, quiescent CAFs on coverslips were left unstimulated or stimulated for 20 min with 10 nM R1881, in the absence or presence of
10 nM Rh2025u peptide (Rh; in panel g) or 10 μM enzalutamide (enz; in panel h). Cells were analyzed for F-actin, as described in “Methods” section.
Arrows indicate CAFs protrusions and ruffles. In b, e, g, and h, bar, 5 µm. In a, c, and e means and SEM are shown; n represents the number of
experiments. In c, *p < 0,05 for the indicated experimental points versus the corresponding untreated control.
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restored the nuclear translocation (c and d), as well as the
genomic functions (e) of AR in androgen-stimulated
CAFs.
Changes in the actin cytoskeleton are hallmarks of

migrating cells54. F-actin images of AR-expressing CAFs
from patient # 4 show that 10 nM R1881 induced within
20min the appearance of ruffles and protrusions (marked
by the arrows in Fig. 5g, h). Enzalutamide (g) and Rh-
2025u peptide (h) inhibited the R1881-induced cytoske-
leton changes. These findings indicate that AR challen-
ging by 10 nM androgens promotes cytoskeleton changes
that allow migration and invasiveness of CAFs through
the AR/FlnA complex assembly.

Androgen triggers AR/β1 integrin/MT-MMP-1 complex
assembly and MMP-2 release: a mechanism of CAFs
invasion through ECM
At last, we hypothesized that stromal AR mediates

changes in ECM composition on hormone challenging.

CAFs release the matrix metalloproteinase (MMP)-2 as
inactive pro-enzyme (pro-MMP-2) in tumor micro-
environment. MT-MMP-1 (also known as MMP-14)
activates pro-MMP-2, promotes the release of MMP-2
and allows ECM degradation, as well as cell invasive-
ness55. Such a mechanism involves β1 integrin in PC56

and mammary cells57. Of note, we previously showed that
androgens trigger the recruitment of β1 integrin to AR/
FlnA complex in various cell types, including fibro-
blasts21–23. As the stapled peptide significantly perturbs
the androgen-triggered AR/FlnA/β1 integrin complex
assembly21–23, we thought that complex disassembly by
peptide would inhibit MMP-2 release by CAFs and the
consequent ECM remodeling. Findings in Fig. 6 address
this issue, since they show that β1 integrin co-
immunoprecipitated with MT-MMP-1 and AR within
10min hormonal stimulation of AR-positive CAFs
(pooled from patients in Table 2). Assembly of this
complex is perturbed by addition of 10 nM Rh-2025u or

Fig. 6 Androgen triggers AR/β1 integrin/MT-MMP-1 complex assembly and MMP-2 release: a mechanism of CAFs invasion through ECM.
AR-positive CAFs pooled from different patients (Table 2) were made quiescent. In a, cells were left unchallenged or challenged for 10 min with
10 nM R1881, in the absence or presence of 10 μM enzalutamide (enz) or 10 nM Rh2025u peptide (Rh). Lysate proteins were immune-precipitated
using the anti-AR antibody (anti-AR) or control IgG (ctrl IgG). The WB with the indicated antibodies was done to detect proteins in immune-complex.
In b, cells were untreated or treated for 24 h as in a. Release of MMP-2 in conditioned media was analyzed by zymography, as described in “Methods”
section. In c, lysate proteins were analyzed for FAK activation, using the anti-P-Tyr397FAK antibody. The filter was stripped and re-probed using anti-
FAK antibody (upper section). In the lower section, proteins from CAFs lysates were used for Rac pull down assay. The WB with anti-Rac antibody
revealed the eluted Rac (Rac-GTP). The total amount of Rac expressed in the corresponding CAFs lysates was also detected. The WB for tubulin
expression in CAFs lysate proteins was finally done, as loading control. Results in c are representative of 3 different experiments. In d, androgen
stimulation of AR-expressing CAFs triggers the assembly of AR/FlnA/β1 integrin complex. Such complex is required to activate FAK and Rac, thereby
triggering CAFs motility, on one hand. On the other, the AR/FlnA/β1 integrin complex recruits MT-MMP-1, thus activating pro-MMP2 and the
consequent release of MMP-2. Protease-mediated ECM remodeling then follows, thus promoting CAFs invasiveness and their recruitment towards
PC cells.
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10 μM enzalutamide (Fig. 6a). As read-out for the com-
plex assembly, we detected a significant release of MMP-
2, which was also inhibited by Rh-2025u or enzalutamide
(Fig. 6b).
We previously showed that androgen-triggered AR/

FlnA/β1 integrin complex controls Tyr 397-FAK phos-
phorylation, as well as Rac activation, which allow adhe-
sion and motility in fibroblasts22. Consistent with our
previous findings, the upper section in Fig. 6c shows that
10 min hormone stimulation increases Tyr 397-FAK
phosphorylation in lysates from AR-positive CAFs. Such
effect is inhibited by Rh-2025u or enzalutamide, while
similar amounts of total FAK were detected in the cor-
responding cell lysates. We then analyzed Rac activation
by pull down assay in the same cell lysates (lower section
in Fig. 6c). Albeit similar amounts of Rac were loaded,
10 nM R1881 stimulation resulted in a strong increase in
Rac-GTP, which was completely blocked by Rh-2025u, as
well as enzalutamide. This set of experiments support the
conclusion that FAK and Rac activation enables the
increase in androgen-induced motility observed in CAFs,
as well as the dependence of these processes on AR/FlnA
complex assembly.
In conclusion, we posit that the AR/FlnA/β1 integrin-

dependent MMP-14 regulation, in combination with
increased release of MMP-2, may constitute a signaling
circuit relevant to ECM remodeling by androgens in
CAFs. On the basis of our previous21,22 and present
findings, we propose the model depicted in panel d.
Androgen stimulation of CAFs rapidly induces the AR/
FlnA/β1 integrin complex assembly. This complex
recruits and activates FAK and Rac, thereby enabling the
basic machinery leading to CAFs migration. The
androgen-triggered AR/FlnA/β1 integrin complex also
recruits MT-MMP-1, which in turns activates pro-MMP2
and promotes the release of MMP2. Biochemical changes
in ECM architecture follow, so that CAFs navigate
towards PC cells.

Discussion
In this paper, we have established a short-term primary

culture of CAFs from several PC patients and have shown
that AR is expressed at low, but appreciable levels in
almost all the CAFs analyzed, even in about 30% of CAFs
from PC patients at high (8–10) Gleason’s score. In
apparent contrast with these latter findings, a relationship
between poor PC outcome and loss of stromal AR has
been reported13,36,58. This discrepancy might be related to
the loss of stromal AR occurring during CAF selection or
degradation of the receptor by ubiquitin-proteasome
pathways38 or epigenetic modifications that destabilize
the receptor protein59. Noticeably, the number of CAFs
from PC patients at intermediate (6–7) Gleason’s score is
higher than the one obtained from patients with high

(8–10) Gleason’s score (Tables 1), likely because the
clinical options in high Gleason’s PC patients are cur-
rently controversial60.
Since CAFs are unable to secrete prostate specific

antigen (PSA), we analyzed the AR transcriptional activity
by gene reporter assay and observed a weak AR-mediated
gene transcription, regardless of ligand concentration.
This latter finding indicates that the absence of reporter
response is not caused by a biphasic hormonal effect in
our assay. Simultaneously, AR is almost permanently
localized in the extra-nuclear compartment of CAFs. Both
these properties are likely due to the low amount of
receptor protein in CAFs, since scant levels of sex-steroid
receptors cannot efficiently undergo dimerization and
nuclear translocation (refs. 20,61). A transcriptional
incompetent AR has been previously detected in CAFs62,
as well as prostate stromal WPMY-1 cells63. Such beha-
vior has been also attributed to the low receptor amounts,
which do not yield a sufficient peak numbers in AR-ChIp
Seq analysis64. By Sanger’s sequencing, no differences
were observed between the genomic DNA (gDNA) of the
wild type hAR and the receptor expressed in CAFs from
patients #9 and #10. Furthermore, direct sequencing of
the PCR products showed that AR exon 1 in CAFs con-
tains a normal number of CAG repeats (23;20 repeats, het
in patient #9 and 23;27 repeats, het in patient #10). In
summary, our biochemical and genomic approaches point
each other to the expression of a classic AR in CAFs.
We have then analyzed the rapid, non-genomic receptor

functions in CAFs. Ten nanomolar androgens induce
within minutes a significant increase in association of AR
with FlnA, which correlates with an increase in their
extra-nuclear co-localization. The role of FlnA in motility,
cytoskeleton remodeling and mechanical-transduction is
largely recognized65. Relevant to this paper are the studies
previously reporting a role for FlnA in androgen/AR sig-
naling. FlnA directly interacts with the hinge-region of
AR66 and therein refs. A stretch of 334 amino acids of Fln
A (Fil1788−2121) was firstly identified as interacting with
AR and it was also shown that the minimal FlnA domain
of interaction lies within a 150-amino acid fragment
encompassing repeats 18 and 19 of the filamin IgG-like
repeats67. AR/FlnA interaction occurs under basal con-
ditions, but is enhanced by the presence of androgens,
thereby modulating the transcriptional AR action45, the
receptor nuclear translocation67, as well as the androgen-
dependence of LNCaP cells68. Our findings subsequently
showed that 10 nM androgens significantly enhance
extra-nuclear association and co-localization of AR with
the full-lenght FlnA in fibroblasts and fibrosarcoma-
derived cells. Once assembled, this complex recruits β1
integrin to control activation of Rac and FAK, which
coordinately control migration and cell adhesion22.
Knockdown of FlnA and use of an hAR mutant, unable to
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interact with FlnA, have supported the idea that AR/FlnA
complex acts as a link between androgen signaling, actin
cytoskeleton and cell migration in various androgen-
responsive cell types21–24. The AR/FlnA complex may
also affect PC progression and metastasis. Clinical find-
ings have, indeed, correlated the full-length, cytoplasmic
FlnA with increased metastatic potential and a hormone-
refractory phenotype in PC patients69. We here report for
the first time that AR/FlnA complex controls the
androgen-challenged motility and invasiveness in AR-
expressing CAFs. The results here obtained using the
stapled peptide, as well as FlnA knockdown corroborate
each other in making this complex as a ‘druggable’ target
in prostate CAFs.
The role of AR/FlnA complex assembled in CAFs has

been analyzed in 3D models of PC. AR-expressing CAFs
increase the size of PC organoids and androgens enhance
this effect. Perturbing by the peptide the AR/FlnA complex
assembled in CAFs results in a reduction of PC organoid
size. Findings in PC3 cell organoids strengthen this con-
clusion, since these cells are AR-negative and unresponsive
to androgens. The hypothesis that the stapled peptide acts
on PC cell proliferation is excluded by the observation that it
does not inhibit the proliferation of serum-treated PC321 or
androgen-treated LNCaP cells, even when the cells where
cultured in ECM (not shown). Our data rather indicate that
the AR/FlnA/β1 integrin complex constitutes a signaling
module relevant to ECM remodeling by androgens in CAFs.
Perturbation of this complex by the stapled peptide impairs
biochemical changes in ECM architecture and migrating
ability of CAFs to move towards PC cells. It cannot be
excluded, however, that the peptide interferes with other
paracrine circuits controlling the stromal-epithelial interac-
tions in PC, thereby affecting the organoid size. In this
regard, the NGF/TrkA axis is emerging as a valuable can-
didate in the reciprocal cross talk between stromal and PC
epithelial cells70. Preclinical studies, including ours, have
highlighted the role of NGF/TrkA signaling in PC progres-
sion24,27,70. The finding that LNCaP cells release appreciable
levels of NGF (Fig. 3S) supports this hypothesis.
Stapled peptides are used to target protein–protein

interactions and are designed to stabilize and constrain an
α-helical structure71,72. These compounds exhibit drug-
like properties (i.e., enhanced cell permeability, resistance
to proteolytic degradation)72 and most of them have
entered clinical trials72,73. The stapled peptide here used
derives from the AR 622–670 amino acid sequence
responsible for interaction of the receptor with FlnA22,45

and exhibits some properties that should make the com-
pound very specific and safe ‘in vivo’. Its use in prostate
CAFs would improve the therapeutic options in PC.
CAFs are more genetically stable and less likely to

acquire therapy resistance than tumor cells4. They have
emerged in recent years as a promising diagnostic and

therapeutic target in different cancer models. Clinical
trials have recently assessed the therapeutic value of
human CD8+ T cells engineered to target FAP-
expressing cells (such as CAFs), as well as two FAP-
antibody/cytokine fusion proteins, RO6874281 and
RO68748134 and therein refs. Further, the diagnostic and
therapeutic value of radio-immunoconjugates and radio-
tracers that bind to FAP with high affinity and are rapidly
internalized in cells expressing high levels of FAP, such as
CAFs, has been validated in vitro and in vivo74. Precision
strategies have been developed to target CAFs, using FAP-
ligands coupled to cytotoxic drugs75 and imaging of
tumor stroma based on FAP-targeted radiotracers is
emerging as a powerful tool in diagnosis and follow-up of
human cancer76. Similar approaches might be exploited to
deliver the stapled peptide in prostate CAFs. Noticeably,
most of the clinical trials so far used to trigger stromal
components improve, or even allow drug delivery to
cancer cells, and most of the drugs commonly used in
cancer therapy simultaneously act on both cancer cells
and CAFs. Approaches that exclusively target cancer
stroma are still lacking4.
In conclusion, this study identifies the relevance of AR/

FlnA complex as a new biomarker in prostate CAFs. Its
identification in CAFs would represent a valuable
approach to characterize the molecular signature of PC
microenvironment and evaluate the benefit of new drugs
(peptides/stapled peptides) suitable for diagnostic and
therapeutic tools in PC.
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